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Abstract
In the whole animal kingdom, fear learning is an essential process that allows living beings to survive. 
Therefore, revealing the neurophysiological processes that govern the expression of emotional fear memory 
and exploring its neurobiological underpinnings are the imperatives of affective neuroscience. Learned fear 
memories activate defensive behaviors in anticipation of harm, thus minimizing the impact of the threat. 
However, despite a century of research, the neural circuitry underlying fear learning in humans is still a matter 
of debate. This editorial will discuss recent evidence of the neural and behavioral correlates of fear learning 
in humans, with an emphasis on the role of the human prefrontal cortex (PFC).

Key words: prefrontal cortex, amygdala, hippocampus, fear conditioning, fear neural network
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The state of art

Learning to recognize and respond to certain stimuli 
or external contingencies that signal imminent threats 
is a widely useful and adaptable function for both animals 
and humans.1 Fear conditioning is the most frequently 
adopted experimental design to investigate this circum-
stance that produces both behaviorally and physiologically 
conditioned responses.2 From an evolutionary perspec-
tive, it is highly advantageous to preserve clear memories 
of the main significant experiences in life. Nonetheless, 
the so-called indissoluble nature of emotional memory can 
be extremely damaging and have negative consequences for 
those individuals who have experienced traumatic events 
and may endure dreadful memories and severe anxiety. For 
these reasons, fear conditioning is broadly acknowledged 
to be a model for translational framework of psychiatric 
disorders.3–6 Thus, to  further understand mechanisms 
of fear learning, many new techniques that allow study-
ing physiological responses of fear conditioning are being 
developed. These techniques might be applied as measures 
for dysfunctional and altered fear learning and may help 
in identifying the individuals who are at risk for developing 
psychiatric disorders.5 In fact, human fear conditioning 
is generally investigated on different levels: as subjective 
verbal reports about the experienced fear, as well as behav-
ioral, physiological and neurobiological changes.7,8 Among 
these, physiological changes are the most frequently used 
measures in  the study of human acquired fear memo-
ries, as a consequence of their benefit of being unaffected 
by the participant itself, as well as because of the possibility 
of a direct comparison with animal research.

Pavlovian fear conditioning is one of the most widely 
investigated fear-induced behavioral models in the history 
of cognitive psychology and behavioral neuroscience. It was 
developed upon the appetitive conditioning paradigm uti-
lized by Pavlov in animals (1903/1928). Its effect occurs 
as a consequence of repetitive association of an initially 
innocuous stimulus (i.e., a tone) with an innately aversive 
stimulus (i.e., a shock pulse). By associating cue to conse-
quence, stimulus presentation usually induces different 
types of psychophysiological reactions indicating fear. This 
simple procedure is a fundamental paradigm not only for 
behavioral and cognitive sciences, but also for medicine, 
since its application is useful in both psychiatry and neurol-
ogy. It has taken almost a century of scientific investigation 
to utilize the classic fear conditioning paradigm in both 
animals and humans9 in order to gain a broad and thorough 
knowledge of learned fear and its associated processes, such 
as learning mechanisms, memorization and retrieval. This 
experimental and clinical paradigm has been extremely ef-
fective and valuable in defining the psychological processes 
governing the genesis and expression of fear and the func-
tioning of emotional and general memory, together with 
uncovering the neurobiological basis of emotion and learn-
ing in healthy subjects and psychiatric populations.6,10,11

The neurobiological model

Currently, the fear conditioning framework has moved 
beyond the realm of associative learning theory and has be-
come a framework of substantial interest in the neurosci-
ence of learning, memory and emotion.12,13 Neural circuits 
have been mapped, synaptic plasticity in these circuits has 
been identified, and biochemical and genetic investigations 
have begun disentangling the mechanisms of fear memo-
ries.3,14–17 However, despite a century of research, the neu-
ral circuitry underlying fear learning in humans is still 
a matter of debate. Modern neuroimaging technologies 
have made a significant contribution to the understanding 
of neuroanatomical brain circuits of human fear condition-
ing.18 Specifically, amygdala plays a key role in the acquisi-
tion of fear learning, while the prefrontal cortex (PFC) and 
hippocampus are 2 other crucial neural structures that 
contribute to this process, representing together the neural 
network of fear conditioning.19–21 It is broadly assumed that 
connections between these regions govern the acquisition, 
storage, retrieval, expression, and contextual modulation 
of fear conditioning (for a review, see the paper by Milad 
and Quirk22). In accordance to animal model research, 
functional neuroimaging, ad hoc lesion studies, and mor-
phology, extinction of previously learned fear is dependent 
on the integrated functioning of this network, indicating 
that the brain mechanisms underlying fear acquisition and 
extinction are phylogenetically maintained throughout 
species.23

Over the last century, ad hoc surgical lesions, pharma-
cological drug administration and physiological data from 
animal and human studies have established a comprehen-
sive framework of the neural network that supports fear 
conditioning. Among all, when the amygdala involvement 
in fear conditioning was recognized, it was acknowledged 
as the key structure of this network.2 Precisely, this brain 
region is commonly recognized as ‘the locus of fear con-
ditioning’.15 Furthermore, anatomical studies highlighted 
the interactions between the central nucleus of the amyg-
dala and downstream structures involved in the expression 
of fear conditioned responses, namely the hypothalamus, 
periaqueductal gray, pons, and other brainstem regions.24 
Other studies reported the inhibitory mechanisms within 
the amygdala that have been involved in fear extinction 
as well, including the lateral division of the central nu-
cleus,25 and inhibitory cells within the lateral and baso-
lateral nuclei.26

Another structure, the  hippocampus, is  considered 
essential in contextual fear learning, along with the ac-
quisition and the extinction of context conditioning: le-
sion studies have provided pivotal insights on the direct 
projections that the ventral hippocampus (vHPC) has 
with both infralimbic cortex (IL, in PFC) and the baso-
lateral amygdala,27 suggesting a crucial role of this re-
gion in the modulation of contextual fear responses.28 
In addition, the hippocampus is supposed to be necessary 
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in monitoring the context-specific recall of extinction, 
both directly through connections with the amygdala 
and indirectly via projections to the ventromedial PFC 
(vmPFC) (for a review, see the paper by Maren et al.29). 
Moreover, it has been acknowledged that different hip-
pocampal subregions are involved in different human 
behavior features – specifically, the dorsal part in spatial-
related behaviors and the ventral region in anxiety-re-
lated behaviors (for a review, see the paper by Bannerman 
et al.30). Increasing evidence suggests that the hippocam-
pus and its subregions are involved in several aspects 
of fear conditioning.15

Crucially, latest available evidence has identified the PFC 
as a critical core component in the neural circuit underlying 
fear conditioning, particularly for the ability of PFC to bidi-
rectionally modulate the expression of previously learned 
fear. On one hand, the activation in the dorsomedial PFC 
(dmPFC) occurs for the long-term storage and retrieval 
of old memories31; on the other, the vmPFC forms strong 
reciprocal connections with the amygdala and other subcor-
tical structures as well as with the lateral cortex. Thus, this 
subregion seems to be necessary for controlling fear relative 
to a stimulus that no longer predicts danger,32 representing 
a relay-station for “bottom-up” information from limbic 
and subcortical structures signaling emotion detection, 
as well as for information from lateral PFC (LPFC), convey-
ing response selection and control.33 Furthermore, Harrison 
et al.34 have suggested different contributions of anterior 
and posterior subregions of the vmPFC to the fear learn-
ing processes, showing greater anterior vmPFC activity 
in response to a safety stimulus, as it is likely to compute 
the value or meaning of safety signals. Nonetheless, re-
cent work suggests that vmPFC may also have a crucial 
role in fear acquisition, which is processed in its posterior 
subregion35: crucially, naturally occurring bilateral lesions 
in the human vmPFC were found to compromise fear condi-
tioning (measured by skin conductance responses), proving 
that fear conditioning was impaired due to brain injury.36 
These findings were supported in a recent meta-analysis21 
that identified greater activation of the posterior vmPFC 
(BA11) during late fear conditioning, providing potential 
causal evidence of a crucial role of the mid-posterior vmPFC 
in the acquisition of fear.

Converging lines of  research have also brought in-
sight on  the  involvement of  PFC in  the  extinction 
of  fear learning: in  concert with the  animal studies, 
neuroimaging studies reported that, besides amygdala 
activation, vmPFC is  particularly important for con-
solidation of  the extinction memory and is especially 
involved in the recall of extinction in subsequent test-
ing.37 In particular, this subregion may not simply inhibit 
the expression of amygdala-dependent conditioned threat 
responses, but signal a change in previously acquired 
contingencies in  order to  select the  most appropri-
ate response to the current situation.32 The extinction 
of conditioned fear appears to involve also dorsolateral 

PFC (dlPFC). This could be due to its capacity of shift-
ing the attention from the stimulus to the context, but 
may also be a consequence of its role as a site of explicit 
short-term memory processes in humans, aimed at main-
taining the trace interval.38

Importantly, consistently with signs of PFC functional 
impairment, it has been observed that patients with post-
traumatic stress disorder (PTSD) show normal condi-
tioned fear acquisition and extinction, but appear to be 
impaired in the recall of extinction memory the following 
day.39 Specifically, extinction recall was compromised due 
to the hypoactivation in the vmPFC and hyperactivation 
in the dorsal anterior cingulate cortex (dACC).40 Similar 
findings were also observed in schizophrenic patients with 
functionally damaged vmPFC.41 Taking everything into 
consideration, this evidence reveals that fear condition-
ing circuits may be altered in many different psychiatric 
disorders in humans.42

Conclusions  
and future perspectives

In conclusion, functional alterations of the neural net-
work underlying fear conditioning or  in the emotional 
regulatory mechanisms might contribute to the etiology 
of anxiety-related disorders, including panic disorder, 
specific phobias and PTSD.43 These altered mechanisms 
are regarded as pivotal factors in the pathogenesis and de-
velopment of psychiatric disorders characterized by anxi-
ety.44–46 Hence, a deep understanding of the psychological 
and molecular mechanisms underlying such disorders 
is necessary, and fear conditioning paradigm appears 
to be the most effective for this purpose. Furthermore, 
a deeper understanding of fear learning neural networks 
may also contribute to the advancement of alternative, 
more precise and individualized treatments for psychi-
atric disorders.

On this note, some issues and questions come to mind. 
According to  corroborated literature, the  human PFC 
modulates the activity of the amygdala and hippocam-
pus after fear conditioning (i.e., extinction learning) like 
in animals; however, such assumption is based on limited 
empirical data. Differently from the classical view,47 recent 
work suggests that the vmPFC may also play a major role 
in the acquisition of fear,21,34–36,48 as processed within its 
posterior subregion.49

Consequently, it  is plausible to assume that there are 
differences between humans and animals in  the  func-
tional neuroarchitecture of PFC. Thus, it  is reasonable 
and timely relevant now to address this question: what 
exactly is the role of the prefrontal cortex in human fear 
conditioning?
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Abstract
Background. Chemotherapy-induced nausea and vomiting (CINV) is a troublesome side-effect of chemo-
therapy in pediatric patients undergoing osteosarcoma treatment. In this context, the role of 5-hydroxytryp-
tamine-3 (5-HT3) receptor antagonists needs to be explored.

Objectives. To evaluate the superiority of single-dose palonosetron over granisetron in pediatric patients 
undergoing highly emetogenic chemotherapy (HEC) for osteosarcoma.

Materials and methods. In this double-blind, randomized study, pediatric patients were assessed in terms 
of acute nausea and vomiting following HEC for osteosarcoma. These children were assigned to group 1 
(palonosetron) and group 2 (granisetron) without any other antiemetic prophylaxis. The primary outcome 
variable was the children’s segment with a complete response (CR) during the acute phase of the 1st on-study 
chemotherapy cycle. The risk factors associated with the emesis were analyzed. The patients were followed 
up for the first 24 h after chemotherapy.

Results. A total number of 200 children were evaluated in terms of the response, and other factors that might 
alter the response were assessed in the 2 groups. These 200 children underwent 604 blocks of chemotherapy. 
Complete responses were documented in 83% and 72% of children receiving palonosetron and granisetron, 
respectively, during the acute phase. Only dexamethasone, used as a rescue medication, was found to be 
a significant risk factor that predisposed to the response (p < 0.05).

Conclusions. Single-dose palonosetron is an effective alternative to granisetron for preventing CINV in chil-
dren receiving HEC for osteosarcoma.

Key words: granisetron, chemotherapy, emesis, 5-HT3 receptor antagonists, palonosetron
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Background

Cancer is tormenting and devastating, but with the in-
cessant emergence of medical advances, chemotherapy 
is launched as one of the reassuring measures. The advent 
of chemotherapy combined with radiotherapy and sur-
gery re-established hope for survival. However, along with 
it came a profusion of anguishing side effects. Side effects 
of chemotherapy are nephrotoxicity, neurotoxicity, oto-
toxicity, myelosuppression, nausea, and vomiting. Among 
them, nausea and vomiting are bothersome, especially for 
children, leading to a compromised quality of life after 
chemotherapy.1,2

According to the emetogenic classification of Pediatric 
Oncologic Group of Ontario (POGO) from October 2017, 
various drugs commonly used for the chemotherapy of os-
teosarcomas in children are classified as highly emetogenic 
(cisplatin intravenously (i.v.) ≥12 mg/m2/dose; doxorubicin 
i.v. ≥30 mg/m2/dose; and methotrexate i.v. ≥12 g/m2/dose) 
and moderately emetogenic (methotrexate i.v. 5 g/m2/dose; 
and doxorubicin i.v. 25 mg/m2/dose).3 Moreover, even with 
the best antiemetic regimes, nausea and vomiting con-
tinue to be the most irksome aftermath of chemotherapy 
in children.3

Cisplatin- or doxorubicin-induced emesis was predomi-
nant before the 1980s. In the 1990s, a combination of a cor-
ticosteroid and a 5-hydroxytryptamine-3 (5-HT3) receptor 
antagonist became customary practice. The use of high-
dose metoclopramide and dexamethasone proved to be 
effective to a certain degree.4 However, specific adverse 
effects, especially extrapyramidal reactions, commonly 
found in children and adolescents, have curbed the use 
of high-dose metoclopramide.

5-hydroxytryptamine-3 receptor antagonists are now 
gold standard for acute chemotherapy-induced nausea and 
vomiting (CINV) prevention therapy, since emesis is trig-
gered through the activation of 5-HT3 receptors by sero-
tonin released from enterochromaffin cells in the small 
intestine, located on vagal afferents.5,6 The effectiveness 
of first-generation 5-HT3 receptor antagonists in prevent-
ing acute CINV ranges from 50% to 70%.3 Although there 
has been a significant improvement in drug therapy in view 
of CINV, about 50% of patients present with acute or de-
layed CINV following moderate emetogenic chemotherapy 
(MEC) or highly emetogenic chemotherapy (HEC).7,8 Con-
sequently, there is an ample scope of research in the field 
of controlling CINV.

The combination of dexamethasone with first-gen-
eration 5-HT3 receptor antagonists is effective against 
acute CINV9–14; however, a  second-generation 5-HT3 
receptor antagonist, palonosetron, which is dynamic, 
extremely selective, and has great receptor binding 
capacity along with prolonged plasma half-life (40 h), 
is quite potent as a single dose in preventing both acute 
and delayed CINV related to MEC and HEC.9–13 Still, 
very few studies have been conducted so far to establish 

the superiority of single-dose palonosetron over the com-
bination of drugs to control CINV in patients undergoing 
HEC.9,14–16

No standard pediatric antiemetic treatment has yet been 
implemented, considering all advances and the inclusion 
of newer and improved medication regimens in the treat-
ment of CINV. This research was carried out on this unique 
population prone to nausea and vomiting in order to assess 
the effectiveness and side effects of antiemetics.

Objectives

The  goal of  this study was to  evaluate the  efficacy 
of palonosetron compared to granisetron in treating CINV 
in pediatric patients who received HEC for osteosarcoma. 
The research primarily focused on estimating the preva-
lence of CINV after applying the 2 drugs.

Materials and methods

Patient recruitment and selection

To fulfil the research objectives, the authors planned 
a  randomized, controlled, double-blind clinical trial, 
which was conducted at the Department of Pediatrics 
of Chengdu University, China. The study was approved 
by the institutional review board and the local ethical com-
mittee (protocol CU # RC/IRB/2016/1042). All the pro-
cedures performed in the study involving human par-
ticipants were in accordance with the ethical standards 
of the institutional research committee of Chengdu Jin-
niu District People’s Hospital and Ya’an People’s Hospital 
in China, and comply with the 1964 Declaration of Hel-
sinki and its later amendments or comparable ethical 
standards. Written informed consent was obtained from 
all the participants. 

The study enrolled consecutive children with osteosar-
coma, aged <18 years, but not below 3 years of age, receiv-
ing HEC in the outpatient (daycare) or inpatient settings 
from August 2016 to August 2019.

All patients without systemic complications who strictly 
satisfied the inclusion criteria were included.

The exclusion criteria were as  follows: children with 
abnormal liver function test (LFT) or  renal function 
test (RFT) results, or those with organic disorders likely 
to cause vomiting; children who were on concurrent ra-
diotherapy or received radiotherapy within 1 week prior 
to  the  study period; patients who were on  antiemetic 
therapy within the first 24 h of recruitment; patients with 
known hypersensitivity toward any study drug; and pa-
tients with other adverse effects associated with chemo-
therapy. Furthermore, the anticipatory vomiting could 
create confusion in the results; the participants were not 
scheduled for successive chemotherapy.
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The patient sample size was calculated using the follow-
ing formula (Equation 1)17:

 
n = N

1 + N(e)2  (1)

where:
n – sample size;
N – population size; and
e – level of precision.

For the present study, the population size was determined 
based on the number of patients admitted to hospital or re-
ferred to treatment due to osteosarcoma (total population 
size: N = 228 for 1 month, and e is 0.05 at 95% confidence 
interval (95% CI)). The 2 groups received an equal number 
of patients. Although, a total of 228 patients were enrolled 
in the study. Approximately 12% of subjects, i.e., 28 sub-
jects, did not meet the inclusion criteria. Therefore, a total 
number of 200 patients were evaluated, i.e., 100 patients 
in each group.

The  osteosarcoma therapy regimen according to 
the EURA MOS-1 guidelines was used14:

– high-dose methotrexate (12 g/m2) in 1 L of 5% dex-
trose water solution with 1 mEq/kg of sodium bicarbonate 
administered as a 4-hour infusion + etoposide (75 mg/m2 
i.v.) over 1 h in 250–500 mL saline serum and ifosfamide 
(3 g/m2/day i.v.) over 3 h in 250–500 mL saline serum;

– cisplatin 120 mg/m2 (a 4-hour infusion of 60 mg/m2 
per day), doxorubicin (70 mg/m2) administered as a 6-hour 

continuous infusion, and high-dose methotrexate (12 g/m2) 
in 1 L of 5% dextrose water solution with 1 mEq/kg of so-
dium bicarbonate, administered as a 4-hour infusion.

The  POGO guidelines were followed for classifying 
the emetogenic potential of each chemotherapy regimen.3 
Single- or  multiple-day chemotherapy was considered 
as 1 session.

Standard antiemetic prophylaxis for HEC included 
a 5-HT3 receptor antagonists, i.e., palonosetron admin-
istered i.v. in a single fixed dose of 20 µg/kg (maximum 
total dose of 0.75 mg) over 30 s, or granisetron admin-
istered i.v. in a single dose of 40 µg/kg over 5 min; it was 
based on the data available from previous pediatric stud-
ies.15 Both drugs were delivered via the intravenous route 
30 min before initiating HEC. Patients with 1–2 episodes 
of breakthrough vomiting received dexamethasone i.v. (for 
body surface area (BSA) ≤0.6 m2, 2 mg twice a day, and for 
BSA > 0.6 m2, 4 mg twice a day) as a rescue medication.

Patients satisfying the eligibility criteria were random-
ized, regardless of age and sex, to receive either palono-
setron or granisetron, using a computer-generated ran-
domization schedule. The schedule was packed in a sealed 
envelope, which 2 designated persons opened at the be-
ginning of  chemotherapy. All patients were randomly 
allocated to group 1 (palonosetron; n = 100) or group 2 
(granisetron; n = 100).17

Except for the  independent pharmacists dispens-
ing the  research drugs at  the  hospital and the  person 

Fig. 1. Patient recruitment 
and selection (Consolidated 
Standards of Reporting Trials 
(CONSORT) flow diagram)

Assessed for eligibility (n = 228)

Excluded (n = 28)
♦ not meeting inclusion criteria (n = 20)
♦ had taken antiemetic in last 24 h

(n = 8)

Analysed  (n = 100)
♦ excluded from analysis (n = 0)

Lost to follow-up (n = 0)

Discontinued intervention (n = 0)

Allocated to intervention (n = 100)
♦ received allocated intervention (n = 100)
♦ did not receive allocated intervention (give 

reasons) (n = 0)

Lost to follow-up (n = 0)

Discontinued intervention (n = 0)

Allocated to intervention (n = 100)
♦ received allocated intervention (n = 100)
♦ did not receive allocated intervention (give

Analysed  (n = 100)
♦ excluded from analysis (n = 0)

Allocation

Analysis

Follow-up

Randomized (n = 200)

Enrollment

reasons) (n = 0)
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responsible for drug allocation, all study staff and partici-
pants were blinded to treatment assignment for the study 
duration. They were also forbidden to reveal any drug al-
location data to other persons.

Outcome variables

The evaluation of chemotherapy-induced nausea (CIN) 
or CINV was based on the following parameters: nausea 
(presence or absence); and vomiting (frequency, duration 
and severity).

Following the instructions, the patient or their caregiver 
kept track of emetic episodes and the degree of nausea 
in the diaries given. The children used the pediatric nausea 
assessment tool (PeNAT)18 to self-report nausea intensity 
twice a day, in the morning and at bedtime at the very 
least, as well as any other time the child felt nauseous 
or their guardian thought the child would feel nauseous. 
The PeNAT is made up of 3 parts: determining the words 
or expressions for nausea that are used in each child’s fam-
ily; a script that focuses the child’s attention on the sub-
jective symptoms of nausea and explains the PeNAT; and 
a four-faced nausea severity scale. A co-investigator gave 
the PeNAT to each kid initially, and then taught the child’s 
caregiver how to use it. The caregiver or a healthcare prac-
titioner might help the patient complete nausea severity 
evaluation, but they could only record the information 
supplied by the child. They did not make the proxy evalu-
ation of the child’s nausea intensity. While monitoring 
the acute stages of CINV, the patients or their caregiv-
ers were approached in person to encourage adherence 
to research protocols and collect the completed diaries. 
The number of times the child vomited was subtracted 
from the number of vomiting episodes noted in the health 
record, if the child has not completed the diary in which 
they mentioned the number of vomiting episodes.

The following definitions were used in the evaluation: 
‘nausea’ – the sensation of being about to vomit; usually, 
it was a prodromal symptom of vomiting; and ‘vomiting’ 
– a retrograde and vigorous removal of the stomach contents.

Acute emesis was identified as any vomiting during 
the  period starting with the  first chemotherapy dose 
and continuing until 24 h after the  last chemotherapy 
dose completed in that block (acute phase). A complete 
response (CR) was described as the absence of acute vom-
iting without any rescue medication. If the patient had 
1–2 episodes of vomiting without the use of a rescue medi-
cation, the response was deemed partial; if the patient had 
more than 2 episodes of vomiting and/or used a rescue 
medicine, it was regarded as failure. A rescue medication 
was given to the children who had more than 2 vomiting 
episodes.9,15

For children who vomit after receiving dexametha-
sone, an add-on rescue medicine is allowed – lorazepam 
at a dose of 0.025 mg/kg for chronic vomiting at the discre-
tion of the treating primary care doctor.

A pre-designed worksheet was prepared for the patient 
so that all details could be included. To facilitate the docu-
mentation of emetic episodes, a notebook was provided 
to the patient or their caregiver. For a particular session 
of chemotherapy, the responsibility was given to the child 
or their parents to inform the researchers on each and ev-
ery incidence of vomiting for a period of 2, 4, 6, 8, 12, 18, 
and 24 h from the completion of chemotherapy or the last 
dose of rescue medicines.

The response was reported as the number and timing 
of  episodes (to  distinguish CR/a partial response/fail-
ure) and the use of rescue medications. The primary ef-
ficacy endpoint was the proportion of CR patients during 
the acute period in the 1st on-study cycle of chemotherapy. 
The secondary endpoint was the proportion of patients 
in the 1st on-study cycle needing rescue antiemetic treat-
ment during the acute period. The response was also ana-
lyzed in the group 1 (palonosetron) and group 2 (granise-
tron) arms of all subsequent chemotherapy sessions during 
the study period.

To avoid the confounding effect of anticipatory vomiting, 
the subjects were not included in the subsequent cycles 
of chemotherapy.

The adverse events related to palonosetron or granis-
etron were carefully evaluated by taking a relevant his-
tory and conducting a physical examination at the time 
of the initiation of chemotherapy, on discharge and during 
the next chemotherapy session. Lab investigations were 
done as per the chemotherapy session scheduled, includ-
ing complete blood count (CBC), LFT and RFT. All sorts 
of adverse events were recorded according to Common 
Terminology Criteria for Adverse Events (CTCAE), v. 4.03, 
available at the National Cancer Institute website (https://
ctep.cancer.gov/protocoldevelopment/electronic_applica-
tions/ctc.htm#ctc_40). Adverse events were recorded for up 
to 10 days from the day of the administration of the drug; 
the treating physician’s opinion on the relationship be-
tween adverse events and the study drug was also recorded.

Statistical analyses

The researchers hypothesized that the palonosetron 
group would be better than the granisetron group in terms 
of  CR following HEC for osteosarcoma. Alternatively, 
a null hypothesis was given by  the  researchers, which 
advocated that there was no statistically significant dif-
ference between the 2 groups. The level of significance 
was adjusted to a p-value equal to 0.05. To test the null 
hypothesis and compare CR between the 2 groups, the χ2 
test for categorical variables was conducted.

The statistical analysis was carried out using the IBM 
SPSS Statistics for Windows software, v. 21.0 (IBM Corp., 
Armonk, USA). The univariate analysis was carried out 
to evaluate the risk factors associated with emesis, and 
the frequency distribution was done for the various demo-
graphic factors considered and other clinical parameters 
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in the study. The relative risk (RR) was measured to com-
pare the RR of emesis between the 2 groups. The χ2 test 
was used to evaluate the association between the response 
and antiemetic prophylaxis for the study groups. All data, 
except for age, were categorical in nature, involving only fre-
quencies with mutually exclusive independent variables and 
the expected frequency count for each cell of the tables >5. 
In the light of these characteristics, the χ2 test was chosen 
as the appropriate test for the study.

The statistical analysis was carried out at 95% CI, with 
the level of significance set at 0.05, i.e., p < 0.05 was con-
sidered as a statistically significant difference.

Results

The study sample size was 228 patients, randomly allo-
cated to group 1 (palonosetron) and group 2 (granisetron). 
A total of 28 patients were excluded from the study, and 
thus 200 were included in the analysis. These 200 patients 
received 604 blocks of chemotherapy. Figure 1 presents 
the flow diagram for patient recruitment and selection.

Essentially, the distribution of all variables in the 2 groups 
was balanced.

Among the 200 subjects equally distributed in the 2 groups, 
there were 68% males and 32% females in group 1, and 64% 
males and 36% females in group 2. The mean age in group 1 
was 10.2 ±2.8 years, and in group 2, it was 10.5 ±1.9 years. 
There were 37% patients aged ≤10 years and 63% aged 
>10 years in group 1, while group 2 had 31% patients aged 
≤10  years and 69% aged >10 years (Table 1).

Table 2 shows the response to antiemetic prophylaxis 
doses in  both study groups. A  complete response was 

observed in 83% of patients in group 1, while in group 2, 
72% of patients showed CR. A partial response was evi-
dent in 11% of the participants from group 1 and in 23% 
in group 2. The failure of antiemetic prophylaxis was evident 
in 6% in group 1, whereas in group 2, the percentage of fail-
ure was 5%. The difference in the response to antiemetic 
prophylaxis between the study groups was  statistically sig-
nificant (p = 0.002). The RR value for antiemetic prophylaxis 
was 0.65 (95% CI: [0.26; 2.81]), i.e., the risk of vomiting was 
0.65 times smaller in group 1 than in group 2, with a p-value 
of 0.040, which was statistically significant (Table 2).

Table 3 presents the RR values in both study groups 
during the subsequent cycles of chemotherapy. The RR 
of  breakthrough vomiting was lesser in  the  palonose-
tron arm across all chemotherapy cycles when compared 
to the granisetron arm (Table 3).

The univariate analysis results regarding factors that 
might affect the  response to  antiemetic prophylaxis 
in both groups are summarized in Table 4. Gender, age and 
the type of osteosarcoma did not significantly influence 
the response in either group (p > 0.05). The prophylactic 
dosage of a rescue medicine, dexamethasone, was the only 
statistically significant predisposing factor associated with 
emesis (p = 0.001), as shown in Table 4.

Ten patients (2 in group 1 and 8 in group 2) had headaches, 
and 6 patients (3 in each arm) had constipation requiring 
laxatives during the 1st on-study chemotherapy cycle. Simi-
larly, 14 patients had abdominal pain (8 in group 1 and 
6 in group 2) and 10 patients had diarrhea (4 in group 1 and 
6 in group 2). These effects were considered by the treat-
ing physician as related to the drug. There were no serious 
adverse events associated with either drug, and none that 
required the discontinuation of the therapy.

Table 1. Baseline demographic and disease characteristics in the study groups

Characteristic Group 1
n = 100

Group 2
n = 100

Gender
n (%)

male 68 (68) 64 (64)

female 32 (32) 36 (36)

Age [years]
n (%)

M ±SD 10.2 ±2.8 10.5 ±1.9

≤10 37 (37) 31 (31)

>10 63 (63) 69 (69)

Type of osteosarcoma
n (%)

peripheral 33 (33) 39 (39)

medullary (axial) 67 (67) 61 (61)

Group 1 – palonosetron; Group 2 – granisetron; n – number; M – mean; SD – standard deviation.

Table 2. Response to antiemetic prophylaxis in the study groups (χ2 test)

Response Group 1
n = 100

Group 2
n = 100 χ2 p-value RR 95% CI p-value

CR 83 (83) 72 (72)

34.812 0.002* 0.65 [0.26; 2.81] 0.004*Partial response 11 (11) 23 (23)

Failure 6 (6) 5 (5)

Data are presented as n (%). CR – complete response; RR – relative risk; 95% CI – 95% confidence interval; * statistically significant.
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Discussion

The prime reason behind this cohort study was to com-
pare single-dose palonosetron with granisetron for CINV 
after the treatment of osteosarcoma in pediatric patients. 
The outcomes of this study confirm the hypothesis stat-
ing that there would be a significant difference between 
the groups in terms of CR and RR of breakthrough emesis 
(p < 0.05); group 1 demonstrated a substantial downside 
incidence of vomiting and a decreased risk of breakthrough 
vomiting in comparison with group 2.

Based on the end results, the use of palonosetron is war-
ranted in the prevention of CINV in osteosarcoma pedi-
atric patients undergoing HEC, and could be associated 
with a decreased risk of undesirable side effects, such 
as breakthrough vomiting in the postoperative period and 
the resultant inconvenience for patients and their parents.

Due to the multiple adverse effects of chemotherapeutic 
agents, a combination of antiemetic agents must be tested, 
such as preventing the stimulation of dopamine D2 recep-
tor in the chemoreceptor trigger zone (CTZ) and binding 
neurokinin-1 (NK-1) receptor with substance P in the area 
postrema.19,20

Although the  addition of  a  corticosteroid improves 
the potency of 5-HT3 receptor antagonists against CINV 
in different clinical trials, the best standard single-dose 

treatment with 5-HT3 receptor antagonists for pediat-
ric emesis has not yet been demonstrated, particularly 
in the acute chemotherapy phase, i.e., the first 24 h. Few 
studies have reported the potency of a dopamine D2 recep-
tor antagonist in the prevention of acute emesis9; however, 
the guidelines for the prevention of CINV do not consider 
those regimens due to faults in the study design.

Although a 5-HT3 receptor antagonist has been ad-
ministered multiple times to control acute CINV in pre-
vious clinical trials, particularly randomized clinical trials 
(RCTs), the superiority of single-dose pre-chemotherapy 
administration has not been shown.10 The contemporary 
literature indicates that a combination of a 5-HT3 recep-
tor antagonist, a steroid and a NK-1 receptor antagonist10 
is the most common practice for blocking nausea and vom-
iting initiated by MEC or HEC.9

Palonosetron interacts with the 5-HT3 receptor both 
competitively and non-competitively, while ondansetron 
and granisetron exhibit strictly competitive antagonis-
tic properties. The dual activity of palonosetron against 
5-HT3 receptor is believed to increase the inhibitory effect 
on the primary receptor, since allosteric interactions can 
induce receptor conformation changes.9

Palonosetron at fixed doses has been found to be safe 
and potent enough to prevent CINV, whether acute or de-
layed, in adults.20 However, there is no consensus on using 
palonosetron at fixed doses in pediatric patients receiv-
ing chemotherapy for various malignancies. Recently, 
the POGO and Multinational Association of Supportive 
Care in Cancer/European Society for Medical Oncology 
(MASCC/ESMO) guidelines have been released on the in-
clusion of palonosetron for pediatric patients receiving 
MEC and HEC.21,22

In the present study, at all intervals except zero-two, 
the  palonosetron PeNAT mean adjusted scores were 
significantly lower (p  <  0.001) than when compared 
to granisetron. It means that the children have reported 
less episodes of  vomiting when compared to  granis-
etron group. In a similar study, for the granisetron and 
metoclopramide+dimenhydrinate groups, the proportion 

Table 3. Relative risk (RR) of vomiting in the palonosetron arm 
in comparison with the granisetron arm during the subsequent cycles 
of chemotherapy

Cycle RR 95% CI

1st cycle 0.78 [0.48; 1.89]

2nd cycle 0.61 [0.33; 2.23]

3rd cycle 0.81 [0.51; 2.95]

4th cycle 0.88 [0.62; 2.98]

5th cycle 0.72 [0.47; 3.19]

6th cycle 0.71 [0.39; 3.69]

95% CI – 95% confidence interval.

Table 4. Univariate analysis of factors that might affect the response to antiemetic prophylaxis

Potential risk factor for emesis
CR

(both groups)
n = 155

Partial response or failure
χ2 p-valuegroup 1

n = 17
group 2
n = 28

Gender
male 104 (67.1) 12 (70.6) 16 (57.1)

42.34 0.230
female 51 (32.9) 5 (29.4) 12 (42.9)

Age [years]
≤10 46 (29.7) 12 (70.6) 10 (35.7)

23.91 0.410
>10 109 (70.3) 5 (29.4) 18 (64.3)

Type of osteosarcoma
peripheral 54 (34.8) 8 (47.1) 10 (35.7)

18.19 0.310
medullary (axial) 101 (65.2) 9 (52.9) 18 (64.3)

Dexamethasone
yes 92 (59.4) 14 (82.4) 23 (82.1)

27.81 0.001*
no 63 (40.6) 3 (17.6) 5 (17.9)

CR – complete response. Data presented as n (%). * statistically significant.
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of CR patients (not more than 1 episode of vomiting) was 
80.0% and 27.5%, respectively (p < 0.001).18

Moreover, the findings of the current study are in ac-
cordance with previous research, where the rate of CR due 
to palonosetron was 60–94%.15,22–30 This was attributed 
to the receptor binding potential of palonosetron. Further-
more, long-lasting effects on receptor–ligand binding and 
functional responses to serotonin can be associated with 
this sort of receptor interaction. Palonosetron has proven 
to be effective and safe.

In  certain studies, gender, age, the  type of  tumor, 
the emetogenicity of the regimen, and the choice of pro-
phylactic agents have been shown to  influence the rate 
of CR.15,19–23 In the present study, factors like gender, age, 
the treatment regimen, and the number of rescue medi-
cations (dexamethasone) were evaluated as potential risk 
factors that might affect the response during the overall 
treatment. It was found that the use of dexamethasone was 
the only statistically significant predisposing risk factor. 
Other factors, like gender, age, the type of osteosarcoma, 
and the treatment regimen, were not statistically signifi-
cantly associated with emesis.

The major strength of this study is that a fixed dose 
of palonosetron was used for pediatric osteosarcoma pa-
tients who underwent HEC, and the dosage was based 
on the child’s BSA and body weight. In contrast, other 
researchers advocated using a single fixed dose of palono-
setron regardless of the child’s BSA and body weight.14,15. 
Secondly, the  PeNAT scale was specially designed for 
the pediatric group to evaluate CINV more accurately. 
Thirdly, this study was performed exclusively on pediatric 
patients who underwent HEC, according to the POGO 
guidelines for osteosarcoma.

Limitations

This RCT has several limitations. Firstly, it was a sin-
gle-center study with a smaller sample size to establish 
the superiority of palonosetron over granisetron. Large 
multicenter trials are needed to lead to clinically meaning-
ful conclusions. Secondly, the potency of the palonosetron 
needs to be investigated in other pediatric patients with 
other malignancies, undergoing MEC or HEC, so that 
CINV can be controlled more effectively and the patients’ 
quality of life can be improved. Thirdly, the present study 
was limited to the acute phase of CINV, i.e., the first 24 h, 
and it did not explore the rate of CR in the delayed phase 
of CINV. Moreover, the present study was not enrolled 
in the clinical trial registry for RCTs.

Conclusions

Palonosetron seems to be safe and potent when used 
in a fixed dose of 20 µg/kg in pediatric patients with os-
teosarcoma in preventing CINV. It is quite effective alone 

in controlling CINV with a minimal requirement for res-
cue medications. Furthermore, it could be recommended 
in developing countries with limited resources.

Availability of data and materials

The datasets used and/or analyzed during the current 
study are available from the corresponding author on a rea-
sonable request.
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Abstract
Background. Behçet’s disease (BD) is a chronic inflammatory vasculitis affecting multiple organs. Uveitis 
is frequently seen in patients with BD, especially in Turkish population.

Objectives. To investigate vascular endothelial growth factor (VEGF) gene polymorphisms along with 
the levels of VEGF and VEGF receptors in patients with Behçet’s uveitis (BU).

Materials and methods. Fifty-five BD-associated uveitis patients and 30 age- and sex-matched controls 
were included in this case-control study. The genotypes of the single nucleotide poymorphisms (SNPs): 
rs2010963 (+405G), rs3025039 (+936T) and rs699947 (−2598A) of the VEGF-A gene were determined 
using real-time polymerase chain reaction (RT-PCR) and serum levels of VEGF and VEGF receptors were 
measured using enzyme-linked immunosorbent assay (ELISA).

Results. No associations of the VEGF gene polymorphisms were observed in BD uveitis patients, but arthritis 
was present in 53.3% of patients not possessing CT genotype in C3025039→T polymorphism (p = 0.024). 
Although there were no statistically significant differences in serum VEGF-A, VEGF-C and soluble vascular 
endothelial growth factor receptor-3 (sVEGFR-3) levels (p < 0.05), serum vascular endothelial growth 
factor receptor-1 (VEGFR-1) and sVEGFR-3 levels were significantly higher in the BD group (p < 0.001 
and p = 0.001, respectively). In addition, VEGF-C/soluble vascular endothelial growth factor receptor-2 
(sVEGFR-2) ratio was significantly higher (p < 0.001), while VEGF-A/VEGFR-1 and VEGF-C/sVEGFR-3 ratios 
were significantly lower (p < 0.001 and p = 0.033, respectively) in BD patients compared to controls. Also, 
VEGF-C/sVEGFR-3 (p = 0.024, r = 0.37) and VEGF-C/sVEGFR-2 (p = 0.020, r = 0.38) ratios were positively 
correlated with disease duration.

Conclusions. The significant changes in sVEGFR-3 levels and VEGF-C/sVEGFR-3 ratio has shown that 
lymphangiogenesis processes might take place in the pathogenesis of BD uveitis, and these parameters can 
be important indicators of evaluation of BD patients with uveitis together with disease duration.
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Background

Behçet’s disease (BD) was described by Turkish dermatol-
ogist Dr. Hulusi Behçet as a disease with triple symptoms: 
oral aphthae, genital ulcers and uveitis with hypopyon.1 
Behçet’s disease is  a  systemic immuno-inflammatory 
vasculitis occurring in young adults that is characterized 
by endothelial cell dysfunction. The most prominent fea-
ture of BD is systemic, dermal and ocular vasculitis with 
lymphocytic infiltration of vessels with different diameters. 
Ocular involvement can be the first finding in most BD 
patients from 2 to 4 years after disease onset, and it is one 
of the most important causes of morbidity as it may result 
in blindness.2,3 It is also more frequent and more severe 
in Turkish and Japanese BD patients. In a study conducted 
in Turkey, eye involvement in form of uveitis/retinal vas-
culitis was reported in 29.1% of patients, while early age 
of onset and male gender were poor prognostic factors for 
ocular findings.4,5

Although many studies have been published since BD 
was first described, its etiopathogenesis is not fully defined 
yet. The disease tendency appears to be related to HLA-B 
gene polymorphisms.6–10 Human major histocompatibility 
complex class I chain-related gene A was also shown to be 
related to the disease pathogenesis.8,11 However, the exact 
mechanisms about the genes related to the disease patho-
genesis are still obscure.

Angiogenesis is a multistage process controlled by sev-
eral pro-angiogenic and anti-angiogenic factors. Vascular 
endothelial growth factor (VEGF) is a potent endothelium-
specific cytokine which modulates vasculogenesis and 
angiogenesis by acting as a major mitogen for endothelial 
cells. The VEGF plays an important role in the regula-
tion of angiogenesis, wound healing, inflammation, and 
tumor progression.12 Neutrophils, macrophages and vas-
cular endothelial cells, which are involved in BD patho-
genesis, primarily produce VEGF. The main stimulant 
in VEGF production in systemic and retinal endothelial 
cells is  inflammation induced by pro-inflammatory cy-
tokines. Since VEGF is a potent mitogen for dermal and 
ocular microvascular endothelial cells, VEGF expres-
sion in vascular beds of BD patients may be important 
in the clinical course of the disease. In our previous study, 
we indicated that elevated serum VEGF and sVEGFR-1, 
and – more importantly – VEGF/sVEGFR-1 ratio could 
play an important role in the development of thrombosis 
in BD.13 Thus, it has been suggested that plasma VEGF 
levels in BD may be affected by the course of the disease 
and may vary depending on the eye involvement or dis-
ease activity. There are also studies showing that VEGF 
is elevated especially in the active stage of BD and high 
VEGF levels can be associated with loss of vision as an ad-
ditional risk factor.14,15

The VEGF gene is highly polymorphic and more than 
30 different single nucleotide polymorphisms (SNPs) 
have been previously reported. These polymorphisms are 

important due to their effects on VEGF production and 
their relationship with BD. Studies have shown that both 
+405G/C (rs2010963) and +936C/T (rs3025039) SNPs 
reduce VEGF production.14–18 However, Salvarani et al. 
reported that VEGF (rs2010963) and VEGF-2549 18bp 
insertion/deletion (I/D) polymorphisms were associated 
with BD susceptibility.19 In addition, Nam et al. found that 
in the Korean population, the VEGF (rs2010963) poly-
morphism was associated with the development of ocular 
inflammation in BD.20

Objectives

In this study, we aimed to evaluate: (1) the serum levels 
of VEGF-A, VEGF-C, vascular endothelial growth factor 
receptor-1 (VEGFR-1), soluble vascular endothelial growth 
factor receptor-2 (sVEGFR-2) and soluble vascular endothe-
lial growth factor receptor-3 (sVEGFR-3), and correlation 
of their levels with the severity of BD; (2) the influence 
of the presence of polymorphisms (rs2010963, rs3025039 
and rs699947) on the regulatory region of the VEGF gene, 
and to emphasize the importance of the detected poly-
morphisms in terms of disease development and sever-
ity in BD patients with ocular involvement in the Turkish 
population.

Materials and methods

The study protocol was approved by the Institutional 
Local Ethics Committee of Ankara Numune Training and 
Research Hospital, Ankara, Turkey (approval No. E-17-
1612). The research protocol complies with the Declaration 
of Helsinki and written informed consent was obtained 
from all participants.

The  present study is  a  cross-sectional study carried 
out in 55 Behçet’s uveitis (BU) patients and 30 age/sex-
matched controls admitted to  Rheumatology and Eye 
Clinics of Gulhane and Numune Training and Research 
Hospital, Ankara, Turkey.

Criteria from the International Study Group for BD were 
used to evaluate BD patients.21 The disease activity was 
assessed with the Turkish version of BD Current Activ-
ity Form (BDCAF).22 The BDCAF score was calculated 
by adding up the scores on each item, and ranged from 0 
to 12. Behçet’s uveitis patients were defined as the ones 
with edema, non-perfusion, neovascularization, and at-
rophy of the retina and/or optic disc.23

Overnight fasting blood samples were obtained from 
the antecubital vein and collected in blood tubes contain-
ing clot activator for serum separation. Sera were obtained 
by centrifugation at 3000 g × 10 min. For single nucleotide 
polymorphism (SNP) analysis, whole blood samples were 
collected into ethylenediamine tetraacetic acid (EDTA)-
containing tubes.
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Detection of serum levels  
of the study parameters

Serum VEGF-A(E-EL-H0111), VEGF-C(YLA0798HU), 
VEGFR-1(E-EL-H1087), sVEGFR-2(YLA1212HU), and 
sVEGFR-3(YLA1379HU) levels were measured us-
ing quantitative enzyme-linked immunosorbent assay 
(ELISA) kits (Elabscience, Wuhan, China for VEGF-A 
and VEGFR-1; Shanghai BiotechCo., Shanghai, China for 
VEGF-C, sVEGFR-2 and sVEGFR-3). The measurements 
were carried out using ELISA plate reader Bio-Tek Syn-
ergy HT (Biotek Instruments Inc., Winooski, USA). Intra- 
and inter-assay coefficients of variation (CVs) were 4.69% 
and 4.2%, respectively, with a sensitivity of 18.75 pg/mL 
for VEGF-A, <8%, <10% and 10.58 pg/mL, respectively, 
for VEGF-C, 5%, 4% and 75  pg/mL, respectively, for 
VEGFR-1,  <8%,  <10% and 22  pg/mL, respectively, for 
sVEGFR-2, and <8%, <10% and 114 pg/mL, respectively, 
for sVEGFR-3.

Selection of gene regions and SNP analysis

The reference sequences of the VEGF gene to be ex-
amined were downloaded from the  National Biotech-
nology Information Center database of  the  National 
Library of Medicine within the American National In-
stitutes of  Health (NIH; Bethesda, USA). The  primer 
pairs were specifically designed for the respective region 
of the VEGF-A gene for each SNP from the gene promoter 
region as rs2010963, rs3025039 and rs699947. The DNA 
concentration and purity were measured using a Nano-
Drop 2000 spectrophotometer (Thermo Fisher Scientific, 
Munich, Germany). Genotyping of  the  relevant SNPs 
were performed using Taqman probes (Sigma-Aldrich, 
St. Louis, USA). The polymerase chain reaction (PCR) was 
performed for each sample as follows: 10 ng of genomic 
DNA, mixture of 10 µL of Probe Master Kit (04707494001; 
Sigma-Aldrich), 1 µL Reagent mix (TIB MolBiol, Berlin, 
Germany) and 4 µL diH2O were mixed to carry out poly-
merase chain reaction described below.

The amplification of DNA regions was carried out with 
LightCycler 480 (Roche Diagnostics, Basel, Switzerland) 
real-time PCR (RT-PCR) device. An initial denaturation 
of 1 min at 95°C was followed by 45 amplification cycles 
with 5 s at 95°C, 15 s at 60°C and 15 s at 65°C.

Statistical analyses

Statistical analyses were performed using IBM SPSS 
Statistics for Windows v. 21.0 (IBM Corp., Armonk, USA).

Categorical variables were presented as numbers or per-
centages and compared using the χ2 or Fisher’s exact test, 
as appropriate. Numerical variables were tested for nor-
mality using histogram and Kolmogorov–Smirnov test. 
Normally distributed variables were presented as mean 
(standard deviation (SD)) and variables which were not 

normally distributed were presented as median (inter-
quartile range (IQR)). To compare numerical variables, 
the Mann–Whitney U test was used when the variables 
were not normally distributed, and Student’s t-test was 
used for normally distributed variables. The  correla-
tions between VEGF-A, VEGF-C, VEGFR-1, sVEGFR-2, 
sVEGFR-3, VEGF-A/VEGFR-1, VEGF-A/sVEGFR-2, 
VEGF-C/sVEGFR-2, VEGF-C/sVEGFR-3, and patient 
features such as age, age at diagnosis, and disease dura-
tion were analyzed using the Spearman’s correlation test. 
An  increase in  one parameter as  the  other parameter 
decreased was considered as negative correlation, and 
an increase in one parameter as the other parameter in-
creased was considered as positive correlation. Genotype 
distribution and allele frequencies of patients with the BD 
group and control group were analyzed using the χ2 test. 
Odds ratios with 95% confidence intervals (95% CIs) were 
used to describe the risk of uveitis. The level of statistical 
significance was set at p < 0.05.

Results

There was no statistically significant difference between 
the 2 groups with respect to age and gender. Seventy-three 
percent (40) of BD patients and 70% (21) of controls were 
male. The mean age of the BD patients was 37.8 ±9.1 years 
while that of controls was 39.2 ±11 years.

Clinical features and disease manifestations presented 
by BD patients are summarized in Table 1. Serum levels 
of VEGF-A, VEGF-C, VEGFR-1, sVEGFR-2 and sVEGFR-3, 

Table 1. Clinical features of BD patients

Parameter Value

Age, mean (SD) [years] 37.8 ±9.1

Age at diagnosis, mean (SD) [years] 30.5 ±7.6

Disease duration, median (IQR) [months] 60 (36–117)

Female/male, n (%) 15 (27)/40 (73)

Active disease, n (%) 32 (58)

Behçet’s Disease Current Activity Form 2.0 (0.0–3.0)

Disease manifestations ever presented by BD patients, n (%)

Oral ulcers 55 (100)

Genital ulcers 36 (66)

Positive pathergy test 9 (16)

Arthritis 25 (45)

Uveitis 55 (100)

Vascular involvement 20 (40)

Gastrointestinal system involvement 1 (2)

Pulmonary aneurism 1 (2)

Patients with family history of BD 6 (11)

Data are expressed as the mean (±SD), median (IQR) or number of cases 
(%) as appropriate. BD – Behçet’s disease; SD – standard deviation; 
IQR – interquartile range.
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and parameters calculated using factor receptor ratio 
among patients and control groups are presented in Table 2. 
According to these data, there were no statistically signifi-
cant differences in mean serum VEGF-A and VEGF-C levels 
between the 2 groups. On the other hand, serum VEGFR-1 
and sVEGFR-3 levels were statistically significantly higher 
in BD patients compared to controls, while there was no 
such difference in sVEGFR-2 levels. In addition, VEGF-C/
sVEGFR-2 ratio was significantly higher (p < 0.001), while 
VEGF-A/VEGFR-1 and VEGF-C/sVEGFR-3 ratios were 
significantly lower (p < 0.001 and p = 0.033, respectively) 
in BD patients compared to controls.

When groups of patients with certain clinical manifes-
tations were compared, VEGF-C/sVEGFR-2 ratios were 
significantly lower while VEGF-A/sVEGFR-2 ratios were 
above but close to the borderline statistical significance 
in patients with pathergy when compared to patients with-
out this symptom (125 compared to 151, p = 0.048; 20.5 
compared to 53.2, p = 0.053, respectively). The VEGF-A 
levels and VEGF-A/VEGFR-2 ratios were also lower 

in patients with arthritis; however, no statistically signifi-
cant difference was obtained (p = 0.080 and p = 0.086, 
respectively). Also, considering the relationship between 
polymorphisms and clinical findings of BD, no arthritis 
was observed in patients with CT genotype, while arthritis 
was only present in 53.3% of patients without CT genotype 
in C3025039→T polymorphism (p = 0.024).

There was a moderately negative correlation between 
serum sVEGFR-2 and sVEGFR-3 levels and age (p = 0.032, 
r = −0.35 and p = 0.003, r = −0.47, respectively) and disease 
duration (p = 0.048, r = −0.33 and p = 0.006, r = −0.44, 
respectively). In addition, VEGF-C/sVEGFR-3 (p = 0.024, 
r = 0.37) and VEGF-C/sVEGFR-2 (p = 0.020, r = 0.38) were 
positively correlated with disease duration (Table 3 and 
Fig. 1).

Genotype and allele frequencies of patient and control 
groups were calculated for detected SNPs. The genotype 
and allele frequencies of the 3 selected polymorphisms, 
reported to regulate the production of VEGF, were not sig-
nificantly different between BD and controls. The presence 

Table 2. Differences in serum vascular endothelial growth factor (VEGF)-A, VEGF-C, VEGFR-1, sVEGFR-2 and sVEGFR-3 levels according to ocular involvement

Parameter Patients with uveitis (n = 55) Controls (n = 30) p-value

VEGF-A [pg/mL] 163.5 (77.5–260.7) 31.8 (29.5–231.1) 0.188

VEGF-C [ng/mL] 482.8 (398.3–725.9) 522.8 (465.3–726.3) 0.251

VEGFR-1 [pg/mL] 57.9 (12.7–222.2) 1.69 (1.46–9.32) <0.001

sVEGR-2 [ng/mL] 3.31 (2.95–4.40) 3.05 (1.88–4.15) 0.076

sVEGFR-3 [ng/mL] 4.54 (3.64–6.15) 3.01 (1.90–4.16) 0.001

VEGF-A/VEGFR-1 1.78 (0.87–17.7) 20.3 (18.0–21.1) <0.001

VEGF-A/sVEGFR-2 50.6 (24.6–63.2) 15.9 (9.45–102.5) 0.423

VEGF-C/sVEGFR-2 141 (123.9–176.5) 183.7 (155.2–283.4) <0.001

VEGF-C/sVEGFR-3 96.3 (78.9–118.8) 183.8 (155.2–283.4) 0.033

All values are expressed as median, interquartile range (IQR; 25–75%). The p-values were calculated using Mann–Whitney U test. Values in bold are 
statistically significant, p < 0.05.
VEGF-A – vascular endothelial growth factor A; VEGF-C – vascular endothelial growth factor C; VEGFR-1 – vascular endothelial growth factor receptor-1; 
sVEGFR-2 – soluble vascular endothelial growth factor receptor-2; sVEGFR-3 – soluble vascular endothelial growth factor receptor-3.

Table 3. The correlations between parameters and age, age at diagnosis and disease duration

Parameters
Age Age at diagnosis Disease duration

p-value r p-value r p-value r

VEGF-A [pg/mL] 0.904 0.02 0.777 0.05 0.809 0.04

VEGF-C [ng/mL] 0.406 −0.14 0.664 −0.07 0.878 −0.03

VEGFR-1 [pg/mL] 0.114 0.26 0.404 0.14 0.292 0.18

sVEGFR-2 [ng/mL] 0.032 −0.35 0.478 −0.12 0.048 −0.33

sVEGFR-3 [ng/mL] 0.003 −0.47 0.523 −0.11 0.006 −0.44

VEGF-A/VEGFR-1 0.251 −0.19 0.778 −0.05 0.333 −0.16

VEGF-A/sVEGFR-2 0.302 0.17 0.706 0.06 0.312 0.17

VEGF-C/sVEGFR-2 0.718 0.06 0.997 −0.01 0.020 0.38

VEGF-C/sVEGFR-3 0.052 0.32 0.593 0.09 <0.001 0.55

The p-values and correlation coefficients (r-values) were calculated using Spearman’s test. Values in bold are statistically significant, due to p < 0.05.
VEGF-A – vascular endothelial growth factor A; VEGF-C – vascular endothelial growth factor C; VEGFR-1 – vascular endothelial growth factor receptor-1; 
sVEGFR-2 – soluble vascular endothelial growth factor receptor-2; sVEGFR-3 – soluble vascular endothelial growth factor receptor-3.
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Fig. 1. Correlation analysis of parameters with age and disease duration. A. Correlation of sVEGFR-2 and sVEGFR-3 levels with age of BD patients. Spearman’s 
test showed that age negatively correlated with sVEGFR-2 (p = 0.032, r = –0.35) and sVEGFR-3 levels (p = 0.003, r = –0.47); B. Correlation of sVEGFR-2 and 
sVEGFR-3 levels with disease duration of BD patients. Spearman’s test showed a negative correlation between disease duration and sVEGFR-2 levels 
(p = 0.048, r = –0.33) and sVEGFR-3 levels (p = 0.006, r = –0.44); C. Correlation of VEGF-C/sVEGFR-2 and VEGF-C/sVEGFR-3 ratios with disease duration of BD 
patients. Spearman’s test showed that VEGF-C/sVEGFR-3 (p = 0.024, r = 0.37) and VEGF-C/sVEGFR-2 (p = 0.020, r = 0.38) were positively correlated with 
disease duration

sVEGF-R – soluble vascular endothelial growth factor receptor; BD – Behçet’s disease.
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of any genotype or allele did not show any increased dis-
ease risk (Table 4).

In the evaluation of treatment patterns of patients, it was 
observed that only 25 patients were receiving colchicine 
alone, while the rest of them were receiving combined 
therapy including any combination of 2 medication from 
the  following: cortisone, colchicine and azathioprine. 
Twelve patients out of the rest were receiving colchium + 
cortisone treatment, while 18 were receiving colchium + 
azathioprine treatment.

Discussion

The most prominent feature of BD is systemic vasculitis 
and endothelial dysfunction, while the most prominent 
feature of uveitis is the occurring ophthalmologic com-
plication.24 A considerable evidence suggests that VEGF 
is also upregulated by pro-inflammatory cytokines, which 
participate in the pathogenesis of chronic ocular inflam-
mation in  BD.25 It  is  also known that the  VEGF gene 
is highly polymorphic.26,27 Although there are many studies 

evaluating the relationship between different complica-
tions and clinical presentations of BD patients and VEGF 
levels, the studies investigating the polymorphisms playing 
a role in the pathogenesis of BD are rare.19,20 Consider-
ing vasculitis as the pathological lesion underlying most 
of the clinical findings and incidence of uveitis in Turkish 
BD patients, we performed the first study in Turkish BD 
population, aiming to investigate the levels of different 
VEGFs and VEGFRs, as well as the presence of any geno-
type or allele related to VEGF.

This is also the first study investigating serum angio-
genesis, lymphangiogenesis mediators (VEGF-A, VEGF-C) 
and corresponding receptor levels (VEGFR-1, sVEGFR-2, 
sVEGFR-3) simultaneously. Considering uveitis and reti-
nal vasculitis as ocular manifestations in patients with 
BD, the increased synthesis of VEGF in the retinal cells 
is crucial in the development of ocular neovasculariza-
tion.28 From this point of view, several studies revealing 
increased levels of VEGF in patients with BD in active stage 
of ocular disease have been performed.13–16,29 In these stud-
ies, there was a critical difference but no significant cor-
relation between VEGF serum levels of BU patients and 

Table 4. Genotype and allele frequencies of VEGF-A gene polymorphisms in patients with BD and the association of these polymorphisms with disease 
pathogenesis

Parameters BD patients (n = 55) Controls (n = 30) OR (95% CI) p-value

C699947→A polymorphism

Genotype (%)

C/C 37.7 33.3 1.21 (0.48–3.03) 0.683

C/A 44.3 53.3 0.69 (0.29–1.67) 0.415

A/A 18.0 13.4 1.43 (0.41–4.94) 0.570

Allele (%)

C allele 60 59.8 0.69 (0.20–2.41) 0.570

A allele 40 40.2 0.83 (0.33–2.07) 0.683

C2010963→G polymorphism

Genotype (%)

C/C 36.1 30 1.13 (0.32–4) 0.856

C/G 49.1 56.7 0.74 (0.31–1.78) 0.502

G/G 14.8 13.3 1.32 (0.51–3.37) 0.566

Allele (%)

C allele 41.7 39.3 0.76 (0.29–1.94) 0.856

G allele 58.3 60.7 1.13 (0.32–4) 0.566

C3025039→T polymorphism

Genotype (%)

C/C 76.7 80.3 1.24 (0.43–3.57) 0.686

C/T 23.3 19.7 0.81 (0.28–2.31) 0.686

T/T 0 0 – –

Allele (%)

C allele 88.3 90.2 – –

T allele 11.7 9.8 0.81 (0.28–2.31) 0.686

Allele frequencies of patients and control group were compared using χ2 test. VEGF-A – vascular endothelial growth factor A; BD – Behçet’s disease; 
OR – odds ratio; 95% CI – 95% confidence interval.
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normal control.30,31 On the other hand, in a recent study 
aiming to investigate VEGF levels in the aqueous humor 
of patients with BU and Fuchs’ uveitis syndrome, Simsek 
et al. observed a significant difference only between Fuchs’ 
uveitis syndrome and control subjects.32 Unlike the findings 
of Yalçındağ et al. and Ozdamar et al., but compatible with 
Simsek et al., mean serum VEGF-A levels were not statisti-
cally different in our study. Also, VEGF-C levels were not 
significantly different in BD patients compared to controls 
in our study.30–32 This might be due to the relatively small 
number of patients in the study group. In addition, consid-
ering the fact that the vascular disorder is not the main pa-
thology in most patients with uveitis, and since endothelial 
dysfunction is a complex, multistep mechanism, VEGF lev-
els may not change directly in the BD group like ours, where 
only BU comes to the fore. Also, uveitis is rarely known 
to be progressed together with neovascularization. Con-
sidering the overproduction of VEGF, even in the absence 
of neovascularization, it has been suggested that VEGF 
plays a pro-inflammatory role rather than an angiogenic 
role in the pathogenesis of uveitis. Moreover, the increase 
in VEGF levels may also be due to pro-inflammatory cyto-
kines released from the area of inflammation.32,33

In current literature, there is lack of studies evaluating 
VEGF-C levels in both uveitis caused by BD and/or other dis-
eases/pathologies. This situation is mainly due to the unique 
lymphatic circulation of the eye. Although there is no known 
lymphatic outflow from the eye, recent studies have shown 
that corneal limbus, ciliary body, lacrimal gland, orbital me-
ninges and extraocular muscles possibly contain lymphatic 
vessels, and that the choroid might have a lymphatic-like 
system after the novel lymphatic endothelial markers (e.g., 
LYVE-1, podoplanin) and lymphangiogenic factors (e.g., 
VEGF-C) have been proposed to be found in the choroid.34 
The presence of  lymphatic-like features may be related 
to clinical implications in inflammatory eye diseases like 
uveitis.35 Based on this, we evaluated the levels of VEGF-C 
and its soluble receptors, sVEGFR-2 and sVEGFR-3, in BU 
patients.35 In our study, we found a significant difference 
in VEGF-C and sVEGFR-2 levels, while there was only 
a significant but slight difference in sVEGFR-3 levels be-
tween patients and control subjects. Contrary to our find-
ings, Nakao et al. found a significant increase in VEGF-C 
but not in VEGFR-2 or VEGFR-3 in a study evaluating 
choroidal neovascularization from uveitis.34,36 Another 
report demonstrates both VEGF-C and sVEGFR-3 levels 
as below the detection limit in vitreous samples in a study 
group including uveitis patients.37 On the other hand, vari-
ous studies aimed to assess the relationship between other 
inflammatory pathologies of the eye and lymphangiogen-
esis. However, the complete agreement between the re-
sults of these studies and the detailed role of the VEGF-C/
VEGFR-3 or VEGF-C/VEGFR-2 pathway has not been 
shown yet.38 In our study, we found a significant differ-
ence in VEGF-C and sVEGFR-2 levels, while there was 
only a significant but slight difference in sVEGFR-3 levels 

between BD patients and control subjects. As a result, there 
was only a barely significant difference in the VEGF-C/
sVEGFR-3 ratio between the BD group and control group. 
What is more, there was no change in VEGF-C levels 
in the BD group, while sVEGFR-3 levels increased sig-
nificantly. Thus, it  is of critical importance to evaluate 
VEGF-C values together with VEGF-C/sVEGFR-3 ratio, 
as sVEGFR-3 is known to function purely in lymphan-
giogenesis to counterbalance the VEGF-C increase. Since 
sVEGFR-3 levels were significantly higher in the BD group 
in our study, lower VEGF-C/sVEGFR-3 ratios were thought 
to be individual indicators of the limitation of lymphan-
giogenesis. On the other hand, sVEGFR-2 plays a key role 
in both angiogenesis and lymphangiogenesis. That is why 
we evaluated the changes in both VEGF-A/sVEGFR-2 and 
VEGF-C/sVEGFR-2 ratio, and had the opportunity to co-
evaluate angiogenesis and lymphangiogenesis in the BD 
group. The obtained data have shown that, considering 
the receptors, sVEGFR-2 was the only parameter that did 
not show any significant change. Although there was no 
change in any of VEGF-A, VEGF-C and sVEGFR-2 levels, 
there was a significant decrease in VEGF-C/sVEGFR-2 
levels. This shows that even though factor levels do not 
increase in  BD patients, the  angiogenesis process was 
only regulated by VEGF-A/sVEGFR-1 ratio, while lym-
phophiogenesis have been regulated by decrease in both 
VEGF-C/sVEGFR-2 and VEGF-C/sVEGFR-3 ratios. Besides 
the slightly significant decrease in VEGF-C/sVEGFR-2 ra-
tio, the limited increase in sVEGFR-3 and borderline signif-
icant decrease in VEGF-C/sVEGFR-3 ratio in the BD group 
can be accepted as a trigger of limited lymphangiogenesis. 
Apart from this, the significant increase in VEGFR-1 levels 
and significant decrease in VEGF-A/VEGFR-1 ratio in fa-
vor of angiogenesis suppression in the BD group. It also 
shows the importance of evaluation of sVEGFR-2 levels 
in conjunction with VEGFR-1 and sVEGFR-3 levels in as-
sessing angiogenesis and lymphangiogenesis. Our data 
have also shown that the relevant receptors do not always 
change their levels in the same direction. In clinical situ-
ations that do not emphasize significant changes in VEGF 
levels like our BD group, the evaluation of the growth fac-
tors together with their relevant receptors will provide 
a better understanding of clinical presentation and de-
velopment of complications. Furthermore, the changes 
in  opposite directions in  levels of  different receptors 
reacting with the same factor show that these receptors 
can be affected by different determinants. Although this 
study mainly aims to evaluate the process of angiogenesis 
and lymphangiogenesis in patients with BU by evaluat-
ing VEGFs and their receptor levels, the results have also 
revealed the importance of determinative factors in alter-
ing the level of VEGF receptors in disease progression. 
Inflammation is one of these major determinants. When 
the importance of inflammation in progression of vascular 
pathologies is considered, our study has proven that the in-
flammation can be a key factor in the alteration of receptor 
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levels. In this manner, the present study can influence and 
guide the future studies. Furthermore, we suggest that 
anti-VEGF therapies, which are used quite widely in our 
era, should not focus solely on the changes in VEGF levels, 
but also on the receptor levels and related factor/recep-
tor ratios in order to estimate the counterbalancing rate 
of the relevant factor by its receptors.

In the study by Kamoun et al., serum VEGF levels did 
not correlate with the age of BD patients or with the dis-
ease duration. Although our findings are compatible with 
the mentioned study in terms of receptor levels and ra-
tios, we observed a negative correlation between serum 
sVEGFR-2 and sVEGFR-3 levels and age and disease du-
ration, as well as a positive correlation between VEGF-C/
sVEGFR-3 and VEGF-C/sVEGFR-2 ratios with disease 
duration.16 The fact that sVEGFR-2 and sVEGFR-3 levels 
show negative correlation with the age and disease dura-
tion may suggest that this relationship is related not only 
to the disease process. However, the positive correlation 
between VEGF-C/sVEGFR-3 and VEGF-C/sVEGFR-2 ra-
tios only with disease duration is a particularly important 
and novel finding. Considering the significant decreases 
in VEGF-C/sVEGFR-2 ratio and VEGF-C/sVEGFR-3 ratio 
in the patient group may cause a dilemma. Significant cor-
relation of both ratios in the same direction is sufficient 
to associate these parameters directly with the disease 
duration. In addition, as a parameter most significantly 
correlated with disease duration, VEGF-C/sVEGFR-3 ratio 
demonstrates that the evaluation of the lymphangiogenesis 
process is important, especially in the follow-up of the dis-
ease period in patients with BU.

Since vasculitis is the generally accepted pathology in BD 
and the change in VEGF levels is revealed in several studies, 
it is assumed that BD may occur more frequently in the car-
riers of the VEGF gene polymorphism. There is a limited 
number of studies evaluating different SNPs of the VEGF 
which have only been reported in Italian, Korean and Tu-
nisian BD patients.16,19,20 Based on these studies, we found 
it appropriate to evaluate 3 different SNPs that we consid-
ered to be common and important (rs2010963 (+405 G), 
rs3025039 (+936 T) and rs699947 (−2598 A)). In Italian 
BD patients, −634  C/G, +936  C/T polymorphisms and 
an 18 bp I/D genotype at −2549 allele of the VEGF promoter 
region were selected by Salvarani et al., and they showed that 
the carriers of the −634 C and −2549 I alleles were suscepti-
ble to develop BD.19 In another study performed by Kamoun 
et al., although there was no association between VEGF 
polymorphisms and the susceptibility to BD, a positive asso-
ciation between VEGF 18bp I/D polymorphism and ocular 
involvement was found, and lower frequency of the 18 bp I/I 
genotype was observed in patients with ocular inflammation 
among patients with severe BD.16 Moreover, the distribution 
of VEGF serum level among the genotypes showed that 
VEGF level was significantly higher in severe BD patients 
for VEGF −634 GG and 18 bp D/D genotypes. On the other 

hand, Nam et al. reported that there was no association 
between VEGF gene polymorphisms and BD (−2578 C/A, 
−1154 G/A, −634 C/G, and −936 C/T alleles were evaluated); 
however, −634 C/C genotype polymorphism, which had 
been associated with a lower production of VEGF, showed 
a slight tendency to be protective against the ocular inflam-
mation in BD.20 Our data were in accordance with those 
obtained in the Korean population; however, they contra-
dict the reports in the Italian and Tunisian BD populations. 
The differences between these reports may be explained 
by the heterogeneity of the genetic background of different 
populations studied and the disequilibrium between poly-
morphisms within regions. In the present study, there was 
no association between the 3 VEGF gene polymorphisms 
and BU in Turkish patients. Moreover, when VEGF levels 
were considered in our study, it was not surprising that we 
obtained similar clinical presentations with the relevant 
SNPs.

Different treatment strategies were applied to the pa-
tients included in the study. Drugs of choice were cortisone, 
colchicine and azothioprine. Only 25 patients were receiv-
ing colchicine alone, while the rest of them were receiving 
combined therapy including any two of these drugs. Col-
chicine is known to inhibit the chemotactic activity of neu-
trophils and its activity in vasculitis is likely associated with 
the downregulation of cell surface adhesion molecules and 
decreased neutrophil adhesion and migration. Corticoste-
roids have an inhibitory effect on VEGF gene expression 
and circulating VEGF levels in a dose-dependent man-
ner.39,40 To our knowledge, there are no studies showing 
the direct effect of azathioprine treatment on VEGF. When 
the antiangiogenic effects of colchicine and cortisone are 
considered, VEGF levels are expected to be lowered in pa-
tients receiving the treatment. On the other hand, it was 
noticed that the statistically significant difference between 
patients with uveitis and controls was observed in VEGFR-1 
levels rather than VEGF-A levels. Considering all the infor-
mation, it is hardly likely for the treatment patterns to cre-
ate a significant difference directly on VEGF levels.

Limitations

The  present study has some limitations. First, our 
study had a relatively small sample size. Second, half-lives 
of  circulating factors or  receptors were not evaluated 
in the study since only immediate levels of these param-
eters were assessed. Third, since this was a cross-sectional 
study, some of our patients were already taking differ-
ent types of mostly anti-inflammatory medications for 
the treatment of BD symptoms; therefore, we could not 
totally neglect the effects of these medications on VEGF 
levels or inflammatory markers. Fourth, although so many 
SNPs associated with VEGF have been reported to date, 
we were only able to evaluate 3 of them that were suppos-
edly more related to our patient population.
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Conclusions

In conclusion, in contrast to the results of the Italian and 
Tunisian population, no associations with the VEGF gene 
polymorphisms were observed in Turkish BU patients. 
The differences in genetic background of different popu-
lations and composition of clinical presentation, as well 
as complications of patient groups in which SNP analysis 
is performed seem to be especially prominent. This study 
highlights the need for a further investigation of the role 
of VEGF polymorphisms and VEGF serum levels in BD 
susceptibility and its clinical manifestations. Thus, be-
cause lymphatic system contributes to the pathogenesis 
of immune diseases, lymphatic-targeted drug design may 
provide new agents for the treatment of uveitis.
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Abstract
Background. Blood flow-mediated dilation (FMD) is a noninvasive assessment of vascular endothelial 
function in humans. The study of the FMD in hypertensive (HT) patients is an important factor supporting 
the recognition of the early mechanisms of cardiovascular pathologies, and also of the pathogenesis related 
to hypertension.

Objectives. To investigate whether FMD measured on the radial artery (FMD-RA) using high-frequency 
ultrasounds can be used as an alternative to FMD assessed with the lower frequency system on the brachial 
artery in patients with HT.

Materials and methods. The simultaneous measurements of FMD-RA and FMD measurements in the bra-
chial artery (FMD-BA) were performed on 76 HT patients using 20 MHz and 7–12 MHz linear array probes, and 
were compared to the FMD measured in healthy groups. All quantitative data are presented as mean ± stan-
dard deviation (SD); the p-values of the normality and tests for variables comparisons are listed. The agree-
ment of the FMD-RA and FMD-BA in HT patients was assessed with the Bland–Altman method, and using 
the intraclass correlation coefficient (ICC). In some statistical calculations, the FMD-RA values were rescaled 
by dividing them by a factor of 2.

Results. The mean FMD-RA and FMD-BA in HT patients were 5.16 ±2.18% (95% confidence interval 
(95% CI): [4.50%, 5.82%]) and 2.13 ±1.12% (95% CI: [1.76%, 2.49%]), respectively. The FMD-RA and FMD-
BA values of HT patients were significantly different than those in respective control groups. The p-values 
of Mann–Whitney–Wilcoxon tests were less than 0.05. The Bland–Altman coefficient for both measurement 
methods, FMD-RA and FMD-BA, was 3%, and the ICC was 0.69.

Conclusions. Our findings show that FMD-RA, supplementary to FMD-BA measurements, can be used 
to assess endothelial dysfunction in the group of HT patients. In addition, the FMD-RA measurements met 
the criteria of high concordance with the FMD-BA measurements.

Key words: hypertension, brachial artery, radial artery, endothelial function
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Background

Hypertension (HT) is one of the most widespread dis-
eases in the world.1,2 In combination with other diseases, 
it causes severe cardiovascular and organ complications. 
Elevated blood pressure is the largest risk factor for death.3 
The World Health Organization (WHO) estimates that 
17.7 million people died of cardiovascular disease (CVD) 
in 2015, and the death of 6.7 million people was due to HT-
induced stroke.4 In the European Union (EU), the number 
of deaths caused by CVD is over 2 million per year and 
constitutes 42% of the total mortality.5

Underlying the pathophysiology of HT are many factors 
and disease processes, such as: genetic factor, vascular 
resistance, activation of the sympathetic nervous system, 
renin-angiotensin-aldosterone system, inflammatory fac-
tors, stiffness of the arteries, and endothelial dysfunction.2 
The first changes in various CVDs occur in the endothe-
lium. Early and accurate assessment of endothelial function 
may help in understanding the etiology of these diseases 
and in determining the efficacy of vascular disease treat-
ment. Different diagnostics involving invasive and nonin-
vasive methods are used to determine endothelial function 
and peripheral vascular function.6–8 One of the nonin-
vasive methods used for this purpose is brachial artery 
ultrasound imaging used in order to assess vasodilatation 
flow-mediated dilation (FMD), depending on endothelial 
status.9

Most of the previously reported FMD measurements were 
performed in the brachial artery (FMD-BA) with a strictly 
standardized protocol.9 The measurement of the radial 
artery, FMD-RA, has been rarely studied, but the  last 
3 decades have led to a huge acceleration in endothelial 
research.

The literature describes that the radial artery expansion 
(FMD-RA) was greater compared to FMD-BA, suggesting 
that FMD-RA may be a useful means of assessing FMD 
in future clinical trials.10,11

The accuracy of the assessment of arterial diameter and 
the calculation of the FMD directly depend on the axial res-
olution of the applied ultrasound (US) scanner. The greater 
the frequency, the better the accuracy of the vessel diam-
eter measurements.

Pyke and Tschakovsky showed the inverse relationship 
between peak percentage change in diameter response 
after cuff release and the baseline diameter – smaller ar-
teries show greater FMD response.12

The axial resolution of the standard US scanners work-
ing at 7.5–12 MHz, used in the abovementioned papers, 
is limited to about 0.2–0.3 mm, which is close to the ex-
pected dilation of the BA or RA, and thus severely biases 
the results.

The BA is  located at an average depth of more than 
1 cm below the skin surface and, due to the attenuation, 
no higher sounding frequency can be used for imaging. 

The RA is located at 2–4 mm below skin surface. Shallow 
location of the RA allows for an increase of the scanning 
frequency to 20 MHz with superior axial resolution close 
to 0.1 mm.7

Objectives

The study aimed to investigate the proposed measure-
ment of  FMD-RA using high-frequency ultrasounds 
as an alternative to the standard FMD-BA, in order to dis-
tinguish between HT patients and healthy subjects.

Materials and methods

Participants

The  study group included 76  patients (aged 
71 ±8.34 years, 34 women and 42 men), with confirmed 
long-term HT (over 5 years). The baseline clinical charac-
teristics of the subjects are presented in Table 1. The FMD-
BA and FMD-RA were compared. Criteria for HT patients: 
patients with diagnosed HT and taking antihypertensive 
drugs permanently. The study was conducted from May 1, 
2017 to December 18, 2017. Patients with HT, chronically 
treated, remaining under constant control of  a  cardi-
ologist, randomly selected, were qualified during a visit 
to  a  cardiology clinic for the  FMD-BA and FMD-RA 
examinations.

The overall statistics on the clinical data of HT patients 
are presented in  Table 1. We  also included FMD data 
for healthy control group from the previously-measured 
FMD-RA7 and the FMD-BA data published by Pyke and 
Tschakovsky (cf. Table 2).12

This study was carried out in accordance with the Dec-
laration of Helsinki. The consent for the test was approved 
by the Bioethics Committee (approval No. KBT-4/2/2017) 
of the National Institute of Geriatrics, Rheumatology and 
Rehabilitation, Warsaw, Poland. All adult participants gave 
written informed consent to participate in the study.

Table 1. Baseline characteristics of the subjects included in the study

Parameter Men (42) Women (34)

Age [years] 71 ±6.5 72 ±4.7

BMI [kg/m2] 29.5 ±3.6 28.79 ±3.1

Obesity, n 18 14

Dyslipidemia, n (%) 34 (89) 40 (92)

T2DM, n (%) 11 (35) 8 (32.6)

SBP [mm Hg] 144 ±13.2 149 ±12.8

DBP [mm Hg] 82 ±5.3 78 ±9.5

BMI – body mass index; T2DM – type 2 diabetes mellitus; SBP – systolic 
blood pressure; DBP – diastolic blood pressure.
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FMD measurement procedure  
in the BA and RA

The experimental setup consisted of 2 independent Sonix 
Touch units (Analogic, Peabody, USA) with linear array 
transducers of 7–12 MHz and 20 MHz. The high-frequency, 
20-MHz linear array was used to measure FMD-RA, while 
the linear array transducer 7–12 MHz was used for FMD-
BA measurements.

Patients were asked to refrain from smoking, drink-
ing alcohol and caffeine as well as taking any vasoactive 
drugs and medicines on the day of the study and the day 
before the examination. Each patient was asked to rest for 
10 min before lying down in a quiet room at 25°C to achieve 
a hemodynamic state. The first step in the measurement 
procedure was to measure the patient’s blood pressure 
and heart rate. The patient’s hand was immobilized us-
ing a hand casting made out of silicone rubber (Fig. 1). 
Each examination started with a preliminary scanning, 
where the BA and RA with clear anterior and posterior 
walls and no branching was identified in the upper arm. 
After obtaining a satisfactory ultrasound image of the RA 
and BA, the ultrasound transducers were stabilized using 

2 NF1030 single knob holders (Noga Engineering & Tech-
nology, Shlomi, Israel). The location of the transducer was 
marked on the skin with an ink marker.

To ensure that the cross-sectional plane was orthogo-
nal to the  long axis, the orientation of  the transducer 
was adjusted such that the  intima could be seen both 
in the anterior and posterior walls, and the bright echoes 
were aligned along the axis of ultrasound propagation. 
The 2D images of both arteries were then recorded for 5 s 
to measure their resting base diameters. Then, the flow 
was stopped by  the  sphygmomanometer cuff placed 
on the forearm and inflated for 5 min to the pressure 
exceeding the systolic blood pressure (SBP) of the exam-
ined person by 50 mm Hg. Next, the cuff was released. 
The RA recording was resumed 10 s before the cuff was 
released and continued for 3 min. The BA recording was 
resumed 40 s after the cuff was released and continued 
for the 60 s. Ultrasound image sequences were recorded 
in RAW format and then were converted to AVI for-
mat. The AVI files have been analyzed off line, using 
the Brachial Analyzer (BAn) software (Vascular Research 
Tools (VRT) v. 6.7.0 (Medical Imaging Applications LLC, 
Coralville, USA). The BAn software tracks vessel diam-
eter changes in  the selected region of  the ultrasound 
artery and calculates the FMD. A detailed description 
of the measurement method is presented in our previ-
ous study.7

It should be emphasized that the average calculation 
time of BA and RA dilations using BAn software was about 
15–20 min.

The measurements of each vessel diameter and further 
calculations of FMD for both arteries were done twice 
by 2 examiners, and recording was verified at least 2 times 
by the same observer in order to estimate the intra-ob-
server coefficient. The inter-observer coefficient of vari-
ation (CV) was 5.8% for BA and 3.5% for RA diameter 
estimation. For statistical calculation of FMD-BA and 
FMD-RA, the mean values of the 2 measurements were 
used. The intra-observer CV was 4.6% for BA and 2.8% 
for RA diameter estimation.

Table 2. Descriptive statistics of the data

Variable Group Range Q1 Q3 Median Mean SD CV N

FMD-BA
HT 0.1–5.0 1.2 3.2 2.1 2.3 1.2 0.46 −

C* 2.2–19.0 5.8 10.9 7.9 8.6 4.9 0.57 −

FMD-RA
HT 1.0–10.0 3.6 6.4 5.1 5.2 2.1 0.41 +

C** 6.0 11.0 18.2 15.0 14.7 5.2 0.35 +

RFMD-RA HT 0.5–5.0 1.8 3.2 2.5 2.6 1.07 0.41 +

Average: ½ (RFMD-RA+FMD-BA) HT 0.8–4.0 2.0 2.9 2.3 4.2 0.7 0.31 +

Difference:
RFMD-RA – FMD-BA

HT −2.7–4.9 −1.08 1.7 0.1 0.3 1.8 5.4 +

Q1 – 1st quartile; Q3 – 3rd quartile; SD – standard deviation; CV – coefficient of variation; N – result of normality test; FMD-BA – flow-mediated dilation (FMD) 
measured in the brachial artery; FMD-RA – FMD measured on the radial artery; RFMD-RA – rescaled FMD-RA; HT – hypertension; C* –control group for FMD 
measurements in the brachial artery adapted from Pyke and Tschakovsky12; C** – control group for FMD measurements on the radial artery; + denotes 
p-value >0.05 in Shapiro–Wilk test; – denotes p-value <0.05 in Shapiro–Wilk test.

Fig. 1. Experimental setup for simultaneous examining of the flow-
mediated dilation in radial and brachial arteries (FMD-RA and FMD-BA) 
using 20 MHz and 7 MHz linear arrays, respectively
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Graphic recording and measurement 
of the RA and BA

The diameters of both arteries were measured after 
selecting, from the recorded artery scans, an area with 
the best visible internal borders on the anterior and poste-
rior walls. After implementing all settings (i.e., the unifica-
tion of the scale, increasing the contrast of the background 
to the artery walls, maximal magnification of the selected 
artery area), the program registers temporary changes 
of the vessel diameter (Fig. 2). After determining the di-
ameter of the artery before ischemia (baseline diameter 
(Db)), the second recording of the artery scan, after releas-
ing the pressure cuff, was analyzed and the maximum 
diameter of the artery (Dmax) was determined. The FMD 
value was calculated using the following formula (Eq. 1):

 FMD [%] = [(Dmax/Db)–1]×100% (1)

where Dmax is the maximum diameter of the artery after 
ischemia and Db is the maximum resting artery diameter 
before ischemia.

Statistical analyses

Continuous random variables were described by the use 
of means and standard deviations (SDs). The normality 
of the variables was studied using the Shapiro–Wilk test. 
The Mann–Whitney–Wilcoxon and Kolmogorov–Smirnov 
tests were performed to study the differences between 
variables. The confidence level of 0.95 was assumed in all 
statistical calculations throughout the article. The Bland–
Altman analysis and intercorrelation coefficient (ICC) were 
used for the study of the relationships between the 2 meth-
ods. The statistical analysis was performed with the use 
of base packages of free R programming language (R Foun-
dation for Statistical Computing, Vienna, Austria).

Fig. 2. The analysis of the brachial (A,B) and radial (C,D) arteries diameters change in subsequent phases of the heart cycle in a patient with hypertension (HT): 
(A and C) before ischemia, (B and D) after five-minute ischemia

Brachial artery: A. Before ischemia, diameter in contraction = 5.31 mm; B. After five-minute ischemia, the artery reaches a maximum diameter of 5.22 mm, 
blood flow-mediated dilation measured in the brachial artery (FMD-BA) = 1.7%.
Radial artery: C. Before ischemia, diameter in contraction = 1.77 mm; D. After five-minute ischemia, the artery reaches a maximum diameter of 1.83 mm, 
blood flow-mediated dilation measured on the radial artery (FMD-RA) = 3.3%.
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Results

We  measured all physical parameters to  calculate 
the FMD in  the RA and BA for 76 HT patients, using 
2 ultrasonic methods of data acquisition, as described 
in the Background section. Only the final values of FMD 
were reported in Table 2, without any additional measured 
physical parameters.

The median FMD-RA in HT patients was 5.1%, and FMD-
BA was more than twice lower at 2.04%. The mean FMD-
RA and FMD-BA values for HT patients were 5.16 ±2.18% 
(95%  confidence interval (95%  CI):  [4.50%,  5.82%]) and 
2.13 ±1.12% (95% CI: [1.76%, 2.49%]), respectively. The low-
est FMD-RA value was 0.85% and the highest was 10%, while 
in the brachial artery the lowest FMD-BA value was 0.10% 
and the highest was 4.7%. There was no statistical depen-
dency between the FMD-RA and FMD-BA measurements 
of the same patients, and the p-value of Mann−Whitney−
Wilcoxon test was less than 0.05.

Since the comparison of the consistency of the direct 
results of measurements in the BA and RA is difficult due 
to the significant difference in the diameter of both arter-
ies, and in addition, this difference is not constant along 
with the increase of the average value of the measurements, 
we rescaled the FMD results obtained for the RA by divid-
ing these values by 2. The rescaled FMD-RA (RFMD-RA) 
is used in the following statistical analyses.

The rescaled FMD-RA was very weakly correlated with 
FMD-BA, with Spearman’s correlation coefficient of −0.17. 
The RFMD-RA was similar to the FMD-BA values. Namely, 
RFMD-RA was 2.5 ±1.7%, and its range was 0.5−5%.

The boxplots of FMD-RA, RFMD-RA and FMD-BA were 
nearly symmetrical about the median (Fig. 3). The interquar-
tile range (IQR) of FMD-RA for HT patients was 2.76%, and 
the values of the 1st and 3rd quartiles were Q1 = 3.64% and 
Q3 = 6.4%. The IQR of FMD-BA for HT patients was 1.78% 
(Q1 = 1.22%, Q3 = 3%). The same statistical characteristics 
of the groups of healthy controls were given in Table 2, where 
additionally, the normality of the variables was studied using 
the p-value of Shapiro−Wilk test and quite high CV.

The statistically significant differences between FMD-
RA and FMD-BA for HT patients, and between 2 FMD 
measurements in brachial artery for HT patients and re-
spective control groups were confirmed by the p-values 
less than 0.05, resulting from the performed Mann−Whit-
ney−Wilcoxon tests.

Pyke and Tschakovsky collected data from several re-
search groups of FMD measurements in healthy controls. 
The range of the reported data was very large, from 2% 
up to 19.1% (Q1 = 5.8%, Q3 = 11.0%). The mean FMD-BA 
resulting from these data was equal to 8.6% and the median 
was slightly lower, being equal to 7.9%.12

The span of our FMD-RA data for healthy controls var-
ied from 6% to 25% (Q1 = 11, Q3 =18.5), the mean FMD-RA 
was 14.25% and the median equaled 15%. Both datasets 
are shown in Table 2.

To depict the relationship between the FMD measured 
on the RA and BA for the same HT patient, the scatter-
plot of FMD-RA compared to FMD-BA is shown in Fig. 4. 
The narrow ranges of FMD values near any fixed value 
measured in the BA corresponded almost to the entire 
range of FMD-RA values obtained from the RA, and vice 
versa. That further confirmed the statistical independence 
of the 2 measurements in addition to the fact that the re-
gression line was almost horizontal (see Fig. 4), and that 
Pearson’s and Spearman’s correlation coefficients were 
both very low and equaled 0.04 and 0.11, respectively.

The  mean values of  the  RFMD-RA and FMD-BA 
in control groups were 7.37% and 8.63% with the 95% CI 
of  [6.36, 8.39] and  [5.11, 12.2], respectively (Fig. 5). 

Fig. 3. Tukey’s boxplots of the flow-mediated dilation in hypertensive 
(HT) patients measured on the radial artery (FMD-RA), rescaled FMD-RA 
(RFMD-RA), and blood flow-mediated dilation measured in the brachial 
artery (FMD-BA). Whiskers indicate 1.5 times lower and upper interquartile 
ranges (IQRs), the box corresponds to the IQR, and the bold transverse 
line indicates the median value. The p-values of the Mann–Whitney–
Wilcoxon test of differences between the 2 indicated groups are 
overwritten on lines connecting groups

Fig. 4. Tukey’s boxplots of blood flow-mediated dilation 
(FMD) on the radial artery (FMD-RA) and the brachial 
artery (FMD-BA) of hypertensive (HT) patients and 
healthy controls. Whiskers indicate 1.5 times lower and 
upper interquartile ranges (IQRs), the box corresponds 
to the IQR, and the bold transverse line indicates 
the median value. The p-values of the Mann–Whitney–
Wilcoxon tests of differences between 2 indicated groups 
are overwritten on lines connecting groups
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The Bland–Altman plot for RFMD-RA and FMD-BA data 
is shown in Fig. 6. The random distribution of the differ-
ences between RFMD-RA and FMD-BA as well as their 
average values, calculated as ½ (RFMD-RA + FMD-BA), 
had normal character. The p-values of the Shapiro–Wilk 
tests were 0.058 and 0.77, respectively, contrary to the dif-
ference of the nonscaled FMD-RA and FMD-BA, where 
the p-value of the Shapiro–Wilk test was 0.021.

Following the Bland–Altman plot, the maximum differ-
ence between the 2 methods of FMD measurements for HT 
patients, RFMD-RA and FMD-BA, was 6.97. The average 
difference between them was equaled to 0.32, with 95% CI 
of [−3.12, 3.77].

None of  the  measurements exceeded the  value 
of the Q1 for the control group, which was 5.5% and 5.8% 
for RFMD-RA and FMD-RA, respectively. The ICC for 
the RFMD-RA and FMD-BA data was 6.88, so we also had 
confirmation of a “good agreement” between the 2 mea-
surement methods. The time span (TS) between releas-
ing the cuff and peak dilation for FMD-RA and FMD-
BA was in  the  range of  37–117  s (mean  ±SD equaled 
72.19 ±34.47 s).

Discussion

A main result of our research was the finding of a sig-
nificant difference in  dilation between the  2  arteries 
in patients with HT. In the process of reactive hyperemia, 
the smaller RA expands about twice as much as the BA. 

The introduction of 20 MHz scanning US improved sig-
nificantly the precision of measurements of the inner di-
ameter of the RA.7 Previous studies by Järvisalo et al. per-
formed in the BA using 7 MHz linear array were not able 
to precisely measure its actual diameter,13 due to the lim-
ited axial resolution.9 Satisfactory results were obtained 
only after using an ultrasound linear array transducer with 
a larger, nearly doubled frequency of 12 MHz. The tech-
niques of FMD-BA measurement analysis rely on the accu-
rate detection of the artery wall edges, and often the image 
quality is poor, with image artifacts.14

It has been reported that FMD shows an inverse rela-
tionship between peak percentage change in diameter and 
baseline diameter – the greater the baseline diameter be-
comes, the smaller is the FMD response.12,15 In our study 
of simultaneous measurements of BA and RA dilation, 
the mean radial diameter was 2.8 ±0.8 mm and the BA 
was 4.1 ±0.9 mm. Reactive dilatation was almost twice 
as large in RA when compared to BA, resulting in almost 
85% greater FMD. Taking into account better axial and 
elevation resolution of the high frequency 20 MHz linear 
array comparing to 7–12 MHz ultrasonography resolu-
tion, a better precision of FMD-RA compared to FMD-BA 
measurements is obtained.16

Both arteries are rather easily located using linear ar-
ray scanning, although the  position of  the  RA is  ana-
tomically more stable, which facilitates quick positioning 
of the transducer over it. Setting the head using the tripod 
fixing over the RA is more robust during the entire mea-
surement cycle.

Fig. 5. Scatterplot of blood flow-mediated dilation 
measured on the radial artery (FMD-RA) compared 
to blood flow-mediated dilation measured in the brachial 
artery (FMD-BA). The red line denotes the mean value 
of FMD-RA, and the black line is the regression line from 
the linear regression model

Fig. 6. The Bland–Altman plot of 2 methods of blood 
flow-mediated dilation (FMD) measurements 
– in the radial artery (FMD-RA) and the brachial artery 
(FMD-BA). The black line denotes the difference between 
the 2 methods equal to zero, the red line equals to mean 
of differences (Meandiff) and the blue lines (lower limit (LL) 
– lower line and upper limit (UL) – upper line) are equal 
to mean ±1.96 multiplied by the standard deviation (SD) 
of the differences

10

8

6

4

2

Scatterplot of FMD-RA compared to FMD-BA [%]

FMD-BA

FM
D

-R
A

0 1 2 3 4 5

6

4

2

0

–2

–4

Bland–Altman plot of 2 FMD measurement methods

average of 2 methods

di
�e

re
nc

e 
of

 2
 m

et
ho

ds

1.0 1.5 2.0 2.5 3.0 3.5 4.0

meandi� = 0.32
SDdi� = 1.76
LL = –3.12
UL = 3.77



Adv Clin Exp Med. 2022;31(3):241–248 247

Calderón-Gerstein et al. studied patients with HT, dia-
betes, obesity, stroke, or coronary artery disease (CAD), 
measuring endothelial activity on the BA at high alti-
tudes (3250 m.a.s.l.) by comparing them with the control 
group.17 Their results showed that age, height and body 
mass index (BMI) affected the position of the BA during 
the study.

The  few available reports on  FMD-RA concerned 
the population of patients with HT. According to Westhoff 
et  al., the  mean FMD-RA value in  HT patients was 
6.29 ±2.86%, but there were differences in the methodology 
of inducing ischemia, which in their study consisted of in-
flating the cuff to 300 mm Hg for 3 min, and could affect 
the measurement result.18 Bilolikar et al. reported an av-
erage increase in the diameter of the RA by 0.48 ±0.13% 
in the peak reactive dilation.19

Our study showed that the mean RA dilation after short-
term ischemia in patients with HT is 5.16 ±2.18% and 
is more than twice that of the BA. The mean value of FMD-
BA after ischemia in patients with HT was 2.13 ±1.12%. 
Both results show more than 2 times greater mean values 
of FMD in patients with CAD and HT than in volunteers 
from control group. Median FMD-RA for patients with HT 
was 5.01% and the median BA (FMD-BA) for HT patients 
was 2.04%, for p < 0.01.

In the recent report of Nowicki et al., almost a two-
fold statistically significant difference in FMD-RA be-
tween the group of patients with stable CAD and a group 
of  healthy volunteers was demonstrated.7,20 The  au-
thors found that the FMD-RA of a healthy patient was 
15.26 ±4.90%, almost 3 times higher than the FMD mea-
sured in this study in HT patients (5.16 ±2.18%), which also 
confirms the strength of diagnostic power of HT using 
FMD-RA measurements.

Palmieri et al., in a study of the brachial FMD in 51 HT 
patients and 50 normotensive patients, showed that the HT 
patients had an  FMD lower by  35% compared to  pa-
tients with normal blood pressure (8.3 ±5.4% compared 
to 12.8 ±6.5%).21

When we applied RFMD-RA in the statistical analysis, 
only 2 out of 76 results = c/a 3% of differences between 
the 2 measurement methods were lying outside the upper 
and lower lines in the Bland–Altman chart. It means that 
the Bland–Altman coefficient was 3%.

Let us emphasize that rescaling by 2 is justified because 
of the anatomical nature of the RA, which is on average 
2 times narrower than the BA. In particular, this average 
in the 76 HT studied patients was 2.1.

The entire range of variability of RFMD-RA in patients 
with HT lies below the  Q1 of  the  range of  variability 
in BA measurements performed in healthy subjects. For 
the RFMD-RA measurement, the full range up to the Q3 
limit is lower than the value of the Q1 of the range of varia-
tion of FMD-BA obtained for healthy subjects.

These results prove that RFMD-RA differentiates the group 
of patients with HT from healthy controls.

So far, FMD studies have been performed by  physi-
cians.22,23 According to Westhoff et al., the assessment 
of endothelial function has become a key factor in indi-
vidual cardiovascular risk: the ultrasound measurement 
of dilatation through FMD-RA and FMD-BA is the most 
common technique, but the analysis is time-consuming 
and requires the  work of  an  experienced researcher.18 
The obtained information may help to introduce the stan-
dard of the modern FMD-RA and FMD-BA test method, 
which will increase the efficiency and speed of the diag-
nosis in normotensive patients (using screening tests), 
as well as the treatment of CVDs. Vascular endothelial 
dysfunction is an independent risk factor for cardiovascu-
lar events. It provides important prognostic data in addi-
tion to the more traditional cardiovascular risk factors.24–26 
Despite many studies, the assessment of the endothelium 
using FMD in the BA has not become a routine exami-
nation in patients with arterial HT due to methodologi-
cal limitations and therefore, with the availability of high 
frequency linear probes, the  assessment of  FMD-RA 
seems very promising. Of course, the next step to com-
plete the clinical implementation of this approach will be 
to conduct large prospective clinical trials.

We have also used the TS parameter between releasing 
the cuff and peak dilation. The p-value of the Welch test 
for TS parameter for both methods was greater than 0.05. 
It confirmed that the 2 measurements methods, FMD-RA 
and FMD-BA for HT patients are statistically indistin-
guishable using the TS parameter values.

Limitations

There were 3 main limitations of our study: inpatient 
recruiting, data exploration and measurements techni-
cal procedures. We  recruited HT patients only from 
1 outpatient hypertension clinic. We summarized some 
global statistics of the patients’ clinical data in Table 1, 
yet we did not provide all the information about patients’ 
comorbidities. The extrapolating of our results to relate 
FMD size with additional diseases of HT patients was be-
yond the scope of this publication. We plan to conduct 
such studies soon, using FMD results to classify the ab-
sence or  existence of  additional CVD states affecting 
the condition of the arteries. The accurate determination 
of the maximum diameter of the artery after the cuff re-
lease is time-consuming. Often, it was close to 20 min, 
which is a significant limitation.

Conclusions

Our research shows that the dilatation of the endothe-
lium on the radial artery (FMD-RA) in HT patients is on 
average twice as large as the brachial artery (FMD-BA). 
The comparison of 2 FMD measuring methods for HT pa-
tients, FMD-RA and FMD-BA, showed the high agreement 
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indicated by 3% Bland–Altman coefficient and by the ICC 
equal to 6.88. Both FMD measuring methods could be used 
to distinguish between HT patients and healthy controls, 
which confirmed their utility as the diagnostic assisting 
measurements. A proper, stable fixing of the linear array 
transducer on the RA is technically easier, and the mea-
surement results are also more robust on the accidental 
slight movement of the arm than over the BA during several 
minutes of the entire measurement cycle. Hence, the thesis 
stating that the measurement of FMD-RA performed with 
the proposed high frequency ultrasound method for patients 
with HT is not only equally correct but also competitive, 
regarding the standard measurement on the BA.
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Abstract
Background. The WNT signaling pathway contributes to renal fibrosis, which is a hallmark of chronic kidney 
disease (CKD). Serum concentration of WNT4 could be used to monitor the kidney disease; however, no data 
have yet been published on the subject.

Objectives. This study measures WNT4 protein in serum of CKD patients depending on the stage, type 
of nephropathy, the non-nephrotic (NNP) or nephrotic proteinuria (NP), inflammatory cell infiltration in kid-
ney parenchyma (IIKP), interstitial fibrosis in biopsy and serum creatinine. We also evaluated the usefulness 
of the serum WNT4 as a marker of fibrosis and IIKP.

Materials and methods. The WNT4 protein level in serum of CKD patients and healthy individuals was 
measured using enzyme-linked immunoassay (ELISA). Patients’ blood biochemical profiles and kidney 
biopsies were evaluated with common laboratory methods.

Results. The serum level of WNT4 protein was higher in CKD patients (i) regardless of the underlying 
etiology and at early stages of disease; (ii) with lupus nephritis and Immunoglobulin A (IgA) nephropathy; 
(iii) without or with a small area of IIKP; and (iv) with a small area covered with fibrosis. No difference was 
observed between NNP and NP patients. The utility of serum WNT4 as a marker of IIKP and fibrosis was 
not confirmed. Negative correlations with total and low-density lipoprotein (LDL)-cholesterol were found 
in CKD and IIKP patients. In patients with serum WNT4 above the median value, serum creatinine was higher. 
However, no correlation between serum WNT4 and creatinine level was found.

Conclusions. The observed increase in serum WNT4 protein in the early stages of CKD and in patients 
diagnosed with immune-mediated glomerular disease may suggest that WNT4 may act as a mediator of in-
flammation. A certain association with the dysregulation of serum lipid metabolism can also be suspected. 
Serum WNT4 protein may be considered as the indicator of chronic glomerulonephritis, but not a diagnostic 
marker of IIKP and fibrosis.

Key words: chronic kidney disease, serum, WNT4, kidney fibrosis, inflammatory cells infiltration
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Background

Chronic kidney disease (CKD) develops as a consequence 
of age-related lesions, infections, metabolic disorders, epi-
sodes of acute kidney injury, autoimmune glomerulopathies, 
toxic injury, and many other insults that lead to progres-
sive renal dysfunction. Infiltration of the tubulointerstitial 
compartment with inflammatory cells followed by inter-
stitial fibrosis and tubular atrophy, as well as progressive 
glomerular sclerosis, constitute the histopathological ap-
pearance of late-stage nephropathies.1 Chronic kidney dis-
ease is defined as abnormalities of kidney structure and/
or function that persist for more than 3 months and signifi-
cantly affect health status.2 The CKD is becoming a disease 
of civilization, affecting up to 15% of the world population.3 
Thus, to improve the methods of prevention and detection, 
and to reduce the costs of treatment of the disease, there 
is an urgent need to establish molecular markers allowing 
for its early diagnosis.

The progression of CKD is associated with the acquisi-
tion of a mesenchymal phenotype by the epithelial cells 
of the convoluted tubules in a process called epithelial-
mesenchymal transition (EMT). This process of dedif-
ferentiation of highly specialized, polarized and basement 
membrane-embedded tubular epithelial cells into myofi-
broblast-like cells which can digest the tubular basement 
membrane, migrate into the interstitium and start pro-
ducing matrix proteins, is a well-recognized mechanism 
of progression in several chronic nephropathies. The ex-
pansion of fibrosis is a consequence of chronic and not 
fully resolved inflammation. Both processes develop upon 
the activation of cell signal transduction pathways.4–8

The WNT signaling pathways are evolutionary con-
served. When the canonical pathway (WNT/β-catenin 
signaling) is activated, it promotes regenerative processes. 
Uncontrolled, sustained WNT/β-catenin signaling acti-
vation induces tubular damage.9 The WNT protein act-
ing in a paracrine and an autocrine manner influences 
WNT/β-catenin signaling in  fibroblasts, macrophages 
and mesangial cells.1,10–13 It has been shown that among 
WNT family members, WNT4 protein plays a significant 
role in embryogenic morphogenesis and MET (mesenchy-
mal-to-epithelial transition) occurring during the forma-
tion of renal tubules.14–16 The activation of cellular sig-
naling pathways through WNT4 protein is suppressed 
in a healthy adult kidney.17 The reactivation of the WNT4 
expression occurs in  pathological states, as  demon-
strated in the mouse model.17 The modulated expression 
of the Wnt4 mRNA in the convoluted tubules is associ-
ated with renal fibrosis.17 The expression of Wnt4 gene 
was found to be reactivated in animal models of unilat-
eral ureteral obstruction.18 Moreover, WNT4 participates 
in the tissue regeneration process following experimen-
tal acute kidney injury.19 After angiotensin II treatment, 
WNT4 mRNA level increases in human kidney proximal 
epithelial cells (HK-2 cells) and podocytes.20 The WNT4 

activity can be blocked after binding to the Klotho protein, 
as demonstrated in the in vitro study in human proximal 
tubular epithelial cells.5

It has been shown that an elevated level of WNT1 protein 
in the blood correlates with an increased risk of myocardial in-
farction.21 However, the serum concentrations of other WNT 
proteins have not yet been reported in humans. The WNT4 
concentration has only been measured in human urine.22

Objectives

Assuming the contribution of WNT4 protein in kidney 
fibrosis and progression of CKD, the study aimed to eval-
uate whether the serum level of WNT4 protein might 
depend on CKD stage, underlying etiology and degree 
of proteinuria (nephrotic (NP) and non-nephrotic (NNP)). 
Moreover, we decided to verify the possible associations 
between serum WNT4 and creatinine, and the advance-
ment of tubulointerstitial inflammation and fibrosis in kid-
ney biopsy specimens obtained from stable patients with 
biopsy-confirmed nephropathies.

Materials and methods

All procedures performed in the studies involving hu-
man participants were in accordance with the ethical stan-
dards of the local Ethics Committee of the Medical Cham-
ber (7/2013/V) and with the 1964 Declaration of Helsinki 
and its later amendments or comparable ethical standards. 
The blood was collected following a written informed con-
sent by the participants of the study.

Patients

Stable CKD subjects (n = 63; mean age: 46.03 ±2.11 years, 
mean ± standard deviation (SD)) were recruited from pa-
tients treated in the Department of Nephrology, Hyper-
tension and Internal Medicine of the Faculty of Medicine 
at the University of Warmia and Mazury in Olsztyn, Po-
land, between 2013 and 2016.

The study was performed in patients with clinical sus-
picion of glomerular disease (primary or secondary) who 
underwent kidney biopsy, which has been performed based 
on the standard clinical indications, i.e. nephrotic syndrome, 
subnephrotic proteinuria, isolated (otherwise unexplained) 
hematuria, unexplained fall in glomerular filtration rate 
(GFR), as well as when symptoms of renal injury have oc-
curred in the course of already diagnosed ‘systemic’ disease 
(i.e. systemic lupus). None of the patients suffered from dia-
betes or had a history of cardiovascular events. Well-con-
trolled hypertension (1–3 blood pressure drugs) was observed 
in 67% of the patients included in the study. Biopsies were 
not performed intentionally for this study. Patients were ex-
cluded if they experienced an ‘acute’ illness (i.e. infection, 
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noninfectious inflammation, cardiovascular event) or a dis-
ease that had occurred within the last 30 days, and in the case 
of a known active malignancy, as well as drug or alcohol abuse.

The control group (n = 42; mean age 58.31 ±0.85 years, 
mean ±SD) was recruited from volunteers who did not 
suffer from any kidney disease and were otherwise healthy.

The demographic data were collected at the time of bi-
opsy or blood collection. The diagnosis of nephropathy was 
established based on a clinical appearance, laboratory and 
immunological tests, and histopathological assessment.

Material collection  
and laboratory parameters

Blood samples were collected from overnight fasted 
patients. After centrifugation for 10 min at 3500 rpm, 
the serum samples were stored at −80°C. Immediately 
after the sample collection, serum biochemistry was as-
sayed with a Cobas 6000 multi-analyzer (Roche Diagnos-
tics, Basel, Switzerland) and Uro-dipcheck 400e (ERBA, 
Mannheim, Germany). The following parameters were 
analyzed: lipids, glucose, urea, and creatinine; estimated 
glomerular filtration rate (eGFR) was calculated using 
the modification of diet in renal disease (MDRD) formula.

Measurement  
of serum WNT4 concentration

The WNT4 levels in serum samples were determined us-
ing a commercially available enzyme-linked immunoassay 
(ELISA) kit, according to the manufacturer’s protocol (CSB-
EL026137HU; Cusabio, Wuhan, China). Briefly, reagents, 
working standards and samples were prepared accord-
ing to the procedure. Standards and samples were added 
in a quantity of 100 μL per well. After 2-h incubation at 37°C 
and liquid removal, wells were filled with biotin antibody 
and were incubated for 1 h at 37°C. Antibodies were washed 
out with wash buffer and horseradish peroxidase (HRP)-avi-
din complexes were added to each well. After 1 h incuba-
tion at 37°C, aspiration and washing steps were repeated. 
The TMB substrate was added and after 30 min at 37°C, 
the reaction was stopped with the stop solution. All the above 
reagents were purchased from Cusabio (Wuhan, China). 
The optical density was established with ChroMate® Mul-
tichannel Microplate Reader (Awareness Technology, Inc., 
Wiener Neustadt, Austria). The detection range varied from 
23.5 pg/mL to 1500 pg/mL. The sensitivity of the assay was 
less than 5.8 pg/mL. Each sample was measured in duplicate.

Renal tissue sampling, evaluation  
and classification

Paraffinized sections (5 µm) were used for routine his-
topathological assessment. Two pathologists classified and 
scored the biopsies separately, without knowing the medical 
history of the patients. The extent of inflammatory infiltration 

in the kidney parenchyma (IIKP) and renal fibrosis (Fibrosis) 
were determined separately, semi-quantitatively, using the fol-
lowing scale: 0 – absence; 1 – small clusters; 2 – mild clusters; 
3 – moderately extensive clusters; 4 – wide clusters.

After considering the biochemical analysis and patho-
logical evaluation, the test group was rearranged for re-
search purposes. The data comparison was made between 
the control and: (i) CKD patients; (ii) CKD group divided 
into subgroups of patients with the NNP or NP; (iii) CKD 
group divided according to the Kidney Disease: Improving 
Global Outcomes (KDIGO) classification based on eGFR 
values23; (iv) pathomorphologically diagnosed glomerular 
kidney disease; (v) semi-quantitatively estimated degree 
of  IIKP; and (vi)  semi-quantitatively estimated degree 
of the kidney fibrosis. The association between the serum 
WNT4 protein and creatinine levels in the study popula-
tion was also analyzed.

Statistical analyses

Statistical analyses were conducted using GraphPad Prism 
v. 7.05 software (GraphPad Software, Inc., San Diego, USA). 
The Kolmogorov–Smirnov test was used to check whether 
data were distributed normally (Supplementary Table 1–5). 
Demographic data and blood biochemistry of control and 
CKD patients were compared with a Mann–Whitney test. 
The  results of  the blood biochemical components were 
presented as mean ±SD. The comparison of serum WNT4 
protein level in the CKD and control group was determined 
using the nonparametric equivalent of a Student’s t-test for 
independent variables, i.e., Mann–Whitney test. The evalu-
ation of the serum WNT4 protein level between the control 
group and CKD group divided into subgroups of patients 
with NNP and NP was conducted with the Kruskal–Wallis 
test followed by the post hoc corrected Dunn’s test (Bonfer-
roni correction). The comparison of serum WNT4 levels with 
CKD stages involved more than 2 groups of patients. There-
fore, the Kruskal–Wallis test was followed by the post hoc 
corrected Dunn’s test (Bonferroni correction). The serum 
WNT4 levels in patients with distinct types of glomeru-
lar disease were compared using the Mann–Whitney test. 
The association of the serum WNT4 protein with IIKP and 
fibrosis were estimated with the Kruskal–Wallis test, fol-
lowed by the post hoc corrected Dunn’s test (Bonferroni 
correction). The possibility of estimation of WNT4 pro-
tein in serum was analyzed using linear or multivariate re-
gression depending if 1 (tubulointerstitial lesions) or more 
than 1 (age, fibrosis) variables were taken into consideration. 
The receiver operating characteristic (ROC) curves reflect-
ing the sensitivity and specificity of the assay to detect IIKP 
and fibrosis, and their specific area under the curve (AUC) 
were calculated. The correlations between WNT4 protein 
level, blood biochemical parameters and pathomorphologi-
cal features were calculated using a nonparametric Spear-
man’s test. The analysis of the association of the serum 
WNT4 protein with serum creatinine was conducted using 



J. Kiewisz et al. WNT4 in serum of CKD patient252

the Mann–Whitney test. Potential associations of WNT4 
and serum creatinine were analyzed with multivariate re-
gression analysis. A value of 95% was used for the confidence 
intervals (95% CI). The WNT4 protein amounts are pre-
sented as median and interquartile range (IQR). The differ-
ences were considered statistically significant when p < 0.05.

Results

Clinical-pathological characteristics

Table 1 displays the demographic data and serum bio-
chemistry of the whole studied population (control subjects 
and CKD patients) enrolled in the analysis. The statistical 

analysis showed significant differences between control 
subjects and CKD patients (Table 1). However, no correla-
tion was observed between the amount of WNT4 protein 
and age (p = 0.6550; r = −0.0574).

Associations of serum WNT4 levels 
with CKD stage and diagnosis 
of glomerular disease

The statistical comparison of the serum WNT4 levels was 
performed between the control (n = 42) and CKD patient 
(n = 63) groups, as well as between the subgroups of pa-
tients with NNP (n = 23) and NP (n = 27). A significantly 
higher serum WNT4 concentration was found in the CKD 
patients (21.71 pg/mL (IQR: 15.47–32.98 pg/mL)) as com-
pared to  the control group (16.62 pg/mL (IQR: 12.72–
20.78 pg/mL); p = 0.0074; Fig. 1A). No statistically sig-
nificant differences were found in serum WNT4 levels 
between control (16.62 pg/mL (IQR: 12.72–20.78 pg/mL) 
and NNP (19.19 pg/mL (IQR: 16.18–30.94 pg/mL) or NP 
(20.44 pg/mL (IQR: 14.15–32.98 pg/mL)) groups of CKD 
patients (p = 0.0904; Fig. 1B). A statistically significant 
inverse correlation between WNT4 and serum choles-
terol levels was found in the whole CKD group (p = 0.0084; 
Table 2). However, serum WNT4 levels did not correlate 
with other biochemical parameters or eGFR (Table 2).

Patients with CKD were also grouped according 
to the KDIGO classification, based on their eGFR values 
(2013).23 Patients who had an eGFR value ≥60 mL/min/1.73 m2 
were classified to CKD stage 1–2 (n = 33), and those with 
eGFR < 60 mL/min/1.73 m2 – to CKD stage 3–5 (n = 30). 
The Kruskal–Wallis test followed by corrected Dunn’s test 
showed a higher level of serum WNT4 protein in the blood 
of patients classified into CKD stage 1–2 (22.78 pg/mL (IQR: 
15.32–39.56 pg/mL)) in comparison to control (16.62 pg/mL 

Table 1. Demographic data and blood biochemistry of control and 
chronic kidney disease (CKD) patients enrolled in the analysis

Variable Control CKD

N 42 63

Age [years] 58.31 ±0.85 46.03 ±2.11****

Gender (M/F) 26/16 33/30

Total cholesterol [mg/dL] 170.7 ±6.46 220.7 ±8.91****

HDL [mg/dL] 54.89 ±3.24 55.18 ±2.57

LDL [mg/dL] 76.14 ±7.77 145 ±8.03****

TG [mg/dL] 61.98 ±9.38 175.4 ±9.65****

Glucose [mg/dL] 105.3 ±4.51 101.2 ±3.56

Urea [mg/dL] 33.21 ±1.18 55.15 ±4.16****

Creatinine [mg/dL] 0.76 ±0.02 1.87 ±0.22****

eGFR [mL/min/1.73 m2] 103.1 ±2.60 62.92 ±4.37****

CKD – chronic kidney disease; HDL – high-density lipoprotein; LDL 
– low-density lipoprotein; TG – triglycerides; eGFR – estimated glomerular 
filtration rate. The asterisks indicate statistical significance (****p < 0.0001).

Fig. 1. A. Nonparametric Mann–Whitney test comparison of the concentration of WNT4 protein in the sera of control subjects (C; n = 42; 20.39 ±2.25 pg/mL) 
and the whole group of chronic kidney disease (CKD; n = 63; 26.86 ±2.03 pg/mL) patients presenting various stages and categories of kidney disease; 
B. Kruskal–Wallis test evaluation of the serum WNT4 protein level between the control group (C; n = 42; 20.39 ±2.25 pg/mL) and CKD group divided into 
subgroups of patients with non-nephrotic proteinuria (NNP; n = 23; 25.03 ±2.56 pg/mL) and nephrotic proteinuria (NP; n = 27; 25.15 ±3.11 pg/mL). For each 
box, the horizontal line inside the box shows the median. The ends of the boxes represent the 1st and 3rd quartiles. The whiskers extend to the highest 
and lowest values considered outliers (defined as 1.5 times the interquartile range (IQR)). Asterisks indicate statistically significant differences between 
the groups (**p = 0.0074)
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(IQR: 12.72–20.78 pg/mL); p = 0.0118; Fig. 2A). No statistical sig-
nificance was observed between the control (16.62 pg/mL (IQR: 
12.72–20.78 pg/mL)) and CKD stage 3–5 group (20.07 pg/mL 
(IQR: 17.28–31.7 pg/mL)), neither between CKD stage 1–2 
(22.78 pg/mL (IQR: 15.32–39.56 pg/mL)) and CKD stage 
3–5 group (20.07 pg/mL (IQR: 17.28–31.7 pg/mL); p = 0.9999).

Four distinct types of glomerular disease could be di-
agnosed in the patients: focal segmental glomerulosclero-
sis (FSGS; n = 14), Immunoglobulin A (IgA) nephropathy 
(IgAN; n = 14), lupus nephritis (LN; n = 5) and membra-
nous nephropathy (MN; n = 6). However, the nonparametric 
analysis of independent variables with a Mann–Whitney 
test showed that patients diagnosed with LN (32.98 pg/mL 
(IQR: 17.57–60.83 pg/mL); p = 0.0481) or IgAN (25.59 pg/mL 
(IQR: 16.63–40.89 pg/mL); p = 0.0408) had significantly 
higher serum WNT4 protein levels as compared to the con-
trol group (16.62 pg/mL (IQR: 12.72–20.78 pg/mL); Fig. 2B).

No correlation was found between serum WNT4 pro-
tein level and biochemical parameters within the group 
of patients with CKD or those diagnosed with LN or IgAN 
(data not shown).

Association of the serum WNT4 protein 
level with tubulointerstitial lesions 
in kidney biopsy samples

The evaluation of IIKP of CKD patients revealed 30 sub-
jects in whom the kidney tissue fragments did not show 
any inflammation or that presented with only small areas 
of inflammation (group 0–1). The mild, medium and ex-
tensive areas of inflammation were observed in biopsies 
of 33 patients (group 2–4).

In sera of patients with at least small areas of inflam-
matory cell infiltrates in the biopsy samples (group 0–1), 
the serum level of WNT4 protein was higher than that 
of the control group (24.91 pg/mL (IQR: 17.36–34.19 pg/mL) 
compared to 16.62 pg/mL (IQR: 12.72–20.78 pg/mL), re-
spectively; p = 0.0142; Fig. 3A), as confirmed with a Krus-
kal–Wallis test followed by corrected Dunn’s test. No statis-
tical significance was observed between the control group 
(16.62 pg/mL (IQR: 12.72–20.78 pg/mL)) and group 2–4 
(19.19 pg/mL (IQR: 14.8–34.83 pg/mL); p = 0.2594), neither 
between group 0–1 (24.91 pg/mL (IQR: 17.36–34.19 pg/mL)) 

Fig. 2. A. Kruskal–Wallis test comparison of the concentration of WNT4 protein in the serum of control subjects (n = 42) and patients qualified to groups 
representing different stages of kidney disease depending on Kidney Disease: Improving Global Outcomes (KDIGO) classification (stage 1–2 (n = 33), stage 
3–5 (n = 30)); B. Various types of kidney diseases (focal segmental glomerulosclerosis (FSGS) (n = 14), IgA nephropathy (IgAN) (n = 14), lupus nephritis (LN) 
(n = 5), and membranous nephropathy (MN) (n = 6)). The Kruskal–Wallis analysis showed statistically significant differences between the level of serum 
WNT4 protein in the control group (n = 42; 20.39 ±2.25 pg/mL) and patients classified into chronic kidney disease (CKD) stages 1–2 (29.31 ±3.00 pg/mL; 
*p = 0.0118) or patients with LN (37.95 ±10.5 pg/mL; *p = 0.0481) or IgAN (28 ±5.62 pg/mL; *p = 0.0408) diagnosis. For each box, the horizontal line inside 
the box shows the median. The ends of the boxes represent the 1st and 3rd quartiles. The whiskers extend to the highest and lowest values considered 
outliers (defined as 1.5 times the interquartile range (IQR))
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Table 2. Correlation coefficients (r) between biochemical parameters of blood and WNT4 protein level in the serum of chronic kidney disease (CKD) 
patients, patients presenting inflammatory cell infiltration in the kidney parenchyma (IIKP) and patients presenting renal fibrosis (Fibrosis)

Groups N Total
cholesterol HDL LDL TG Glucose Urea Creatinine eGFR

Units − mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL mL/min/1.73 m2

CKD 63 −0.33 p = 0.0084 −0.04 −0.22 −0.15 0.01 −0.07 −0.05 0.08

IIKP 49§ −0.41 p = 0.0036 −0.17 −0.31 p = 0.0285 0.08 −0.14 −0.16 −0.1 0.14

Fibrosis 56§ −0.32 p = 0.0159 −0.10 −0.19 −0.14 −0.03 −0.07 −0.06 0.10

HDL – high-density lipoprotein; LDL – low-density lipoprotein; TG – triglycerides; eGFR – estimated glomerular filtration rate. Statistical significance (p) 
is presented above the r-value. Paragraph (§) indicates that the group of patients was reduced. Elimination consisted of patients not showing the examined 
feature. Bold denotes statistical significance.
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and group 2–4 (19.19 pg/mL (IQR: 14.8–34.83 pg/mL); 
p = 0.8205; Fig. 3A), in terms of serum WNT4.

Results of linear regression analysis showed that the se-
rum level of WNT4 protein in the blood could not be deter-
mined based on the estimation of tubulointerstitial lesions 
(p = 0.7507; r2 = 0.0022). The AUC value for the sensitivity 
and specificity ROC curve was 0.4960 (Fig. 3B).

The negative correlation was observed between the se-
rum WNT4 protein and the cholesterol level (p = 0.0036) 
as  well as  the  low-density lipoprotein (LDL) level 
(p = 0.0285) in the IIKP group of CKD patients (Table 2).

Association of the serum WNT4  
protein level with histological features 
of kidney fibrosis

No fibrosis or small clusters of fibrosis (group 0–1) were 
observed in kidney sections of 25 patients. Kidney tissue 
samples from 38 CKD patients showed mild, moderately 
increased or large areas of the interstitium, which were 
occupied by fibrosis (group 2–4).

The  comparison of  serum WNT4 protein levels be-
tween patients with CKD but displaying almost no fibro-
sis (group 0–1; 27.02 pg/mL (IQR: 17.99–35.45 pg/mL)) 
and control, healthy subjects (16.62 pg/mL (IQR: 12.72–
20.78 pg/mL) showed higher values of WNT4 in the CKD 
0–1 group (p = 0.0062; Fig. 4A). No statistical significance 
was observed between the healthy group (16.62 pg/mL (IQR: 
12.72–20.78 pg/mL) and group 2–4 (19.35 pg/mL (IQR: 
14.74–33.23 pg/mL); p = 0.3034), neither between group 0–1 
(27.02 pg/mL (IQR: 17.99–35.45 pg/mL)) and group 2–4 
(19.35 pg/mL (IQR: 14.74–33.23 pg/mL); p = 0.3300; Fig. 4A).

The estimation of the serum WNT4 protein level could 
not be determined based on age (p = 0.3549; r2 = 0.0140) 
and fibrosis (p = 0.3299; r2 = 0.0158). The AUC value for 
the  sensitivity and specificity ROC curve was  0.5940 
(Fig. 4B).

The WNT4 protein serum level was negatively correlated 
with total cholesterol in CKD patients with renal fibrosis 
in biopsy specimens (p = 0.0159; Table 2).

Association between the serum 
concentration of WNT4 protein  
and creatinine

The association between serum WNT4 protein and cre-
atinine was analyzed based on the assumption that WNT4 
protein can be considered a novel biomarker for the the early 
detection of kidney disease (which has been suggested 
by Zhao et al.).22 The method presented earlier by Goliasch 
et al. was followed to study this assumption.21 The entire 
group (control subjects and CKD patients; n = 105) was 
divided into 2 subgroups, according to serum WNT4 me-
dian value (16.62 pg/mL) in the control group, to assess 
the relationship between the serum levels of WNT4 pro-
tein and creatinine in the study sample. Statistical analysis 
showed that serum creatinine was higher in patients who 
had WNT4 protein concentration above median as com-
pared to those with the serum WNT4 protein concentra-
tion below the median value (1.48 ±0.18 pg/mL compared 
to 0.99 ±0.09 mg/dL, respectively; p = 0.0354; Fig. 5A). How-
ever, the results of linear regression analysis showed that 
the serum WNT4 protein level could not be determined 
based on creatinine level (p = 0.8429; r2 = 0.0006).

Fig. 3. A. Kruskal–Wallis test comparison presented statistically significant difference between the WNT4 protein level in serum of patients who were 
classified as chronic kidney disease (CKD) patients without inflammatory cells or with a small area of inflammatory cells infiltration in the biopsied tissue 
(n = 30; 27.83 ±2.78 pg/mL; group 0–1) in comparison to serum WNT4 level in control subjects (20.39 ±2.25 pg/mL). Asterisks indicate differences between 
groups (*p = 0.0142; A). The receiver operating characteristic (ROC) curve presenting the area under the curve (AUC) value was estimated to establish 
sensitivity and specificity of the WNT4 protein in blood measurement for setting the severity of the tubulointerstitial lesions (B). For each box, the horizontal 
line inside the box shows the median. The ends of the boxes represent the 1st and 3rd quartiles. The whiskers extend to the highest and lowest values 
considered outliers (defined as 1.5 times the interquartile range (IQR))
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Discussion

This novel study found that serum WNT4 protein 
level is  higher in  patients diagnosed with CKD, clas-
sified according to the eGFR value or the type of glo-
merulopathy, but not according to the presence of NP 
or NNP. A higher level of serum WNT4 protein in CKD 
patients as compared to control subjects suggests that 
mechanisms activating the WNT pathway and influencing 
WNT4 may become apparent at any stage of the disease 
and may depend on the underlying pathology, but not 
on the degree of proteinuria. The potential dependence 

on the glomerular filtration rate may be a limitation for 
WNT4 to be a marker and an indicator of podocyte injury. 
In our study, the elevated serum WNT4 protein levels 
in the subgroups of both primary (IgAN) and secondary 
(LN) glomerular disease might result from the dysregula-
tion of the immune system. Therefore, it seems that the el-
evated serum WNT4 level, leading to the development 
of certain glomerular and tubular lesions (as presented 
in experimental studies),17,18,20 reflects also the activation 
of the immune system.

The increase of serum WNT4 protein level in patients 
with different kinds of glomerular disease and different 

Fig. 4. Serum level of WNT4 protein compared using Kruskal–Wallis test was significantly higher in patients with a small area of fibrosis (group 0–1; 
27.83 ±2.78 pg/mL) than in the group of control subjects (20.39 ±2.25 pg/mL). Asterisks indicate differences between groups (**p = 0.0062; A). The receiver 
operating characteristic (ROC) curve presenting the area under the curve (AUC) value was estimated to establish sensitivity and specificity of the serum 
WNT4 protein for setting the advancement of fibrosis (B). For each box, the horizontal line inside the box shows the median. The ends of the boxes represent 
the 1st and 3rd quartiles. The whiskers extend to the highest and lowest values considered outliers (defined as 1.5 times the interquartile range (IQR))
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Fig. 5. Serum creatinine concentration in patients divided into 2 groups according to the median WNT4 protein concentration (16.62 pg/mL) in the sera 
of the total studied population (n = 105) which included control subjects and patients with chronic kidney disease (CKD). Mann–Whitney test comparison 
showed that serum creatinine was higher in patients who had WNT4 protein concentration higher than 16.62 pg/mL (1.48 ±0.18 pg/mL) in comparison 
to those with a WNT4 protein concentration lower than 16.62 pg/mL (0.99 ±0.09 pg/mL). Asterisks indicate the differences between the groups 
(*p = 0.0354; A). Lack of correlation was observed between serum WNT4 protein and creatinine levels (r = 0.12; B). For each box, the horizontal line inside 
the box shows the median. The ends of the boxes represent the 1st and 3rd quartiles. The whiskers extend to the highest and lowest values considered 
outliers (defined as 1.5 times the interquartile range (IQR))
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(but not necessary more advanced) stages of CKD may 
represent a novel and common denominator of not yet 
identified pathological event in chronic kidney injury. 
Our findings demonstrate that serum WNT4 protein level 
is higher in patients with CKD. Moreover, it is also higher 
in patients without IIKP or those with only minor advance-
ment of IIKP, as well as in those without advanced renal 
fibrosis. Inspired by the study by Chang et al., we suspect, 
that WNT4 considered as a marker of podocyte injury can 
display an identical pattern of expression as inflammatory 
mediators and act in a comparable way.24 Furthermore, 
as the WNT4 triggers tissue infiltration with neutrophils25 
and facilitates the transformation of stem cells into the fi-
brogenic fate,26 it cannot be ruled out that the identical 
mechanism is in action during CKD progression. It would 
be worth answering this question by conducting studies 
in a larger group of patients with biopsy-confirmed glo-
merular disease.

The elevated serum WNT4 protein level may accom-
pany CKD but cannot be considered a marker of IIKP 
and fibrosis. It is supported by our results showing that 
serum WNT4 protein correlated with serum total and 
LDL-cholesterol. Changes in serum lipids such as free 
fatty acids, triglycerides and glycophospholipids develop 
in the course of CKD (especially when proteinuria is pres-
ent), but also significantly impact the course of CKD (al-
though to date lipid-lowering therapies did not show to be 
nephroprotective).27,28 Additionally, the  accumulation 
of  lipids can lead the palmitate retention.29 It has been 
shown that the  lipidation of WNT proteins (including 
coupling of palmitate) is required for their secretion and 
function. Palmitoylation accounts for the hydrophobicity 
and poor solubility of WNT proteins, which modulate 
their ability to activate WNT/β-catenin signaling.30–33 
It remains to be addressed whether, in this way, WNT4 
can act as the primary ‘switch’ involved in the develop-
ment of kidney dysfunction and the initiation of fibrosis. 
It would be of particular interest given that we observed 
the elevated serum WNT4 protein level mainly in patients 
in early stages of CKD (stages 1–2), and with early IIKP 
(stages 0–1) and fibrosis (stages 0–1).

The current study has shown that serum creatinine 
concentration was higher in a group with serum WNT4 
protein concentration above the WNT4 median value 
(16.62 pg/mL). However, these parameters were not cor-
related. As  far as we know, no other studies measur-
ing the level of WNT4 protein in serum have yet been 
published. In a single study presenting the WNT4 pro-
tein expression as a biomarker for podocyte integrity 
in the rat model of renal ischemia-reperfusion injury, 
the serum level of WNT4 protein correlated with se-
rum creatinine.24 Another research showed an increase 
in WNT4 protein in the urine of patients with minimal 
change disease and coexisting tubular injury; however, no 
correlation with serum creatinine level was observed,22 
as in our study.

Limitations

We are aware that empirical results presented herein 
should be considered in  light of  certain limitations. 
The observed results are based on a relatively small group 
of patients (nevertheless, even the ‘large’ trials in the field 
of glomerular disease usually do not exceed 100 patients). 
Thus, to not rely solely on the division of CKD depend-
ing on  the stages (which is an  imprecise classification 
since each class contains patients with the same kidney 
function, but diverse underlying pathology and clinical 
presentation), the particular diagnoses of kidney disease 
were considered, compared with the control group, with 
CKD group as a whole, but also with the CKD patients 
divided based on the degree of proteinuria. With this ap-
proach, the course of future research has been delineated. 
On the other hand, primary and immune-mediated sec-
ondary glomerular diseases are considered rare and most 
of the clinical research is performed rather on dozens than 
hundreds of patients.

Conclusions

The preliminary data presented here suggest that el-
evated levels of serum WNT4 protein may be associated 
with the immune system response. Moreover, it accompa-
nies the dysregulation of serum lipids that are associated 
with CKD. It is observed in the early stages of CKD, IIKP 
and fibrosis, and may trigger CKD progression. There-
fore, it would be interesting to investigate the involvement 
of WNT4 in the molecular mechanisms responsible for 
the development of CKD, considering that WNT4 is only 
an indicator of chronic glomerulonephritis and not a di-
agnostic marker of IIKP and fibrosis.
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Abstract
Background. Adequate thromboprophylaxis reduces the risk of venous thromboembolism (VTE) by half 
in hospitalized patients. A single scoring system is recommended to improve thromboprophylaxis.

Objectives. We investigated the impact of implementing a computerized system to prevent VTE in inpa-
tients with pulmonary diseases and identified predictors of the overuse and underuse of pharmacological 
thromboprophylaxis.

Materials and methods. We compared the use of thromboprophylaxis with enoxaparin in all patients 
hospitalized for pulmonary disorders in a tertiary hospital in Kraków, Poland, in 2014 and 2017, before and 
after introducing a computerized thromboprophylaxis system. Using the Caprini risk assessment, the overuse 
and underuse of thromboprophylaxis were defined as the use in patients with <5 points and ≥5 points, 
respectively.

Results. Both cohorts (n = 2007 in 2014 and n = 1570 in 2017) were similar with regard to age and sex. 
The most frequent causes of hospitalization were intestinal lung disease (39.0%) and lung cancer (20.4%) 
in 2017, and pneumonia (38.8%) and lung cancer (27.5%) in 2014. Although the use of thromboprophylaxis 
was comparable in both cohorts, it was used more frequently in high VTE risk patients in 2017 compared 
with 2014 (96.98% compared to 29.17%, respectively, p < 0.001), with a concomitant reduction in its 
overuse (2.26% compared to 6.26%, respectively, p < 0.001). In 2017, no predictors of thromboprophylaxis 
underuse were identified. The overuse was mainly predicted by the diagnosis of airway diseases (odds ratio 
(OR) = 0.16, 95% confidence interval (95% CI) = 0.02–1.17, p = 0.015).

Conclusions. Our findings indicate the benefits of using a computerized system to manage pharmacological 
thromboprophylaxis in pulmonary inpatients.

Key words: pulmonary diseases, thromboprophylaxis, Caprini VTE risk assessment
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Background

The risk of developing venous thromboembolism (VTE) 
is associated with a number of clinical situations, including 
hospitalization that is responsible for 10–20% of the VTE 
episodes.1 It  has been shown that 42% of  hospitalized 
patients are at intermediate or high risk for VTE2,3 and 
10% of in-hospital deaths are related to VTE.4–6 Adequate 
thromboprophylaxis reduces the risk of VTE by half,7,8 
which enhances inpatients’ safety, reduces the prevalence 
of VTE, and decreases the costs of treatment. The Ameri-
can College of Chest Physicians (ACCP) guidelines strongly 
recommend pharmacological thromboprophylaxis in all 
patients with high risk for VTE (Grade 1B).8,9 Various 
validated scoring systems are used to  identify patients 
at high risk for developing VTE. It is important to use one 
of them consistently.10 Implementation of a computerized 
model to prevent VTE increases the guideline-appropriate 
VTE prophylaxis (by 80%) and improves VTE outcomes 
in inpatients.11–13

The risk of VTE among patients with specific internal 
diseases is heterogeneous. For example, the reported fre-
quency of VTE among patients with chronic obstructive 
pulmonary disease (COPD) exacerbation ranges from 5% 
to 29%,14,15 with an up to twenty-fold increase reported 
among lung cancer patients.16 A frequent overuse and un-
deruse of thromboprophylaxis was observed in our previ-
ous study when the decision to administer prophylaxis 
was at the discretion of the treating physician.17 To im-
prove thromboprophylaxis, a computerized system based 
on the Caprini risk assessment was implemented.

Objectives

We sought to compare the risk of overuse and under-
use of pharmacological thromboprophylaxis before and 
after introducing routine use of a computerized system 
in a specific group of patients with pulmonary disorders.

Materials and methods

We collected data from the medical records of all pa-
tients aged >18 years admitted to the Department of Lung 
Diseases of the John Paul II Hospital in Kraków, Poland, 
within 2 time intervals.

The 2017 cohort represents patients hospitalized from 
April 1, 2017, to December 31, 2017, following the imple-
mentation of the use of the Caprini VTE computerized risk 
assessment tool. After 2014, it became standard practice 
to routinely use a recommended VTE risk assessment tool 
for the patients hospitalized in the department.

The 2014 cohort comprises all adult patients hospital-
ized from April 1, 2014, to December 31, 2014, who were 

admitted prior to the implementation of the use of the Cap-
rini tool.17 All archived records of patients were analyzed 
and scored using the Caprini VTE risk assessment tool, 
and the final score was compared with archived records 
of admitted patients who received thromboprophylaxis.

The computerized Caprini risk assessment model was 
implemented upon admission to the pulmonary depart-
ment.18 Individuals who scored 5 or more points were iden-
tified as high-risk for VTE and in need of thromboprophy-
laxis. Subjects who scored fewer than 5 points (≤4 points) 
were identified as low-risk. Administration of enoxaparin 
(40 mg once daily, subcutaneuos (SQ) injection) on each 
day of hospitalization was used as thromboprophylaxis 
for all high-risk patients. Mechanical thromboprophy-
laxis was not used. Patients who stayed in the hospital for 
more than 24 h were eligible for inclusion in the study. 
No additional criteria for including patients in the study 
were used. The study was carried out in accordance with 
the local legal and ethical regulations. All patients were 
classified into one of the 6 groups based on the main cause 
of hospitalization identified at admission to the hospital 
and confirmed during discharge (Table 1).

The  underuse of  thromboprophylaxis was defined 
as denying thromboprophylaxis in subjects who scored 5 
or more points according to the Caprini risk assessment. 
The overuse of thromboprophylaxis was defined as throm-
boprophylaxis administration for patients with 4 or fewer 
points accordingly.

Statistical analysis

Variables were presented as numbers and percentages 
or median and interquartile ranges (IQRs) as appropriate. 
Nominal variables in the subgroups were compared with 
the Pearson’s χ2 test or the Fisher’s exact test. Continuous 
variables were compared using the Mann–Whitney U test. 
To identify independent predictors of thromboprophylaxis 
overuse or underuse, a univariate logistic regression analy-
sis was performed. Associations between 2 variables were 
expressed as odds ratios (OR) along with 95% confidence 
intervals (95% CI) and analyzed for variables represented 
in at least 5% of study cohorts. Two-sided p-values below 
0.05 were considered statistically significant. All calcula-
tions were done with JMP® v. 13.1.0 (SAS Institute Inc., 
Cary, USA).

Results

The characteristics of the 2 cohorts comprising 2007 
individuals in the year 2014 and 1570 in 2017 are presented 
in Table 1. Both cohorts were similar with regard to age and 
gender (Table 1). There was no difference in the prevalence 
of comorbidities between both groups. The median Cap-
rini risk score was 4 in the 2014 cohort and 3 in the 2017 
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cohort (p < 0.001, Mann–Whitney U test). Eighty-seven 
(4.3%) individuals in 2014 and 19 (1.2%) in 2017 were re-
ceiving chronic oral anticoagulation treatment. The most 
common causes of hospitalization in 2014 and 2017 are 
presented in Table 1. The duration of hospitalization was 
similar (both groups had a median of 5 days). The propor-
tions of individuals who received thromboprophylaxis with 
low molecular weight heparin (LMWH) were comparable 
in both cohorts (Table 1). However, in the 2017 cohort, 
pharmacological thromboprophylaxis was administered 
in a markedly larger patient group with high VTE risk 
compared with the 2014 cohort (n = 321, 96.98% compared 
to n = 259, 29.17%, respectively, p < 0.001, Pearson’s χ2 test). 
The number of inpatients identified as low-risk for VTE 
was comparable in both cohorts but in the 2017 cohort, 
the overuse of thromboprophylaxis was significantly lower 
(Table 2,3).

The main predictors of the underuse of thrombopro-
phylaxis in the 2014 cohort included age (41–60 years) 
and the presence of interstitial lung disease, pneumonia, 
and swollen legs (Table 3). Predictors of underuse were not 
identified in the 2017 cohort. Age (41–60 years) and airway 
diseases were identified as overuse predictors in the 2017 
cohort (Table 2).

Of the total recorded deaths during patients’ hospital 
stays, 7 in 2014 and 3 in 2017, all of them resulted from 
end-stage pulmonary diseases. No autopsy was performed. 
No significant adverse events such as allergic reactions 
or heparin-induced thrombocytopenia were observed. 
No major bleeding or symptomatic VTE was recorded. 
The number of blood recipients who received packed blood 
cells was similar in both cohorts. Chronic anemia due 
to lung cancer was the major cause of blood transfusion 
in 2014 and 2017.

Table 1. Characteristics of the study cohorts in 2014 and 2017 year. Data are shown as the number (percentage)

Variable

All patients Patients with thromboprophylaxis Patients without 
thromboprophylaxis

2014 
(n = 2007)

2017 
(n = 1570) p-value

2014 
(n = 368) 
(18.4%)

2017 
(n = 349) 
(22.2%)

p-value
2014 

(n = 1636) 
(81.6%)

2017 
(n = 1221) 

(77.8%)
p-value

Demographics

Age 41–60 years 543 (24.7) 345 (21.9) 0.05 60 (14.4) 42 (12.0) 0.35 483 (27.2) 303 (24.8) 0.15

Age 61–74 years 936 (42.6) 750 (47.7) 0.002 193 (46.4) 171 (49.0) 0.50 741 (41.7) 579 (47.3) 0.002

Age >75 years 444 (20.2) 263 (16.7) 0.007 141 (33.9) 140 (40.1) 0.07 302 (17.0) 123 (10.1) <0.0001

Men 1253 (57.0) 922 (58.6) 0.33 242 (58.2) 187 (53.6) 0.22 1010 (56.8) 735 (60.1) 0.07

BMI > 25 kg/m2 1180 (53.7) 1018 (64.7) <0.0001 268 (64.4) 251 (71.9) 0.03 910 (51.2) 767 (62.7) <0.0001

Cause of the hospitalization

Airway diseases* 330 (16.4) 293 (18.7) 0.08 65 (17.7) 32 (9.2) 0.0005 263 (16.1) 261 (21.4) 0.0004

Interstitial lung disease 268 (13.4) 613 (39.0) <0.0001 11 (3.0) 123 (35.2) <0.0001 257 (15.7) 490 (40.1) <0.0001

Lung cancer 551 (27.5) 320 (20.4) <0.0001 160 (43.5) 97 (27.8) <0.0001 390 (23.8) 223 (18.3) 0.0003

Pneumonia 778 (38.8) 179 (11.4) <0.0001 77 (20.9) 37 (10.6) 0.0002 701 (42.9) 142 (11.6) <0.0001

Respiratory failure 28 (1.4) 148 (9.4) <0.0001 9 (2.5) 52 (14.9) <0.0001 19 (1.2) 96 (7.9) <0.0001

Other 52 (2.6) 17 (1.1) 0.0011 46 (12.5) 8 (2.3) <0.0001 6 (0.4) 9 (0.7) 0.17

Comorbidities

Cardiovascular disease 733 (71.9) 773 (49.1) <0.0001 142 (55.5) 213 (61.0) 0.0001 589 (77.5) 560 (45.8) <0.0001

Diabetes 81 (8.0) 16 (1.0) 0.003 17 (6.6) 1 (0.3) 0.008 63 (8.3) 15 (1.2) 0.05

Renal disease 2 14 (0.9) <0.0001 1# 8 (2.3)# 0.01# 1# 6 (0.5)# 0.005#

Heart failure 14 (0.6) 27 (1.7) 0.002 10 (2.4) 16 (4.6) 0.09 4 (0.2) 11 (0.9) 0.01

Thyroid disorders 33 (3.2) 0.0 <0.0001 3 (1.2)# 1 (0.01) 0.26# 30 (4.0) 1 (0.1) <0.0001

Previous venous thromboembolism 11 (0.5) 33 (3.2) 0.002 8 (1.9) 3 (1.2) 0.46 3 (0.2) 30 (4.0) 1.00

Varicose veins 185 (8.4) 23 (1.5) <0.0001 78 (18.8) 21 (6.0) <0.0001 105 (5.9) 2 (0.2) 0.005

Malignancies 545 (24.8) 226 (14.4) <0.0001 194 (46.6) 120 (34.4) <0.0001 350 (19.7) 106 (8.7) <0.0001

Other diseases 44 (4.3) 119 (7.6) <0.0001 20 (7.8) 94 (26.9) <0.0001 24 (3.2) 25 (2.0) 0.002

Caprini VTE risk assessment score

Low risk (1–2 points) 361 (16.4) 476 (30.3) <0.0001 8 (1.9)# 3 (0.9)# 0.36# 353 (19.9) 473 (38.6) <0.0001

Medium risk (3–4 points) 858 (39.1) 766 (48.7) <0.0001 62 (14.9) 25 (7.2) 0.001 796 (44.8) 741 (60.5) <0.0001

High risk (≥5 points) 978 (44.5) 331 (21.0) <0.0001 346 (83.2) 321 (92.0) 0.0003 629 (35.4) 10 (0.8) <0.0001

BMI – body mass index; * – asthma, chronic obstructive pulmonary disease and bronchiectasis; VTE – venous thromboembolism. For comparisons marked 
with #, the Fisher’s exact test was used; in all other Pearson’s χ2 test was used.
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Discussion

The major findings of the current study were:
1. For pulmonary disease inpatients, using the Caprini 

risk assessment in a computerized system supports the ap-
propriate recommendations of pharmacological thrombo-
prophylaxis, increasing its use in high-risk VTE inpatients 
while reducing its use in patients with low VTE risk.

2. We  have demonstrated that specific pulmonary 
diseases, like asthma and COPD, have a major impact 
on  the  prediction of  appropriate thromboprophylaxis 

among inpatients. Thus, a better implementation of pro-
phylaxis among inpatients requires evaluation of specific 
patient groups to identify those at elevated risk of under- 
or overuse. The current study highlights benefits from 
a computerized system to support the use of thrombopro-
phylaxis in hospitals and the constant need for optimizing 
it in specific clinical settings, such as internal medicine 
wards.

Within 1  year of  implementing the  Caprini risk as-
sessment in a computerized system to guide thrombo-
prophylaxis among patients admitted to the pulmonary 

Table 2. Use of thromboprophylaxis according to Caprini VTE risk assessment. Data were shown as the number (percentage)

Variable
Patients with indications for 

thromboprophylaxis

Patients who did not receive 
thromboprophylaxis despite 

indication

Patients without indications 
for thromboprophylaxis

Patients who received 
thromboprophylaxis without 

indication

2014 2017 p-value 2014 2017 p-value 2014 2017 p-value 2014 2017 p-value

Number 
of subjects

888  
(100.00)

331  
(100.00)

<0.0001
629  

(70.83)#
10  

(3.02)# <0.0001# 1119  
(100.00)

1239  
(100.00)

<0.0001
70  

(6.26)
28  

(2.26)
<0.0001

Airway 
diseases*

138  
(15.54)

31  
(9.37)

0.0055
88  

(9.91)#
0  

(0.00)# 0.37# 192  
(17.16)

262  
(21.15)

0.0142
17  

(1.52)
1  

(0.08)
0.0066

Lung cancer
449  

(50.56)
98  

(29.61)
<0.0001

292  
(32.88)#

4  
(1.21)# 0.54# 102  

(9.12)
222  

(17.92)
<0.0001

4  
(0.36)#

3  
(0.24)# 0.68#

Interstitial  
lung disease

47  
(5.29)

109  
(32.93)

<0.0001
38  

(4.28)#
4  

(1.21)# 0.0035# 221  
(19.75)

504  
(40.68)

<0.0001
2  

(0.18)
18  

(1.45)
<0.0001

Respiratory 
failure

16  
(1.80)

50  
(15.11)

<0.0001
10  

(1.13)#
1  

(0.30)# 0.17# 12  
(1.07)

98  
(7.91)

<0.0001
3  

(0.27)#
3  

(0.24)# 0.38#

Pneumonia
203  

(22.86)
38  

(11.48)
<0.0001

144  
(16.22)#

1  
(0.30)# 0.46# 575  

(51.39)
141  

(11.38)
<0.0001

18  
(1.61)

0  
(0.00)

0.001

Other
35  

(3.94)
5  

(1.51)
0.0341

4  
(0.45)#

0  
(0.00)# 1.00# 17  

(1.52)
12  

(0.97)
0.23

15  
(1.34)

3  
(0.24)

0.11

Age 
41–60 years

105  
(11.82)

33  
(9.97)

0.69
69  

(7.77)#
2  

(0.60)# 0.31# 438  
(39.14)

312  
(25.18)

<0.0001
24  

(2.14)
11  

(0.89)
0.64

Age 
61–74 years

476  
(53.60)

167  
(50.45)

0.58
309  

(34.80)#
5  

(1.51)# 1.00# 460  
(41.11)

583  
(47.05)

<0.0001
28  

(2.50)
9  

(0.73)
0.47

Age  
>75 years

390  
(43.92)

137  
(41.39)

0.63
252  

(28.38)#
3  

(0.91)# 0.75# 54  
(4.83)

126  
(10.17)

<0.0001
4  

(0.36)#
6  

(0.48)# 0.03#

History of VTE
10  

(1.13)
21  

(6.34)
<0.0001

2  
(0.23)

0  
(0.00)

–
1  

(0.09)#
2  

(0.16)# 1.00# 0  
(0.00)

0  
(0.00)

–

Varicose veins
147  

(16.55)
120  

(36.25)
<0.0001

75  
(8.45)#

5  
(1.51)# 0.0041# 38  

(3.40)
106  

(8.56)
<0.0001

8  
(0.71)#

5  
(0.40)# 0.51#

Congestive 
heart failure 

12  
(1.35)

17  
(5.14)

<0.0001
2  

(0.23)#
1  

(0.30)# 0.0463# 2  
(0.18)

10  
(0.81)

0.0224
0  

(0.00)
0  

(0.00)
–

Swollen legs
87  

(9.80)
86  

(25.98)
<0.0001

20  
(2.25)#

7  
(2.11)# <0.0001# 22  

(1.97)
26  

(2.10)
0.60

9  
(0.80)#

0  
(0.00)# 0.06#

Serious lung 
diseases 

716  
(80.63)

184  
(55.59)

<0.0001
429  

(48.31)
5  

(1.51)
–

316  
(28.24)

216  
(17.43)

<0.0001
36  

(3.22)
11  

(0.89)
0.28

Abnormal 
pulmonary 
function

884  
(99.55)

191  
(57.70)

<0.0001
626  

(70.50)#
6  

(1.81)# 0.3041# 1040  
(92.94)

239  
(19.29)

<0.0001
69  

(6.17)
9  

(0.73)
<0.0001

Cancer
526  

(59.23)
92  

(27.79)
<0.0001

333  
(37.50)#

1  
(0.30)# 0.0084# 19  

(1.70)
27  

(2.18)
0.26

2  
(0.18)#

3  
(0.24)# 0.14#

Thrombophilia
2  

(0.23)#
1  

(0.30)# 1.00# 2  
(0.23)

0  
(0.00)

–
0  

(0.00)
0  

(0.00)
–

0  
(0.00)

0  
(0.00)

–

BMI  
> 25 kg/m2

656  
(73.87)

243  
(73.41)

0.0316
410  

(46.17)#
9  

(2.72)# 0.18# 524  
(46.83)

775  
(62.55)

<0.0001
24  

(2.14)
17  

(1.37)
0.0166

BMI – body mass index; * – asthma, chronic obstructive pulmonary disease and bronchiectasis; VTE – venous thromboembolism. For comparisons marked 
with #, the Fisher’s exact test was used; in all other, Pearson’s χ2 test was used.
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department, there was a significant improvement in the ad-
equate use of prophylaxis, from 38.96% to 96.98%. Further-
more, we detected a rapid decrease of underuse of throm-
boprophylaxis – from 64.51% to 3.02% – among high-risk 
patients.

The implementation of health recommendations is an in-
ternational challenge, illustrated by a 34% median of rec-
ommendation adherence, suggesting that patients do not 
always benefit from medical guidelines.19 Most data show 
that the proportion of inpatients at high risk of VTE receiv-
ing thromboprophylaxis is between 50% and 68.95%.13,19 
Bhalla et al.11 showed that the implementation of an obliga-
tory computerized scoring model enforced proper medical 
practices, which confirms the present study. When the sim-
ple computerized system reminder was used, the percent-
age of inpatients at high risk of VTE receiving thrombo-
prophylaxis increased from 42.8% to 60.0% (p < 0.001).10

The impact of specific diagnoses, such as lung disease, 
on the use of thromboprophylaxis appears to be underes-
timated. Our study showed that underuse among pulmo-
nary inpatients is greatest in lung cancer patients, despite 
evidence showing a high risk of VTE in patients with this 
type of malignancy.16 This study highlights the need for 
education on VTE in cancer patients, who are often per-
ceived as unsuitable candidates for thromboprophylaxis 
due to a higher bleeding risk.

Respiratory failure and interstitial lung disease com-
prised larger patient subgroups in 2017 compared with 
2014. This is likely a consequence of patients’ aging and 
wider availability of improved diagnostic tools.20–23 Age 
(younger adults) and airway diseases were predictors for 

the overuse of thromboprophylaxis. It might be speculated 
that the first predictor, age, was a consequence of a grow-
ing number of relatively young patients with interstitial 
lung diseases. This growth is the result of the development 
of tools for detecting connective tissue disease-associated 
interstitial lung diseases (CTD-ILD).24 The airway diseases 
predictor was probably connected with physicians aware-
ness that any associated dyspnea could reduce patients’ 
daily activity after admission.2,3,12 The main predictors 
of the underuse of thromboprophylaxis in the 2014 cohort, 
including age (41–60 years), interstitial lung disease and 
pneumonia, were absent in the analysis of patients from 
the 2017 cohort. Current predictors were different from 
those reported by Spirk et al.,25 indicating that a range 
of specific diseases diagnosed in patients undergoing pro-
phylaxis can markedly affect predictors of its under- and 
overuse, and the results of a whole patient population can-
not be extrapolated to subgroups.

Limitations

This study has several limitations. The study is retro-
spective, which causes some problems with data acquisi-
tion and their precision (i.e., in some patients, the diagnosis 
could have been unestablished because some patients suf-
fered simultaneously from different pulmonary diseases). 
Evaluation of asymptomatic VTE during hospital stay and 
post-discharge follow-up was beyond the scope of the cur-
rent study. Cost-effectiveness of thromboprophylaxis and 
costs of its overuse were not evaluated, although this prob-
lem is important in clinical practice.26

Table 3. The risk factors of venous thromboembolism (VTE) prophylaxis overuse and underuse

Variable
Overuse in the 2014 cohort Overuse in the 2017 cohort Underuse in the 2014 cohort Underuse in the 2017 cohort

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

BMI > 25 kg/m2 0.44 (0.27; 0.72) 0.001 – NS 1.94 (1.60; 2.35) <0.001 – NS

Swollen legs 2.99 (1.44; 6.19) 0.009 – NS 0.55 (0.33; 0.89) 0.01 32.40 (8.26; 127.11) <0.001

Varicose veins – NS – NS 1.83 (1.34; 2.49) <0.001 6.07 (1.74; 21.15) 0.01

Malignancy 0.09 (0.02; 0.35) <0.001 – NS 7.22 (5.83; 8.94) <0.001 – NS

Age 41–60 years – NS 2.35 (1.09; 5.06) 0.037 0.28 (0.22; 0.37) <0.001 – NS

Age 61–74 years – NS – NS 1.45 (1.21; 1.75) <0.001 – NS

Age >75 years 0.23 (0.08; 0.64) 0.001 – NS 4.81 (3.86; 5.99) <0.001 – NS

Abnormal pulmonary 
function

– NS – NS 7.31 (2.28; 23.49) <0.001 4.03 (1.13; 14.35) 0.03

Cardiovascular 
disease

– NS – NS 1.53 (1.27; 1.85) <0.001 4.17 (0.88; 19.71) 0.04

Diabetes – NS – NS 1.82 (1.26; 2.62) 0.002 – NS

Airway diseases 2.11 (1.19; 3.76) 0.016 0.16 (0.02; 1.17) 0.015 – NS – NS

Interstitial lung 
disease

0.22 (0.05; 0.91) 0.008 2.87 (1.31; 6.25) 0.007 0.37 (0.26; 0.53) <0.001 – NS

Lung cancer 0.19 (0.07; 0.52) <0.001 – NS 4.66 (3.77; 5.76) <0.001 – NS

Pneumonia – NS – NS 0.42 (0.34; 0.52) <0.001 – NS

BMI – body mass index; OR – odds ratio; 95% CI – 95% confidence interval; NS – not significant.
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Conclusions

We  conclude that the  use of  computerized Caprini 
VTE risk assessment in all hospitalized patients increases 
the proportion of patients with pulmonary diseases who 
can benefit from thromboprophylaxis, and reduces its 
overuse among patients with low risk of VTE. To optimize 
thromboprophylaxis, its use should be assessed in depart-
ments dealing with patients with specific diseases.
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Abstract
Background. Nurse-led education can improve heart failure (HF) knowledge and self-care behaviors, and 
consequently lead to better patient outcomes.

Objectives. To assess the effectiveness of “The Weak Heart” educational model in enhancing the level 
of disease knowledge and self-care behaviors among patients hospitalized with acute decompensated heart 
failure with reduced ejection fraction (HFrEF).

Materials and methods. An evidence-based, standardized educational program was implemented for 
HF patients in Poland. We compared the initial level of HF knowledge – as rated using a self-developed 
questionnaire and self-care behaviors, evaluated according to the 9-item European Heart Failure Self-care 
Behavior Scale (9-EHFScBS) – to the results obtained at the 3-month follow-up period with a sample 
of patients (n = 231) hospitalized with acute decompensated HF (ADHF).

Results. The results showed a significant increase in total score of HF knowledge test depending on the time 
of measurement (χ2 = 356.526, p < 0.001) and in all individual questions on HF. The significant change 
of the 9-EHFScBS self-care questionnaire was also found in total score (Z = −7.317, p < 0.001), in all domains: 
autonomous-based adherence (Z = −5.870, p < 0.001); consulting behavior (Z = −7.238, p < 0.001); 
provider-based adherence (Z = −4.162; p < 0.001) and in relation to all individual statements except 
statement 7 (“I eat a low salt diet”) and statement 9 (“I exercise regularly”). Within 3 months of hospital 
discharge, 84% (193 out of 231) of participants visited their primary care physician and 79% (183 out of 231) 
visited a cardiologist in accordance with their individual treatment plan.

Conclusions. “The Weak Heart” educational model is effective in enhancing the level of HF knowledge and 
self-care behaviors among patients with decompensation of HFrEF.

Key words: heart failure, cardiology, disease management, adherence, disease education
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Background

Heart failure (HF) is an important public health prob-
lem, with an estimated prevalence of 1–2% among adults 
and  >10% among people aged  >70  years in  developing 
countries.1 In Poland, over 700,000 patients suffer from 
HF, which can lead to premature death.2,3 Heart failure 
requires multidisciplinary management programs, includ-
ing self-care education.1,4,5 Indeed, self-management in-
terventions often led by nurses are effective at improving 
knowledge, self-care behaviors, quality of life, and reducing 
the number of hospitalizations and mortality among pa-
tients with HF.6–16 Furthermore, the active post-discharge 
monitoring of patients with HF (e.g. via post-discharge 
phone calls) should translate into better adherence, a re-
duction in the number of decompensated HF cases and 
slower disease progression.1,17

The European Society of Cardiology (ESC), American 
College of Cardiology Foundation (ACCF) and American 
Heart Association (AHA) practice guidelines recommend 
a nurse-led HF education in HF patients.1,4,5,18 The correla-
tions between patients’ knowledge of HF and self-care skills 
were found in studies conducted in the USA.13,19

To meet this need, multidisciplinary HF programs, in-
cluding various types of nurse-led interventions, should 
be implemented.1,18,20–23 Similarly, a disease management 
system for patients with HF named “KONS” (Comprehen-
sive Care for Patients with Heart Failure) was proposed 
in Poland.24

Objectives

The purpose of this study was to implement a standard-
ized nurse-led HF education program focused on improv-
ing disease knowledge and self-care behaviors in patients 
hospitalized with acute decompensated heart failure 
with reduced ejection fraction (HFrEF) and evaluate its 
effectiveness.

Materials and methods

Study population and design

“The Weak Heart” program was a nurse-led HF educa-
tional program conducted in 2019 in 14 cardiology centers 
in Poland and consisted of 2 hospital educational visits and 
3 post-discharge phone calls. Prior to initiating patient 
education, nurse educators completed HF training and cer-
tification in accordance with the HF nurse curriculum de-
veloped by experts of Nurses and Medical Technicians and 
the Heart Failure Section of the Polish Cardiac Society.25 
Total number of 259 patients hospitalized due to acute 
decompensated heart failure (ADHF) were consecu-
tively recruited based on the following inclusion criteria: 

diagnosed HF with reduced ejection fraction (ejection frac-
tion (EF) < 40% as evaluated using echocardiography), cog-
nitive function enabling the participation in the program 
and a declaration of the patient’s involvement in the treat-
ment; there were no exclusion criteria to enter the program. 
To assess the effectiveness of the program in a clinical 
setting, a prospective, quasi-experimental, pre-test and 
post-test method was applied.

“The Weak Heart” program was based on HF guide-
lines of  European Society of  Cardiology1 and tailored 
to the needs of patients with HFrEF. The scope of education 
included the following topics: basic information about HF, 
etiology, symptoms, principles of self-care, basics of treat-
ment, and the importance of lifestyle, diet and exercise, 
based on the content from patient portal (www.slabeserce.
pl) displayed on tablet. After completing educational ses-
sions, participants received a heart failure passport26 with 
an individual treatment plan, a cover letter to primary care 
physician and a drug dispenser. A detailed description 
of “The Weak Heart” educational program has already 
been published.27

Ethical aspects and recommendations

The Bioethical Commission at the University of War-
saw has approved the project (approval No. KB/3/A/2019). 
The study was performed in accordance with the ethical 
principles for clinical research based on the Declaration 
of Helsinki.

Data collection

Trained HF nurses interviewed participants using the 
questionnaires to assess the level of HF knowledge and 
self-care behaviors. Measurements were conducted before 
the implementation of any educational activities (visit 1), 
before discharge but after finishing all educational activi-
ties (visit 2 – only for the assessment of HF knowledge) 
and at the end of the 3-month follow-up period (visit 5).

Instruments

The research team has developed a 10-item HF knowl-
edge questionnaire to assess the level of disease knowl-
edge. Patient’s responses were scored on a scale from 0 to 2 
(0 – incorrect response, 1 – partially correct, 2 – correct), 
based on key words. The maximal score was 20 points 
– the higher the score, the better the level of HF knowledge. 
The calculated Cronbach’s alpha for the knowledge test 
was 0.86. The value of the correlation coefficient of indi-
vidual test items was not less than the minimum acceptable 
value of 0.20.

The 9-item European Heart Failure Self-care Behav-
ior Scale (9-EHFScBS) contains 9 statements concerning 
self-care behaviors among HF patients.28,29 The answers 
to the statements were given on the 5-point Likert scale, 
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with the result being the aggregation of the points from 
all statements included in the 9-EHFScBS. The scores vary 
from 9 to 45 – the higher the score, the lower the self-
care capability. The questionnaire also enables the as-
sessment of the level of self-care in terms of individual 
statements.28,29 Additionally, a patient’s self-care can also 
be measured by computing the scores for each subdimen-
sion of self-care: consulting behavior, autonomy-based ad-
herence and provider-based adherence.30 The calculated 
Cronbach’s alpha for the behavior test was 0.89.

Statistical analysis

Statistical analysis was performed using SAS® software 
v. 9.4 (SAS Institute, Cary, USA). The Friedman’s test was 
applied to verify the hypotheses of influence of the inter-
vention program on scores of the knowledge test. Time 
of measurement was considered the within-group factor: 
before the commencement of the program (visit 1) com-
pared to directly after finishing all educational activi-
ties (visit 2) compared to 3 months after its end (visit 5). 
The Bonferroni correction was used to adjust the signifi-
cance value for multiple tests. The adjusted significance 
level was 0.017.

The Spearman’s rank correlation coefficient was used 
to verify the correlation between scores on the 1st knowl-
edge test and duration of the disease. The Mann–Whitney 
U test was conducted to compare the scores of patients 
participating in any educational activities on HF with those 
who did not, as well as patients who required several hos-
pitalizations and those hospitalized for the first time.

The  verification of  assumptions about the  impact 
of the intervention program on self-care behaviors and sub-
jective knowledge was carried out using the Wilcoxon test. 
Time of measurement was considered the within-group 
factor: before the commencement of the program (visit 1) 
compared to 3 months after its end (visit 5). A two-tailed 
value of p < 0.05 was considered significant for all tests.

Results

The final analysis consists of 231 patients who signed 
written consent and fulfilled all educational visits, while 
a  sample size of  199  patients was required to  achieve 
a statistical significance of p < 0.05.27 Out of 259 patients 
included in the program, all visits were finished regard-
ing 89% of patients (Fig. 1). The baseline characteristics 
of patients included in the study are presented in Table 1.

The results showed a significant difference in perfor-
mance in the level-of-knowledge test depending on the time 
of measurement (χ2 = 356.526, p < 0.001). The scores from 
the 1st measurement were significantly lower than those 
from the 2nd (Z = −1.227, p-value adjusted with Bonferroni 
correction (padj) <0.001) and 3rd measurement (Z = −1.649, 
padj < 0.001). The scores from the 2nd measurement were 
significantly lower than those from the  3rd measure-
ment (Z = −0.422, padj < 0.001). The results are presented 
in Table 2. Asignificant improvement in HF knowledge has 
been observed for all individual questions (Fig. 2).

The results demonstrated that patients educated on HF 
prior to  the program, patients who underwent several 

Fig. 1. Patient 
flowchart

259 (259 (100%) pa�ents
were recruited
and provided

informed consent) 

Visit 1
(in hospital – baseline)

• 259 (100%) pa�ents finished visit 1

Visit 2
(in hospital)

• 257 (99%) pa�ents finished visit 2
2 (0.8%) pa�ents refused to con�nue•

Visit 3
(1st phone call)

• 244 (94%) pa�ents finished visit 3
6 (2.3%) died, 2 (0.8%) refused to con�nue, 
5 (1.5%) did not pick up the phone

•

Visit 4
(2nd phone call)

• 238 (92%) pa�ents finished visit 4
1 (0.4%) died, 1 (0.4%) refused to con�nue, 
4 (1.5%) did not pick up the phone

•

Visit 5
(3rd phone call - final)

• 231 (89%) pa�ents finished visit 5
3 (1.2%) died, 2 (0.8%) refused to con�nue, 
2 (0.8%) did not pick up the phone

•
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hospitalizations and with long-lasting HF scored better 
on the knowledge test compared to patients not educated 
previously, hospitalized for the first time and with HF 
de novo (Table 3).

The results indicate that self-care behaviors improved 
after the  intervention (Z  =  −7.317, p  <  0.001 (higher 
score means lower self-care capability)). Enhanced auto-
nomous-based adherence type of  self-care behaviors 

(Z  =  −5.870, p  <  0.001) was demonstrated. The  level 
of  consulting behavior also significantly increased 
after 3 months following the intervention (Z = −7.238, 
p < 0.001). Likewise, the level of provider-based adherence 
behaviors was more frequent after 3 months of follow-up 
than prior to the  intervention (Z = −4.162; p < 0.001). 
The significant improvement in self-care was seen in all 
individual questions except statements 7 (“I eat a low salt 

Fig. 2. A. Comparison of scores to the individual questions on the heart 
failure (HF) knowledge; B. Comparison of scores to the 9-item European 
Heart Failure Self-care Behavior Scale (9-EHFScBS) questionnaire. 
The comparisons are based on the results of repeated measures analysis 
of variance (ANOVA) test

Table 1. Baseline characteristic of patients with heart failure (HF)

Variable (categorical) Features n (%)

Age, years (%)

<40 17 (6.6%)

40–70 176 (67.9%)

>70 66 (25.5%)

Gender
female 61 (23.6%)

male 198 (76.4%)

Education

primary 69 (26.7%)

secondary 163 (62.9%)

higher 27 (10.4%)

Residence
city 173 (66.8%)

rural area 86 (33.2%)

Professional activity

working 60 (23.2%)

retired 128 (49.4%)

on pension 71 (27.4%)

Comorbidities*

none 66 (25.5%)

1 104 (40.1%)

>1 89 (34.4%)

HF education by HCP
no 194 (74.9%)

yes 65 (25.1%)

Marital status
single 43 (16.6%)

married 216 (83.4%)

Mean time from 
HF diagnosis 
to the commencement 
of the program

0 36 (13.9%)

<1 year 47 (18.1%)

>1 year 176 (68.0%)

Hospitalizations

none 73 (28.2%)

once in the last year 99 (38.2%)

>1 in the last year 87 (33.6%)

Previous HF education

no 194 (74.9%)

yes, by:

cardiologist 51 (19.7%)

primary care physician 7 (2.7%)

nurse 7 (2.7%)

Variable (continuous) Features Results

Duration of the HF [years]

M (SD) 6.71 (8.85)

Me 2.98

Min–Max 0–42

Q1; Q3 0.27; 9.86

* Comorbidities: diabetes, chronic obstructive pulmonary disease, atrial 
fibrillation, past stroke. HCP – healthcare personnel; HF – heart failure; 
M – mean; Me – median; SD – standard deviation; Q1 – 1st quartile; 
Q3 – 3rd quartile.

A

B

9-EHFScBS questionnaire: answers were assessed on 5-point Likert 
scale from 1 (completely agree) to 5 (completely disagree). A maxi-
mum score for individual question was 5 points with 
a lower score indicating better self-care.

Individual statements: Q1 – I weigh myself every day; Q2 – If short-
ness of breath (SOB) increases, I contact my doctor or nurse; 
Q3 – If legs/feet are more swollen, I contact my doctor or nurse; 
Q4 – If I gain weight more than 2 kg in 7 days, I contact my doctor or 
nurse; Q5 – I limit the amount of �uids (not more than 1.5–2 litres 
a day); Q6– If I experience fatigue, I contact my doctor or nurse; 
Q7 – I eat a low-salt diet; Q8 – I take my medication as prescribed; 
Q9 – I exercise regularly.

The HF knowledge questionnaire: answers were assessed on 3-po-
int scale (0 – incorrect response, 1 – partially correct response, 
2 – correct response). A maximum score for individual question 
was 2 points with higher score indicating better knowledge.

Individual questions: Q1 – What does HF mean?; Q2 – What are the 
HF symptoms?; Q3 – What does HF decompensation mean?; 
Q4 – How HF decompensation can be detected?; Q5 – What diet re-
commendations do you know?; Q6 – What are the physical activity 
bene�ts?; Q7 – What is the role of diuretics in HF treatment?; 
Q8 – How much time after hospital discharge �rst ambulatory visit 
should be scheduled?; Q9 – What drugs are used in HF treatment?; 
Q10 – What can lead to HF decompensation?
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diet”) and 9 (“I exercise regularly”) of  the 9-EHFScBS 
questionnaire (Fig. 2).

All patients were educated about the importance of post-
hospital ambulatory visits and treatment optimization. 
Most patients fulfilled their individualized post-discharge 
treatment plan (Fig. 3).

Discussion

Like previous studies, we found disease awareness and 
self-management skills initially poor among Polish pa-
tients with HF.31–35 However, “The Weak Heart” model, 
prepared based on HF guidelines and practical recom-
mendations,1,4,7,36 was effective in enhancing HF patients’ 
knowledge and developing self-management behaviors. 
In the study, the education program was delivered by a cer-
tified nurse educator working in a given cardiology ward. 
From a practical perspective, it is worth mentioning that 

3.5 h in total were allocated to an individual patient’s edu-
cation. Based on nurses’ feedback, in most cases, the time 
devoted to education was sufficient from the patient’s point 
of view, but it caused a considerable burden on staff. There-
fore, there is a need to introduce a qualified HF educator 
working in the cardiology wards responsible for patients’ 
education, or to consider group education instead – to re-
duce the staff burden.

This observation is of significance since previous meta-
analysis showed that self-management interventions in pa-
tients with HF improve the outcomes.11,22,35 Therefore, ev-
idence-based educational programs should be considered 
when designing multidisciplinary programs of coordinated 
care.24 Unfortunately, any direct comparison of the effec-
tiveness of our program with other educational interventions 
of this kind is difficult due to the heterogeneity of the design 
and methodology used in the research (Table 4).

Telephone support may reduce mortality and hospital-
izations and improve quality of life among patients with 
HF.20,21,35 Currently, it is the most commonly used moni-
toring strategy.39,41–43 We  found post-discharge phone 
calls performed by nurses had an additional, positive ef-
fect on patients’ HF knowledge and self-care behaviors. 
Yet another important strategy is to deliver educational 
programs during hospitalization, as patients after an acute 
episode are at a higher risk of recurrent hospitalizations.43 
Moreover, it helps in building a trusting relationship with 
patients and caregivers.38,39 The time of hospitalization 
can also be used successfully to teach patients perform 
regular pulse, blood pressure and weight measurements, 
which was well received by participants of our program.

Early ambulatory visits within 7  days of  discharge 
may lower the risk of hospital readmissions for patients 
with HF.20,21,42,44 According to the study by Chuda et al.,45 
over 90% of cardiac ward patients were referred to cardiac 

Fig. 3. Fulfillment of ambulatory visits to primary care physicians 
and cardiologists within the follow-up period in accordance with 
the individual treatment plan

Table 3. Summary of differences in the knowledge test scores based on the results of the Mann–Whitney U-test

Patients
Score on the knowledge test

Mean rank Z-value Mann–Whitney U test p-value

Previously educated on HF 165.71
−4.451 3984.00 <0.001

Without prior education on HF 118.04

>1 hospitalization 144.94
−5.137 4009.50 <0.001

First hospitalization 91.92

HF – heart failure.

Table 2. Comparisons of the scores on heart failure (HF) knowledge test prior to, directly after and 3 months after participation in the program, based 
on the results of the Friedman’s test

Measurement Mean rank Me χ2

Dunn–Bonferroni post hoc

Z statistic

1 2 3

1 1.04 8
χ2 = 356.526,  

p < 0.001

– – –

2 2.27 16 1.227*** – –

3 2.69 18 1.649*** 0.422*** –

*** padj < 0.001. The Bonferroni correction was used to adjust the p-values for multiple tests; Me – median.
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ambulatory care after hospital discharge, compared to only 
60% among those discharged from the internal medicine 
ward. In our program, all patients were educated about 
the importance of post-discharge ambulatory visits and were 
given individual treatment plans. This strategy proved to be 
effective, with 72% of patients fulfilling visits in primary care 
and 30% visiting a cardiologist within 7 days of discharge.

The results of our study showed that patients undergo-
ing any kind of education before participating in the pro-
gram and patients hospitalized due to HF many times 
have higher initial knowledge of HF and obtained higher 
tests scores than the patients who had not been previously 
educated or hospitalized due to HF. It suggests that patients 
build their disease awareness from multiple educational 
sources and learn through their own experience during 
hospitalizations.46 Although 68% of  patients recruited 
to the study had history of HFrEF for more than 1 year 
and 72% had been hospitalized for HF decompensation 
at least once in the previous year, only 25% of participants 
declared being educated by a healthcare provider prior 
to the program. According to the participants, the car-
diologist (78%), nurses (11%) and primary care physicians 
(11%) were the helthcare professionals who most frequently 
delivered disease education. This indicates that currently 
in Poland, there is no structured approach to health educa-
tion for HF patients.

Limitations

Some important limitations of the “The Weak Heart” 
program have to be acknowledged. Firstly, this program 
had quasi-experimental, non-randomized design, with-
out an appropriate control group, with short observation 
period and relatively small sample of patients. Secondly, 
the cohort recruited was relatively young, had a higher 
education level, lived with family, and the majority lived 
in the city. However, these factors had a limited impact 
on the effectiveness of the proposed program. The mul-
tivariable analysis, the results of which were presented 
elsewhere,46 has shown that only age may affect self-care 
behaviors, but not the level of HF knowledge. Lastly, only 
patients with HFrEF hospitalized with ADHF were in-
cluded in the study. All these factors suggest that those 
patients may present a higher level of health literacy and 
initial disease knowledge and may be significantly different 
from “an average patient” in routine practice. The other 
important limitations are the utilization of unstandardized 
HF knowledge questionnaire and short follow-up period. 
Finally, limitations resulting from the design of the project 
including small group size and the lack of longer-term, lon-
gitudinal data precludes a comment regarding the impact 
of investigated intervention on clinical outcomes, only al-
lowing to draw general conclusions about the short-term 
effect of the tested model on the level of HF knowledge 
and self-care behaviors in the studied population of HFrEF 
patients hospitalized due to decompensation.

Conclusions

The HF knowledge and self-care behaviors among pa-
tients with HFrEF can be improved by introducing a struc-
tured, nurse-led educational programs to clinical practice. 
“The Weak Heart” educational model created based on HF 
guidelines recommendations proved to be effective in en-
hancing the level of HF knowledge and self-care behav-
iors among patients with HFrEF hospitalized with ADHF. 
The time spent in hospital should be used to prepare pa-
tients for challenges of post-discharge “vulnerable phase” 
by providing a proper training on self-care skills delivered 
by certified nurses.
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Abstract
Background. The Sirt6, one of the members of the sirtuin family, has been regarded as a key factor 
in the pathogenesis of myocardial infarction (MI) through its antioxidant defense mechanisms. A previous 
study reported that melatonin is an antioxidant drug that can act as an agent for cardioprotection in cardiac 
ischemia-reperfusion (I/R) injury. However, whether melatonin could protect against cardiac remodeling 
after myocardial injury via the Sirt6-dependent antioxidant pathway remains unknown.

Objectives. To explore the protective effects and the potential mechanisms of melatonin on MI-induced 
injury in rats.

Materials and methods. A cardiac remodeling model was established through left coronary artery ligation 
surgery. The dose of melatonin was 10 mg/kg body weight. Four weeks after the treatment for 7 successive 
days, the infarct size and hemodynamic parameters were evaluated. The relative mRNA level and protein level 
of Sirt6 were also determined. Finally, the levels of oxidative stress, including reactive oxygen species (ROS) and 
superoxide dismutase (SOD), were measured, and the expression of nitric oxide (NO), inducible nitric oxide syn-
thase (iNOS), endothelial nitric oxide synthase (eNOS) and their corresponding phosphorylation were evaluated.

Results. After the treatment with melatonin, infarct size, the left ventricular end-diastolic diameter (LVEDd), 
and left ventricular end-systolic diameter (LVEDd) and minimum first derivative of developed pressure 
(min dP/dt) decreased, while left ventricular ejection fraction (LVEF), left ventricular fractional shortening 
(LVFS) and maximum first derivative of developed pressure (max dP/dt) increased in the melatonin-MI (MM) 
group compared to the placebo-MI (PM) group. Furthermore, the expressions of Sirt6, both in mRNA and 
protein level, were significantly increased in the MM group treated with melatonin, as compared to the mela-
tonin-control (MC) group treated with melatonin. In addition, melatonin enhanced SOD activity and reduced 
ROS levels. At the same time, we observed that the eNOS/NO signaling pathways were activated.

Conclusions. Melatonin improved cardiac function through the Sirt6-dependent antioxidant pathway 
in MI rats.

Key words: melatonin, oxidative stress, acute myocardial infarction, sirtuin
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Background

Acute myocardial infarction (MI) is generally caused 
by coronary artery disease (CAD), which remains a lead-
ing cause of morbidity and mortality and imposes a tre-
mendous economic burden worldwide.1 After MI injury, 
the heart undergoes a  series of  cardiac wound-healing 
responses, including cardiomyocyte necrosis and apopto-
sis, inflammation, and cardiac hypertrophy and fibrosis. 
As cardiac wound healing progresses, patients suffer from 
post-MI left ventricular (LV) remodeling, heart failure (HF) 
or even death.2,3

Oxidative stress plays an important role in the patho-
physiology of various cardiovascular disorders, including 
atherosclerosis, cardiac hypertrophy, cardiomyopathy, HF, 
ventricular remodeling, and myocardial injury after isch-
emia followed by reperfusion (I/R). During the develop-
ment of cardiac remodeling, oxidative stress aggravates 
heart disease into HF.4–6 Elevated oxidative stress may 
result in peroxidation of proteins, DNA and lipids, trig-
gering mitochondria-induced cell death pathways and 
contributing to I/R injury.7

The Sirt6 is one of the 7 mammalian sirtuin homologs 
and it contains a domain with NAD+-dependent deacety-
lase activity.8 Among sirtuin family members, both Sirt1 
and Sirt6 have demonstrated cardioprotective abilities. 
However, no direct evidence can verify the antioxidative 
role of Sirt1 in protecting heart function, while Sirt6 has 
been shown to play a vital protective role in cardiomyo-
cytes in I/R through its antioxidative ability.9

Melatonin, a  hormone synthesized and secreted 
by  the  pineal gland, is  a  well-known antioxidant.10,11 
Extensive evidence suggests that melatonin has profound 
cardioprotective effects.12,13 For example, Hu et al. dem-
onstrated that melatonin alleviated post-infarction cardiac 
remodeling and dysfunction by inhibiting Mst1.14 Zhou 
et al. demonstrated that melatonin protected against I/R 
in myocardial infarction by suppressing platelet activation 
and function.15 However, whether melatonin could protect 
against cardiac remodeling after myocardial injury via 
a Sirt6-dependent antioxidant pathway, remains unknown.

Objectives

The aim of the study was to explore the protective effects 
and the potential mechanisms of melatonin on MI-induced 
injury in rats.

Materials and methods

The animals

All the experiments were performed with the approval 
of  the Ethics Committee at Shandong University Qilu 

Hospital (approval No. KYLL-KS-2021180). Three-month-
old male Wistar rats weighing 250–270 g were purchased 
from Charles River Laboratories (Beijing, China). The rats 
were randomly divided into 4 groups: placebo-control (PC), 
melatonin-control (MC), placebo-MI (PM), and melatonin-
MI (MM). Each group included 10 rats. In the PM and MM 
groups, the rat MI model was established through left coro-
nary artery ligation surgery. In addition, the PC group was 
regarded as a negative control group, and it was designed 
to show whether the model was established successfully 
and to eliminate the influence of the operation.

Rat MI model

The rats were placed in an induction chamber and 4% 
isoflurane was delivered until they reached a deep plane 
of anesthesia. After the intubation was finished, the chest 
was opened at the left 4th intercostal space. The pericardial 
tissue was removed and the left anterior descending artery 
was visualized under a light microscope (model YAN-6A; 
Yuyan Instruments Co., Ltd., Shanghai, China) and ligated 
by a 6-0 silk suture (Yuyan Instruments), 1 mm below 
the tip of the left atrial appendage. The PC and MC groups 
underwent surgery without the left anterior descending 
artery ligation. After ligation, the left artery presented 
a pale appearance. Echocardiography was used to confirm 
the successful ligation, which would appear as ST segment 
and Q wave changes.

Melatonin treatment

For 7 days following the surgical procedures, melato-
nin (Sigma-Aldrich, St. Louis, USA) dissolved in dimethyl 
sulfoxide was administered to the MC and MM groups 
by daily intraperitoneal injection, at a dose of 10 mg/kg 
body weight. In the placebo groups, an equivalent volume 
of dimethyl sulfoxide (DMSO) was injected.

Hemodynamic measurement and 
determination of infarct size

A microtip catheter transducer (Millar Instruments, 
Houston, USA) was inserted into the right carotid artery 
and advanced into the left ventricle to measure the follow-
ing parameters: the left ventricular end-diastolic diameter 
(LVEDd), left ventricular end-systolic diameter (LVESd), 
left ventricular ejection fraction (LVEF) and fractional 
shortening (FS). For the hemodynamic analysis, LV maxi-
mum first derivative of developed pressure (max dP/dt), 
and LV minimum first derivative of developed pressure 
(min dP/dt) were analyzed. Four weeks after the treatment, 
the animals were anesthetized again for hemodynamic 
measurement as described in another study.16 

Infarct size was determined with Masson’s trichrome 
staining as described in an earlier publication.17 After the an-
imals were sacrificed, the LV myocardium was dissected, 
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fixed in 4% paraformaldehyde, embedded in paraffin, and 
then cut into 7-μm sections. The sections were stained with 
Accustian Trichrome Stain (Masson) kit (Sigma-Aldrich). 
Infarct size was determined using the Microsoft Image 
Composite Editor v. 14.4 (Microsoft Corp., Redmond, USA).

Measurement of Sirt6 in mRNA  
and protein levels

The  primary rat cardiomyocytes were isolated and 
cultured from the animals in the 4 groups as described 
in  a  previous study.2 When the  cells were prepared, 
the  expression of  Sirt6 in  cardiomyocytes was mea-
sured using western blot and quantitative real-time 
polymerase chain reaction (qRT-PCR). The  anti-Sirt6 
(Cell Signaling Technology, Danvers, USA) and tubulin 
(T5168; Sigma-Aldrich) were used. The following prim-
ers were used: Sirt6: forward 5′-TCTTCCAGTGTGGT-
GTTCCA, reverse 5′-CCTCCATGGTCCAGACTCC; 
β-actin: forward 5′- CCAACCGCGAGAAGATGA, reverse 
5′- CCAGAGGCGTACAGGGATAG.

Analysis of oxidative stress (ROS and SOD) 

Intracellular reactive oxygen species (ROS) produc-
tion in  cardiomyocytes was evaluated with a  f luoro-
metric assay using 2’,7’-dichlorofluorescein diacetate 
(DCFH-DA; Molecular Probes, Eugene, USA), according 
to the manufacturer’s protocols. The cells were incubated 
with DCFH-DA for 1 h, after which the fluorescence in-
tensity was measured at 488 nm and 525 nm emission 
wavelengths. Lysate and cardiomyocytes from fresh rat 
hearts were collected before total superoxide dismutase 
(SOD) activity was determined, using a commercial SOD 
Kit (Beyotime Biotech Inc., Jiangsu, China). The 50% in-
hibition activity of SOD (IC50) values was determined 
under an optic density (OD) of 560 nm, using a Model 
550 Microplate Reader (Bio-Rad Laboratories Inc., Her-
cules, USA).

Nitric oxide measurement

The level of nitric oxide (NO) in MI cardiac tissue was 
detected using a diagnostic assay kit (Nanjing Jiancheng 
Bioengineering Research Institute, Nanjing, China) as de-
scribed in a previous study.18

Measurement of iNOS and eNOS 
with western blot

Total proteins were extracted from LV tissues. Protein 
concentrations were detected using a Pierce BCA Assay Kit 
(Thermo Fisher Scientific Inc., Waltham, USA). Then, 
samples containing 20 μg protein were resolved with elec-
trophoresis on 10% polyacrylamide gels and transferred 
to polyvinylidene fluoride (PVDF) membranes. Rabbit 

anti-endothelial nitric oxide synthase (eNOS), anti-induc-
ible nitric oxide synthase (iNOS), polyclonal antibodies, 
rabbit anti-P1177 eNOS, and rabbit anti-GAPDH monoclo-
nal antibody (all from Abcam, Cambridge, USA) were used 
to detect the levels of iNOS, eNOS and phosphorylated 
eNOS (p-eNOS) in this assay.

Statistical analyses

Data were shown as median and interquartile range 
(IQR) due to  a  small sample size. Statistically signifi-
cant differences among the groups were analyzed using 
the Kruskal–Wallis test. Pairwise multiple comparisons 
post hoc tests were carried out using Dunn’s test with 
a  Bonferroni correction. Two-tailed, unpaired Mann–
Whitney tests were used to analyze the comparisons be-
tween 2 groups. The value of p < 0.05 was taken to indicate 
statistical significance.

Results

Melatonin decreased the myocardial 
infarct size in the rat MI model

As shown in Fig. 1A, in which the  fibrotic scar ap-
pears blue and the viable myocardium is red, melatonin 
did not affect the cardiac structure in the MC group, 
while in the MM group, melatonin treatment decreased 
the myocardial infarct size (U = 0; p < 0.0001). The quan-
titative analysis confirmed this finding (Fig. 1B).

Melatonin improved 
hemodynamic parameters

Hemodynamic analyses were performed in all 4 groups. 
In the MM group, LVEDd, LVESd and min dP/dt decreased, 
while LVEF, LVFS and max dP/dt increased, but there was 
no significant difference after Dunn’s Bonferroni adjust-
ment (Table 1). No differences in these parameters were 
observed in the MC group, as shown in Fig. 2.

Melatonin increased Sirt6 expression both 
in mRNA and protein levels

After treatment with melatonin, the expressions of Sirt6 
both in mRNA (p < 0.0001 after adjustment) and pro-
tein levels (p < 0.0001 after adjustment) were increased 
in the MM group compared to the PM group, as shown 
in Fig. 3 (Table 1).

Melatonin ameliorated MI-induced 
oxidative stress

Because of the fact that increased oxidative stress de-
teriorated cardiac remodeling, 2 oxidative stress-related 



Y. Wang et al. Melatonin protected against MI injury in rats280

molecules were detected. The results indicated that when 
treated with melatonin, the ROS level from primary car-
diomyocytes was lowered in the MM group compared 
to the PM group, yet it was nonsignificant after Dunn’s 
Bonferroni adjustment (p = 0.3343; Table 1). There was 

no significant difference among the PC and MC groups, 
as  shown in  Fig. 4A. The  SOD activity was enhanced 
in  the  MM group compared to  the  PM group, but it 
was nonsignificant after Dunn’s Bonferroni adjustment 
(p = 0.3336; Table 1), as shown in Fig. 4B.

Table 1. The comparisons between multiple groups after Kruskal–Wallis test and the comparisons between the melatonin-treated myocardial infarction 
group (MM) and the placebo-treated myocardial infarction group (PM) after Bonferroni adjustment

Outcomes Kruskal–Wallis χ2 test df p-value among groups Comparisons Bonferroni-adjusted p-value

LVEDd [%] 35.08 3 <0.0001 MM vs. PM 0.3339

LVEF [%] 32.95 3 <0.0001 MM vs. PM 0.3345

Max dP/dt [mm Hg/s] 32.93 3 <0.0001 MM vs. PM 0.3347

LVESd [%] 33.02 3 <0.0001 MM vs. PM 0.3345

LVFS [%] 34.23 3 <0.0001 MM vs. PM 0.3341

Min dP/dt [mm Hg/s] 32.98 3 <0.0001 MM vs. PM 0.3347

Sirt6 mRNA expression 32.94 3 <0.0001 MM vs. PM <0.0001

Sirt6 protein expression 30.29 3 <0.0001 MM vs. PM <0.0001

ROS (fold) 33.01 3 <0.0001 MM vs. PM 0.3343

SOD (fold) 33.01 3 <0.0001 MM vs. PM 0.3336

NO relative level 32.99 3 <0.0001 MM vs. PM 0.3346

eNOS protein/actin 32.97 3 <0.0001 MM vs. PM <0.0001

p-eNOS protein/actin 33.17 3 <0.0001 MM vs. PM 0.3343

iNOS protein/actin 21.98 3 <0.0001 MM vs. PM 0.0008

p-iNOS protein/actin 24.24 3 <0.0001 MM vs. PM 0.0136

LVEDd – left ventricular end-diastolic diameter; LVEF – left ventricle ejection fraction; max dP/dt – maximum first derivative of developed pressure; 
LVESd – left ventricular end-systolic diameter; LVFS – left ventricular fractional shortening; Min dP/dt – minimum first derivative of developed pressure; 
ROS – reactive oxygen species; SOD – superoxide dismutase; NO – nitric oxide; eNOS – endothelial nitric oxide synthase; p-eNOS – phosphorylated eNOS; 
iNOS – inducible nitric oxide synthase; p-iNOS – phosphorylated iNOS; df – degrees of freedom.

Fig. 1. Melatonin decreased myocardial 
infarct size in the MM. A,B. Masson’s 
trichrome staining. The fibrotic scar 
is blue and the viable myocardium 
is red; C. The statistical analysis of infarct 
size 

MC – the melatonin-treated sham-
operated group; MM – the melatonin-
treated MI group; *** p < 0.001.
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Melatonin increased eNOS and NO 
production and inhibited iNOS production

In order to demonstrate whether the important role 
of melatonin as an antioxidant was involved in NO sig-
naling, we performed assays to measure the production 
of NO-related molecules. The results showed that the lev-
els of NO (p = 0.3346 after adjustment when compared to 
the PM group), eNOS (p < 0.0001 after adjustment) and 
p-eNOS (p = 0.3343 after adjustment when compared to 
the PM group) were increased in the MM group, but not 

in the PC and MC group, as shown in Fig. 5. This indicated 
that melatonin might promote cardioprotection by activat-
ing the eNOS/NO signaling pathway. At the same time, 
we found that the levels of iNOS (p = 0.0008 after adjust-
ment when compared to the PM group) and phosphory-
lated iNOS (p-iNOS) (p = 0.0136 after adjustment when 
compared to the PM group) were significantly decreased 
when treated with melatonin in the hearts of the MM rats 
but not in the PC and MC groups, as shown in Fig. 5C. This 
indicated that melatonin might promote cardioprotection 
by inhibiting iNOS (Table 1).

Fig. 3. Melatonin increased Sirt6 expression both in mRNA and protein level. A. The mRNA level in cardiomyocytes in different groups; B. The protein level 
in cardiomyocytes in different groups

PS – placebo-treated sham-operated group; MS – melatonin-treated sham-operated group; PM – placebo-treated myocardial infarction group; 
MM – melatonin-treated myocardial infarction group. PM compared to MM: * p < 0.05; ** p < 0.01; ***p < 0.001.

Fig. 2. Melatonin improved hemodynamic parameters. (A) LVEDd, (D) LVESd and (F) min dP/dt decreased significantly, while (B) LVEF, (E) LVFS and (C) max 
dP/dt increased significantly in myocardial infarction (MI) rats after treatment with melatonin. However, data became nonsignificant after adjustment

LVEDd – the lleft ventricular end-diastolic diameter; LVESd – left ventricular end-systolic diameter; LVEF – left ventricle ejection fraction; LVFS – left 
ventricular fractional shortening; PS – placebo-treated sham-operated group; MS – melatonin-treated sham-operated group; PM – placebo-treated 
myocardial infarction  group; MM – melatonin-treated myocardial infarction  group. 
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Discussion

Melatonin can counteract many pathological conditions, 
such as cardiovascular disorders, carcinogenesis, neuro-
logical diseases, and aging.19 Recently, its cardioprotective 
function has gained a great deal of attention.20–23 More 
and more evidence suggests that the  cardioprotective 

functions of melatonin are due to its direct free radical 
scavenger properties, antioxidant activities and anti-in-
flammatory effects. In this study, we confirmed the car-
dioprotective role of melatonin in an animal model of MI, 
and for the first time we found that melatonin improved 
cardiac remodeling through a Sirt6-dependent antioxidant 
pathway.

Fig. 5. Melatonin activated the endothelial nitric oxide synthase (eNOS)/nitric oxide (NO) signaling pathway and inhibited the inducible nitric oxide 
synthase (iNOS) signaling pathway. A. Western blot of iNOS/phosphorylated iNOS (p-iNOS)/eNOS/phosphorylated eNOS (p-eNOS) in the 4 groups; 
B. Relative NO levels compared in the 4 groups; C. The analysis of the proteins in the 4 groups

PS – placebo-treated sham-operated group; MS – melatonin-treated sham-operated group; PM – placebo-treated myocardial infarction (MI) group; 
MM – melatonin-treated MI group. PM compared to MM: * p < 0.05; ** p < 0.01; *** p < 0.001.

Fig. 4. Melatonin ameliorates myocardial infarction (MI)-induced oxidative stress. A. The determination of reactive oxygen species (ROS) in the 4 groups; 
B. The determination of superoxide dismutase (SOD) in the 4 groups. Data became non-significant after the adjustment

PS – placebo-treated sham-operated group; MS – melatonin-treated sham-operated group; PM – placebo-treated myocardial infarction (MI) group; 
MM – melatonin-treated MI group.
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Pharmacological data have clearly demonstrated the pow-
erful antioxidant properties of melatonin.24–26 For example, 
melatonin can protect the brain as a potent antioxidant, 
anti-inflammatory and antiapoptotic agent.27 Melatonin has 
been shown to prevent granulosa cells from oxidative damage 
by targeting JNK-mediated autophagy, which may hold prom-
ise for patients with ovulation failure-related disorders.28

In order to investigate the cardioprotective role of mela-
tonin on MI, we established a MI rat model by ligating 
the left anterior descending coronary artery and verifying 
ST elevation using eletrocardiography (ECG). Four weeks 
after the treatment with melatonin, infarct size and he-
modynamic parameters were measured. Infarct size was 
reduced significantly after the treatment with melatonin, 
which indicated that melatonin could protect the infarcted 
myocardium. Similarly, the results of hemodynamic studies 
indicated that post-MI cardiac remodeling had improved 
significantly following the treatment with melatonin.

Accumulated evidence indicates that oxidative stress 
is  responsible for the  progression of  cardiac remodel-
ing.29,30 In order to investigate whether the cardioprotec-
tive effect of melatonin functions through its antioxidant 
role, ROS and SOD levels were measured as the indica-
tors of oxidative stress. Excessive ROS accumulation leads 
to cellular oxidative stress and elicits an increased pro-
inflammatory response, which is associated with cardiac 
remodeling.7,31 Not surprisingly, after the treatment with 
melatonin, we found that ROS activity reduced signifi-
cantly and SOD level increased significantly in the MM 
group. The evidence suggested that melatonin could pre-
vent cardiac remodeling by decreasing oxidative stress.

The NO is a widely known ventricular dilator produced 
from L-arginine by a family of NOS, including eNOS and 
iNOS.32 It has been shown that NO plays a role in reducing 
oxidative stress33 and in blocking the progression of MI.34 
In our study, the expressions of NO, iNOS, eNOS, and 
their corresponding phosphorylations were determined. 
The results indicated that the expressions of NO and eNOS 
were upregulated and the expression of iNOS was lowered 
in the MM group compared to the PM group. This evi-
dence suggests that melatonin might suppress the pro-
cesses of oxidative stress by activating the eNOS/NO sig-
naling pathway and inhibiting iNOS signaling pathway.

Interestingly, we found that the expressions of Sirt6, both 
in mRNA and protein levels, were significantly increased 
in the MM group compared to the PM group. This indi-
cates that Sirt6 might be the target through which melato-
nin improves oxidative stress by activating the eNOS/NO 
signaling pathway in the heart.

In spite of the fact that a dose of 10 mg/kg of melatonin 
administered via intraperitoneal injection works cardio-
protectively in the MM group, there is still no evidence 
to demonstrate whether this dose works for humans. Ac-
tually, it was reported that a total dose of 50 mg has been 
used during a major vascular surgery.35 Regretfully, those 
researchers concluded that intracoronary and intravenous 

administration of melatonin did not improve the myocar-
dial salvage index in patients with ST-elevation myocar-
dial infarction (STEMI) undergoing primary percutaneous 
coronary intervention. Hopefully, if the dose of melatonin 
was increased to 10 mg/kg, it would demonstrate some 
beneficial effects for the heart, considering its obvious 
Sirt6-dependent antioxidative ability in I/R. However, this 
speculation still needs to be verified.

Limitations

Firstly, this study proved the effect of melatonin on mouse 
MI model, but there is still no evidence to demonstrate 
whether this works for humans. Secondly, the study had 
no designed not designed dose gradient, so the optimal 
dose of melatonin for MI could not be obtained. Thirdly, 
we only analyzed the changes of Sirt6 expression and did 
not verify whether the knockout of Sirt6 would eliminate 
the cardioprotective effect of melatonin.

Conclusions

The current study demonstrated for the first time that 
intraperitoneal injection of  melatonin could improve 
the cardiac function via a Sirt6-dependent antioxidant 
pathway in MI rats.
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Abstract
Background. In the literature, it has been suggested that ketamine-related oxidative organ damage results 
from increased blood adrenaline level, and thiopental-related oxidative damage is caused by decreased 
adrenaline level, suggesting that ketamine-thiopental combination (KT) may be beneficial in reducing 
the hepatotoxic effect of ketamine.

Objectives. To biochemically investigate the effects of ketamine, thiopental and KT on the liver in rats.

Materials and methods. Male albino Wistar type rats received intraperitoneally (ip.) 30 mg/kg ketamine 
in the ketamine alone (KG) group (n = 6), 15 mg/kg thiopental in the thiopental alone (TG) group (n = 6), 
and 30 mg/kg ketamine + 15 mg/kg thiopental in the ketamine+thiopental (KTG) group (n = 6). The same 
volume of distilled water as solvent was given to the healthy (HG) animal group. This procedure was repeated 
once daily for 30 days. At the end of this period, the animals were killed by decapitation and their livers were 
removed. In liver tissue, malondialdehyde (MDA), total glutathione (tGSH), total oxidant status (TOS), total 
antioxidant status (TAS), tumor necrosis factor alpha (TNF-α), interleukin 1 beta (IL-1β), and interleukin-6 (IL-6) 
levels were measured. The IL-1β, IL-6, TNF-α, adrenalin (ADR), noradrenalin (NDR), alanine aminotransferase 
(ALT), and aspartate aminotransferase (AST) levels were determined in blood samples taken from the tail veins.

Results. In the group treated with ketamine and thiopental alone, MDA, TOS, IL-1β, IL-6, TNF-α, ADR, NDR, 
ALT, and AST levels were found to be high, and those of tGSH and TAS to be low. However, there was no 
significant change in the levels of these parameters in the  KTG.

Conclusions. These results indicate that oxidative stress and inflammation developed in the liver tissue 
of the group that used ketamine and thiopental alone, suggesting that the KT form may be safer in terms 
of toxicity in the clinical usage.

Key words: hepatotoxicity, ketamine, thiopental, rat
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Background

Ketamine is a dissociative anesthetic agent that has strong 
analgesic and mild hypnotic properties, and causes a rapid 
effect.1 The efficacy of various routes of administration such 
as intravenous, intramuscular, oral, intranasal, rectal, and 
transdermal has been proven.2 The high-dose intravenous 
form of ketamine is used clinically in short-term surgical 
procedures, and the low dose is used to create an analgesic 
effect.3,4 It has been shown that ketamine at sub-anesthetic 
doses has rapid, strong antidepressant effects in patients 
with resistant depression.5 Although there is not enough 
information on the  long-term use of  ketamine, its use 
in the treatment of chronic diseases is increasing.6 In fact, 
it is known that ketamine infusions are used in the treat-
ment of chronic pain.7 In the literature, it has been reported 
that hepatotoxicity seen in patients treated with ketamine 
infusion causes the termination of ketamine treatment.6 
Additionally, repeated doses of ketamine over a long or short 
period increase the risk of developing liver damage.8 Hep-
atotoxicity has been reported in the majority of people 
using ketamine for a recreational purpose.9 The mecha-
nism of liver damage caused by ketamine has not yet been 
fully elucidated. However, it has been suggested that one 
of the ketamine damage mechanisms is the blockade of N-
methyl-D-aspartate (NMDA) receptors.10 However, the for-
mation of reactive oxygen species (ROS) and increased lipid 
peroxidation (LPO) have been implicated in the pathogen-
esis of ketamine hepatotoxicity.9 Previous studies have also 
reported that pro-inflammatory cytokines such as ROS, 
interleukin 1 beta (IL-1β), interleukin-6 (IL-6), and tumor 
necrosis factor alpha (TNF-α) play a role in the pathogenesis 
of ketamine-related cell damage.11 In the study by Aksoy 
et al., it has been reported that ketamine increased the pro-
duction of catecholamines such as endogenous adrenaline 
(ADR), noradrenaline (NDR) and dopamine in animals.12 
Another study established that oxidative damage has devel-
oped in the brain, heart and bronchial tissues of ketamine 
group rats with high blood adrenaline levels.13

Thiopental is a barbiturate-derivative anesthetic drug.14 
In a study in rats, oxidative damage occurred in the brain, 
heart and bronchial tissues of the thiopental group, whose 
blood adrenaline level was low.13 It has been reported that 
thiopental, unlike ketamine, suppresses TNF-α production 
through inhibition of nuclear factor kappa-B (NF-κB).15 
This information indicates that keeping blood catechol-
amine levels within physiological limits may be ben-
eficial in reducing oxidative stress. It also suggests that 
ketamine+thiopental combination (KT) will not have 
a toxic effect on the liver.

Objectives

The aim of the study was to biochemically investigate 
the effect of ketamine, thiopental and KT on rat livers.

Materials and methods

Animals

In total, 24 male albino Wistar rats weighing 255–268 g 
were used in the experiment. The animals were housed 
and fed under appropriate conditions in a suitable labora-
tory environment at normal room temperature (22°C). 
The study was approved by the Local Animal Experimen-
tation Ethics Committee (date: 21.05.2021, meeting No. 
E-77040475-641.04-2100132117).

Chemicals

Ketamine used in the experiment was obtained from 
Pfizer Ltd. Sti. (Istanbul, Turkey), and thiopental sodium 
from I.E Ulagay (Istanbul, Turkey).

Animal groups

The animals used in the experiment were divided into 
4 groups: ketamine alone group (KG), thiopental alone 
group (TG), ketamine+thiopental group (KTG), and healthy 
control (HG) group.

Experimental procedure

In this study, 30 mg/kg ketamine was administered in-
traperitoneally (ip.) to the KG (n = 6), 10 mg/kg thiopental 
to the TG (n = 6) and 30 mg/kg ketamine + 15 mg/kg thio-
pental to the KTG (n = 6). The same volume of distilled 
water as solvent was given to the HG. This procedure was 
repeated once daily for 30 days. On the 31st day, blood 
samples were taken from the tail veins of the animals, and 
immediately afterwards all of the rats were euthanized 
using an overdose of a general anesthetic (thiopental so-
dium, 50 mg/kg), their livers were removed. The IL-1β, 
IL-6, TNF-α, adrenaline (ADR), noradrenaline (NDR), 
alanine aminotransferase (ALT), and aspartate amino-
transferase (AST) levels were measured in the samples. 
Malondialdehyde (MDA), total glutathione (tGSH), total 
oxidant status (TOS), total antioxidant status (TAS), tumor 
necrosis factor alpha (TNF-α), IL-1β, and IL-6 levels were 
measured in a part of the liver tissue.

Biochemical analysis

Protein analysis in tissue

Protein measurement in  tissue was performed ac-
cording to the Bradford method.16 The principle of this 
method is based on measuring the absorbance at 595 nm 
of the colored complex, formed as a result of the interac-
tion of the Coomassie Brilliant Blue G-250 dye (C.I. 42655, 
Sigma-Aldrich, St. Louis, USA) with the acidic and basic 
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groups of the proteins. All measurements made in tissue 
were standardized by dividing to protein.

MDA and tGSH analyses in tissues

The MDA measurements were based on the method 
used by Ohkawa et al., which includes the spectrophoto-
metric measurement of the absorbance of the pink-colored 
complex formed by thiobarbituric acid (TBA) and malo-
ndialdehyde (MDA; µmol/g protein).17 Total glutathione 
(tGSH; nmol/g protein) measurement was made according 
to the method described by Sedlak and Lindsay.18

Measurements of TOS and TAS

The total oxidant status (TOS; µmol H2O2 equivalent/mg 
protein) and total antioxidant status (TAS; mmol Trolox 
equivalent/mg protein) levels of tissue homogenates were 
determined using a novel automated measurement method 
and commercially available kits (Rel Assay Diagnostics, 
Gaziantep, Turkey), both developed by Erel.19,20

TNF-α, IL-1β and IL-6 analyses  
in serum and tissues

Samples kept at −80°C on the working day were removed 
from the deep freezer and thawed at 4°C. Then, 0.1 g of each 
tissue was taken and 2 mL of phosphate buffer was added, 
and homogenate was obtained with the help of homosenier. 
Next, the samples were centrifuged 20 min at 10,000 × g 
and the supernatants were carefully collected. The levels 
of TNF-α (ng/mg protein), IL-1β (ng/mg protein) and IL-6 
(ng/mg protein) were measured using an enzyme-linked im-
munosorbent assay (ELISA) kit supplied by Eastbiopharm 
Co. Ltd. (Hangzhou, China).

Analysis of serum ALT and AST

Venous blood samples were collected into tubes without 
an anticoagulant. After clotting, the serum was separated with 
centrifugation and stored at −80°C until assay. Using a Cobas 
8000 autoanalyzer (Roche Diagnostics GmbH, Mannheim, 
Germany) with commercially available kits (Roche Diagnos-
tics), serum AST [U/L] and ALT [U/L] activities were mea-
sured spectrophotometrically for the liver function tests.

Measurement of ADR and NDR levels

Blood samples were collected from the hearts of rats 
in 2 mL of ethylenediamine tetraacetic acid (EDTA) vac-
uum tubes to determine the adrenaline and noradrenaline 
levels. Within 15 min of venesection, the EDTA samples 
for the adrenaline and noradrenaline measurements were 
placed on ice and centrifuged at 3500 × g for 5 min. After 
centrifugation, the plasma adrenaline and noradrenaline 
concentrations were measured with an isocratic system 

using a high-performance liquid chromatography (HPLC) 
pump (Hewlett Packard Agilent 1100; Hewlett Packard 
Enterprise, Spring, USA; flow rate: 1 mL/min; injection 
volume: 40 μL; analytical run time: 20 min) and an ele-
ctrochemical detector. We used a reagent kit for HPLC 
analysis of the catecholamines in the plasma serum (Ch-
romsystems, Munich, Germany).

Statistical analyses

For statistical analyses, IBM SPSS v. 22 (IBM Corp., Ar-
monk, USA) was used. Biochemical findings were presented 
with boxplot and p-values for all comparisons were reported 
in the Table 1. Normality assumption of biochemical vari-
ables was checked using Shapiro–Wilk test, and homoge-
neity of variances assumption was evaluated with Levene’s 
test. The differences between groups were obtained using 
one-way analysis of variance (ANOVA) for normally distrib-
uted variables. The Tukey’s honestly significant difference 
(HSD) test or Games–Howell test was used as post hoc 
test, according to homogeneity of variances assumption be-
ing met or not. Kruskal–Wallis test was used to determine 
the differences for TAS, OSI, TNF-α, and IL-1β. Post hoc 
Dunn’s test was applied after Kruskal–Wallis test. The value 
of p < 0.05 was considered statistically significant.

Results

Biochemical findings

Tissue MDA and tGSH analysis

As shown in Fig. 1, the amount of MDA in the liver tissue 
of animals treated with ketamine and thiopental alone was 
higher than in the HG and KTG (p < 0.001). The amount 
of MDA in the liver tissue of the KTG animals was close 
to that in the HG (p > 0.05). In addition, ketamine and 
thiopental caused a decrease in tGSH in the liver tissue 
of the animals. While the amount of tGSH in the KG and TG 
was lower than the healthy and KTG (p < 0.001), the amount 
of tGSH in the HG and KTG was almost the same (p > 0.05). 
All p-values for post hoc comparisons are reported in Table 1.

Tissue TOS, TAS and OSI analysis

As presented in Fig. 2, while TOS level was higher 
in liver tissue of animals from the KTG compared to HG 
and KTG (p < 0.001), TAS level was lower (p < 0.001). 
Statistical analysis showed that the difference between 
TOS and TAS levels in the liver tissue of the HG and KTG 
was insignificant (p > 0.05). In addition, the Oxidative 
Stress Index (OSI) value in the KG and TG was higher 
than that of the HG and KTG (p < 0.001). The OSI values   
between the HG and KTG were close to each other and 
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Fig. 1. Malondialdehyde (MDA) and total 
glutathione (tGSH) levels in the liver tissue 
of the study groups

HG – healthy group; KG – ketamine group; 
TG – thiopental group; KTG – ketamine+thio-
pental group; horizontal line – median; bottom 
line of the box – 1st quartile (Q1, 25th); topline 
of the box – 3rd quartile (Q3, 75th); whiskers 
– minimum and maximum observation 
(excluding outlier).

Fig. 2. Total oxidant status (TOS) and total antioxidant status (TAS) levels and the Oxidative Stress Index (OSI) values in the liver tissue of the study groups

HG – healthy group; KG – ketamine group; TG – thiopental group; KTG – ketamine+thiopental group; horizontal line – median; bottom line 
of the box – 1st quartile (Q1, 25th); topline of the box – 3rd quartile (Q3, 75th); whiskers – minimum and maximum observation (excluding outlier).

Table 1. Analysis of variance (ANOVA) test results and post hoc p-values for group comparisons

Biochemical 
parameters

ANOVA or KW results Post hoc test p-values

(3;20) 
or -W p-value HG vs KG HG vs TG HG vs KTG KG vs TG KG vs

KTG
TG vs
KTG

MDA* 89.1 0.0001 0.0001 0.0001 0.0296 0.0001 0.0001 0.0001

tGSH** 62.2 0.0001 0.0001 0.0001 0.0639 0.0001 0.0001 0.0001

TOS* 97.4 0.0001 0.0001 0.0001 0.0516 0.0001 0.0001 0.0001

TAS+ 0.576 0.0001 0.0001 0.0059 0.2880 0.1416 0.0019 0.0936

OSI+ 1.360 0.0001 0.0001 0.0039 0.1890 0.1401 0.0021 0.0190

TNF-α+ 9.980 0.0001 0.0001 0.0099 0.4620 0.1420 0.0009 0.0459

IL-1β+ 9.867 0.0001 0.0001 0.0110 0.5141 0.1422 0.0011 0.0403

IL-6+ 0.400 0.0001 0.0001 0.0072 0.3270 0.1421 0.0099 0.0461

ALT** 43.6 0.0001 0.0001 0.0001 0.2104 0.1643 0.0001 0.0001

AST** 87.4 0.0001 0.0001 0.0001 0.2165 0.0040 0.0001 0.0001

ADR** 7379.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

NDR** 7893.9 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

MDA – malondialdehyde; tGSH – total glutathione; TOS – total oxidant status; TAS – total antioxidant status; TNF-α – tumor necrosis factor alpha; 
IL-1β – interleukin 1 beta; ALT – alanine aminotransferase; AST – aspartate aminotransferase; ADR – adrenaline; NDR – noradrenaline; KW – Kruskal–Wallis 
test; OSI – oxidative stress index; HG – healthy group; KG – ketamine group; TG – thiopental group; KTG – ketamine+thiopental group. *Games–Howell test 
was performed as the post hoc test after ANOVA (F(3;20)); **Tukey HSD test was performed as the post hoc test after ANOVA (F(3;20)); + Kruskal–Wallis test 
was used and Dunn’s test was performed as post hoc test.
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were statistically insignificant (p > 0.05). All p-values for 
post hoc comparisons are reported in Table 1.

Serum and tissue TNF-α, IL-1β and IL-6 analysis

As presented in Fig. 3, TNF-α, IL-1β and IL-6 levels 
in the liver tissue of the KG and TG were higher than those 
of the HG and KTG (p < 0.001). There was no significant 
difference between TNF-α, IL-1β and IL-6 levels in the HG 
and KTG (p > 0.05). In addition, TNF-α, IL-1β and IL-6 
levels in the blood serum of the KG and TG were higher 
than in the HG and KTG (p < 0.001). The TNF-α, IL-1β and 
IL-6 levels in the KTG were found to be similar to those 
obtained in the HG (p > 0.05) (Fig. 5). All p-values for post 
hoc comparisons are reported in Table 1.

Serum ALT and AST analysis

Serum ALT and AST activities in the KG and TG were 
higher than those of the HG and KTG (p < 0.001). However, 
the difference between ALT and AST activities in the HG 
and KTG was found to be insignificant (p > 0.05; Fig. 4). All 
p-values for post hoc comparisons are reported in Table 1.

Blood serum ADR and NDR analysis

As can be seen in Table 2, ADR and NDR levels in the KG 
were significantly higher compared to the HG and KTG 
(p < 0.001), while they were decreased in TG (p < 0.001). 
In addition, ADR and NDR levels in the KTG were closely 
related to the HG (p > 0.05).

Discussion

In this study, oxidant, antioxidant and pro-inflammatory 
parameters and ADR and NDR levels were investigated 
in rats treated with ketamine, thiopental and KT. From 
our biochemical test results, it  can be concluded that 
oxidative and inflammatory damage in the  liver tissue 
of rats treated with repeated subanesthetic doses of ket-
amine alone. In addition, the systemic oxidative stress 
and inflammation was observed. In the literature sup-
porting our biochemical findings, the role of oxidant and 
pro-inflammatory cytokines such as ROS, IL-1β, IL-6, and 
TNF-α in the pathogenesis of ketamine-related cell damage 
has been shown.11

Fig. 4. Alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) activity 
in blood of the study groups

HG – healthy group; KG – ketamine group; TG 
– thiopental group; KTG – ketamine+ 
thiopental group; horizontal line – median; 
bottom line of the box – 1st quartile (Q1, 25th); 
topline of the box – 3rd quartile (Q3, 75th); 
whiskers – minimum and maximum 
observation (excluding outlier).

Fig. 3. Tumor necrosis factor alpha (TNF-α), interleukin 1 beta (IL-1β) and interleukin-6 (IL-6) levels in the liver tissue of the study groups

HG – healthy group; KG – ketamine group; TG – thiopental group; KTG – ketamine+thiopental group; horizontal line – median; bottom line of the box – 1st 
quartile (Q1, 25th); topline of the box – 3rd quartile (Q3, 75th); whiskers – minimum and maximum observation (excluding outlier).
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In a previous study, excessive ROS formation and increased 
lipid peroxidation (LPO) were perceived as the cause of ket-
amine hepatotoxicity.9 In our study, the amount of MDA 
in the blood serum and liver tissue of animals treated with 
ketamine alone was found to be higher than in the HG and 
KTG. These findings indicate that ROS and LPO increased 
in the ketamine group. MDA is widely used oxidant pa-
rameter in oxidative stress-induced LPO. The MDA re-
acts with nucleic acids and proteins, allowing the damage 
caused by LPO to continue exacerbated.22 In the studies 
of Ahiskalioglu et al., it was reported that the subanes-
thetic dose of ketamine increased the amount of MDA 
in the brain, heart and bronchi. However, it was empha-
sized that the amount of MDA in the ketamine+thiopental 
group was close to that in the control group.13

In recent studies, it has been reported that an increase 
in  ROS-related MDA is  accompanied by  a  decrease 
in GSH stores.23 Glutathione is an endogenous antioxi-
dant with a low molecular weight, composed of c-L-glu-
tamyl-L-cysteinyl-glycine. The sulfhydryl group (–SH) 
of cysteine   is involved in reduction and conjugation re-
actions, which are generally considered to be the most 
important functions of  GSH.24 Glutathione protects 
cells from ROS damage by reacting with or detoxifying 

hydrogen peroxide (H2O2) and organic peroxides.25 It was 
determined that the amount of tGSH decreased in ani-
mal organs given ketamine alone.13 In our study, TOS 
and TAS levels were determined to evaluate oxidative 
stress in liver tissue in more detail. Total oxidant status 
and total antioxidant status reflect the total effects of all 
oxidants and antioxidants in tissues.19,20 The fact that 
MDA and TOS levels are higher in the KG compared 
to the HG and KTG, and that tGSH and TAS levels are 
lower compared to KG, indicate that oxidative stress has 
developed in the liver tissue.

In the previous research, it has been reported that ROS 
increase pro-inflammatory cytokine production.26 As can 
be seen from our experimental results, the production 
of pro-inflammatory cytokines such as TNF-α, IL-1β and 
IL-6 increased in the KG with high oxidant parameters 
and low antioxidants. These cytokines are shown as the re-
sponse of the immune system in acute and chronic liver 
damage.27 As is known, if the overproduction of cytokines 
is not controlled, it  can cause serious consequences.28 
Previous studies have also reported that pro-inflamma-
tory cytokines such as IL-1β, IL-6 and TNF-α play a role 
in  the pathogenesis of ketamine-related cell damage.11 
In a mouse model of fulminant hepatitis, TNF-α produced 
by inflammatory cells caused fatal necroinflammatory 
liver damage.29 There was no information in the literature 
on the effects of ketamine on hepatic cytokines. However, 
it has been reported that ketamine increases the expres-
sion of IL-1β and IL-6 in rat spleen.30 In another study, 
it was emphasized that ketamine induced the production 
of ROS, IL-1β, IL-6, and TNF-α in bladder cells.11 In addi-
tion, it has been assumed that the toxic effects of ketamine 
on the central nervous system are related to inflammatory 
cytokines (such as IL-1β and IL-6).31

Serum ALT and AST activities were found to be high 
in animals administered with ketamine, whose blood se-
rum and liver tissue oxidant as well as pro-inflammatory 
cytokine levels were high. These aminotransferases are 
accepted in literature as sensitive indicators of liver cell 
damage.32 It has been reported that elevated hepatic oxi-
dant and pro-inflammatory cytokine levels are accom-
panied by  increased blood serum ALT and AST activ-
ity.33 Intravenous ketamine infusion with 16-day intervals 
in the clinics caused an increase in serum ALT and AST 
activity in patients.8

Table 2. The effect of ketamine, thiopental and ketamine+thiopental combination on adrenaline and noradrenaline levels in rats

Groups ADR p-value NDR p-value

HG 1435.3 0.001 813.8 0.0001

KG 2388.2 0.001 1364 0.0001

TG 779 0.001 291 0.0001

KTG 1513 0.001 710.6 0.0001

HG – healthy group; KG – ketamine group; TG – thiopental group; KTG – ketamine+thiopental group; ADR – adrenaline; NDR – noradrenaline. The analysis 
of variance (ANOVA) test was used. A value of p < 0.05 was considered statistically significant.

Fig. 5. Tumor necrosis factor alpha (TNF-α), interleukin 1 beta (IL-1β) and 
interleukin-6 (IL-6) levels in the blood serum of the study groups

HG – healthy group; KG – ketamine group; TG – thiopental group; 
KTG – ketamine+thiopental group; horizontal line – median; bottom line 
of the box – 1st quartile (Q1, 25th); topline of the box – 3rd quartile (Q3, 75th); 
whiskers – minimum and maximum observation (excluding outlier).
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In our study, MDA, TOS, OSI, IL-1β, IL-6, TNF-α, ALT, 
and AST levels were higher in the TG, and their tGSH and 
TAS levels were lower than those of the HG and KTG. There 
are studies supporting that thiopental alone increases oxi-
dant levels and decreases antioxidant levels in organ tis-
sues.13 It has been reported in the literature that human 
lymphocytes treated with thiopental exhibit excessive ROS 
production.34 In another study, it was reported that thiopen-
tal did not change MDA and antioxidant levels in the plate-
lets of patients.35 There are data in the literature showing 
that thiopental suppresses TNF-α production by inhibiting 
NF-κB, which does not overlap with our biochemical test re-
sults.15 However, the information stating that ROS increase 
pro-inflammatory cytokine production supports our bio-
chemical findings.26 In addition, repeated doses of thiopen-
tal have been shown to increase the levels of liver enzymes.36

In our study, the use of ketamine and thiopental alone 
led to an increase in oxidant and pro-inflammatory cy-
tokines in the liver tissue. However, the use of KT did not 
change the  MDA, tGSH, TOS, TAS, IL-6, TNF-α, and 
IL-1β levels in the liver tissue. The reason for this can be 
shown as an increase in catecholamine level of ketamine 
and a decrease in thiopental. In previous studies, it was ob-
served that oxidative stress increased in the brain, heart and 
bronchi, in the ketamine group with high blood ADR levels 
and in the thiopental group with low blood ADR levels. 
In addition, the damage to these organ tissues of animals 
administered KT was minimal or nonexistent.13 In addi-
tion, histopathological damage was observed at a minimum 
level in the KTG animals whose MDA and tGSH levels were 
similar to those in the HG. As can be understood from our 
experimental results, pro-inflammatory cytokine levels 
in the KTG animals whose oxidant and antioxidant levels 
were close to the HG were similar to those in the HG. Re-
cently, it has been suggested that thiopental reduces the level 
of  ADR and subsequently induces hyperalgesia in  rats. 
It is assumed that ketamine increases the level of ADR, and 
that – in the case of suppression of ADR – adrenaline has 
an important role in controlling the duration of anesthe-
sia. Reducing the amount of endogenous ADR has resulted 
in prolonged anesthesia time of ketamine.37

Limitations

In further studies, the mechanism of action of ketamine, 
thiopental and KT on the liver should be clarifed – it was 
not investigated in the present paper. Moreover, effects 
of long-term use of ketamine in other organs should be 
elucidated.

Conclusions

The use of ketamine and thiopental alone caused oxi-
dative and pro-inflammatory changes in the liver. How-
ever, when these drugs were used as KT, no changes were 

observed in oxidative stress and inflammation markers. 
These results indicate that the KT form may be useful 
in reducing the risk of toxicity of ketamine and thiopental 
on the liver in clinical setting. In order to clarify the mecha-
nisms of action of ketamine, thiopental and KT on the liver, 
it is necessary to measure blood serum catecholamine lev-
els. Further studies on the subject are needed in the future.
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Abstract
Background. Aberrant DNA methylation is an important mechanism by which the normal patterns of mi-
croRNA expression are disrupted in human cancers including B-cell precursor acute lymphoblastic leukemia 
(BCP ALL), the most common pediatric malignancy.

Objectives. To characterize the methylation profile landscape of microRNA genes in BCP ALL patients.

Materials and methods. We employed Infinium® MethylationEPIC BeadChip Arrays to measure the meth-
ylation of microRNA genes from bone marrow samples of children with BCP ALL (n = 38) and controls 
without neoplasms (n = 4).

Results. This analysis revealed differential methylation of the microRNA genes in the pediatric BCP ALL 
when compared to the control. A subcluster amongst BCP ALL patients with TCF3-PBX1 genetic subtype 
was also observed. No other differences were observed in association with age, gender or risk group. Several 
interesting leukemia-related phenotypes are enriched by the genes with hyper- and hypomethylated sites 
located in promoters as well as gene bodies. The top 3 miRNA genes, promoters of which were the most 
statistically significantly hypermethylated in BCP ALL were MIR1273G, MIR1304 and MIR663, and the top 
3 hypomethylated were MIR4442, MIR155 and MIR3909.

Conclusions. In this study, a different microRNA genes methylation landscape was shown in pediatric 
BCP ALL compared to children without neoplasms. A visible subcluster among BCP ALL samples consisted 
of individuals with TCF3-PBX1 genetic subtype. No other differences were observed in association with age, 
gender or risk group. Several interesting leukemia-connected phenotypes were found, associated with genes 
with hyper- and hypomethylated sites located on promoters as well as gene bodies.

Key words: children, microRNA, methylation, BCP ALL
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Background

B-cell precursor acute lymphoblastic leukemia (BCP 
ALL) is the most common malignancy in children.1 Un-
derstanding the molecular and genetic pathways that affect 
the development and clinical course of BCP ALL is a key 
to improving the treatment outcomes and is, therefore, 
an important focus of current research into BCP ALL.

Normal hematopoietic cell development is highly con-
trolled epigenetic regulation of genes via DNA methylation, 
the chemical modification of histones, and the expression 
of noncoding RNAs. Each of these epigenetic factors can 
become dysregulated during leukemic transformation. 
The DNA methylation is by far the most well-characterized 
epigenetic modification and is involved in the regulation 
of gene expression, the maintenance of genome stabil-
ity, and cellular differentiation.2 The methylation of cy-
tosine residues in CpG dinucleotides plays a pivotal role 
in the establishment of cellular identity by influencing 
gene expression.3

MicroRNAs (miRNAs) are short, noncoding RNA mol-
ecules that regulate gene expression by forming complexes 
with their mRNA counterparts in order to cause transla-
tional repression, either by mRNA degradation or cleavage 
by deadenylation.4,5 Furthermore, miRNAs are key regula-
tors of hematopoiesis and are also involved in leukemogen-
esis.6,7 To date, at least 32 dysregulated miRNAs are known 
to be associated with ALL prognosis.8 Interestingly, aberrant 
DNA methylation seems to be a major mechanism by which 
the normal patterns of miRNA expression are disrupted 
in human cancers,9 including ALL.10 Many tumor suppressor 
miRNAs appear to be downregulated by DNA hypermeth-
ylation, and various oncogenic miRNAs (onco-miRNAs) are 
known to be upregulated via DNA hypomethylation.9

We have previously shown significant differences in ge-
nomic methylation profiles in the bone marrow of BCP 
ALL and healthy control patients.11 Nevertheless, not 
enough attention was given to the methylation of miRNA 
genes, which is an important factor affecting oncogenic 
processes.

Objectives

In  this study, we  attempted to  perform the  analysis 
of methylation profiles of miRNA genes in BCP ALL pa-
tients in order to enhance the results of the previous analy-
sis and to shed some light on a potential role of epigenetic 
regulation of miRNA expression in pediatric leukemia. 
We have used genome-wide methylation data obtained 
in our previous work11 and performed an in-depth analy-
sis of the methylation differences in functional elements 
of miRNA genes in healthy and leukemic bone marrow 
samples.

Materials and methods

Patients and samples

The approval of the ethics committee for this study was 
obtained from the Institutional Review Board of the Medi-
cal University of Lodz, Poland (approval No. RNN/226/11/
KE). Informed consent was obtained from the parents/
legal guardians of all participating children. Forty-two 
samples of bone marrow were obtained in 2015–2016 from 
38 patients (male/female 21/17; median age 5.0 years, age 
range 1.5–17.0 years) with pediatric BCP ALL at the time 
of diagnosis. The control samples of bone marrow were 
collected from children in whom other types of cancer 
and other genetic diseases had been previously excluded. 
The patients were stratified into prognostic groups ac-
cording to the ALL IC-BFM 2009 protocol.12 This strati-
fication is based on the initial clinical features including 
patient age, white blood cells count at time of diagnosis, 
presence of  specific genetic aberrations, the  response 
to steroids at day 8 of therapy, the cytomorphological re-
sponse in bone marrow at day 15 and 33, and the mini-
mal residual disease level at day 15. Finally, 5 patients 
were included into the high-risk group. Various genetic 
aberrations associated with ALL were detected among 
most of  the  patients. Most frequently, hyperdiploidy 
(>50 chromosomes) (13 patients) and t(12;21) with fusion 
ETV6-RUNX1 (7 patients) were revealed. Subsequently, 
t(1;19) with fusion TCF3-PBX1 (3 patients), hyper/hypo-
triploidy (3 patients) and IGH rearrangement (3 patients) 
were detected. Seven patients had other genetic aberra-
tions, which were different than those mentioned above. 
In 2 cases, the normal karyotype was confirmed.

Samples and DNA methylation profiling

The DNA samples were analyzed with the Infinium® 
MethylationEPIC BeadChip approach (Illumina, San Diego, 
USA), according to the manufacturer’s protocol. It allowed 
for the analysis of 850,000 methylation sites per sample. 
These sites include those within known CpG islands and 
outside CpG islands, as well as non-CpG methylated sites 
identified in human stem cells and differentially methyl-
ated (DM) sites identified in tumors compared to normal 
samples and across several tissue types. The assay also 
includes probes for 7084 CpG sites associated with miRNA 
genes, out of which 4188 probes were retained for further 
analysis following quality filtering and extensive annota-
tion analysis. These probes are associated with 1008 dif-
ferent miRNA genes, covering 52.5% of the current version 
of miRBase (v. 22).13
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Data quality control and statistical analysis

Our previous study describes the steps taken for data 
quality control and the  identification of  DM sites.11 
In brief, after initial normalization and removal of batch 
effects, the ratio of methylated (C) to unmethylated (T) 
DNA (also called the methylation beta-value (β)) was cal-
culated for each CpG site. A β-value of 0 represents a com-
pletely unmethylated CpG site and a β-value of 1 rep-
resents a  fully methylated CpG site. The  differential 
methylation for individual probes between groups was 
calculated using the Chip Analysis Methylation Pipeline 
(ChAMP). The champ.DMP() function of ChAMP pack-
age pipeline14 was applied. It uses the limma package15 
to calculate the p-value by a  linear model. The DMP-
determined t-test p-values were corrected for multiple 
testing using the Benjamini–Hochberg procedure.16 Ad-
justed p-values (adjPs) <0.05 were considered statistically 
significant.

The differential methylation analysis was performed 
with several discrete goals: 1) the identification of general 
differences between all BCP ALL patients and controls, 
and 2) the identification of DM sites between standard/
intermediate and high-risk group of  patients. Addi-
tional comparisons have been made within BCP ALL 
patients group to detect sites associated with confound-
ing factors, such as age (≤6 years compared to >6 years) 
or gender (males compared to females). The differential 
methylation analysis was also performed between pa-
tients with different chromosomal aberrations charac-
teristic of leukemia (ETV6-RUNX1 (n = 7), TCF3-PBX1 
(n = 3), IGH (n = 3), hyperdiploidy (n = 13), and triploidy 
(n = 3)), using pairwise comparisons between specific 
cytogenetic subtype and all other leukemia patients with 
known cytogenetic status (n = 8). Cytogenetic diagnosis 
was performed as previously described.11

Functional gene annotation and target 
genes prediction

The miRNA genes associated with specific DM sites 
were analyzed in terms of their disease phenotypes an-
notated in  the available databases. The phenotype en-
richment analysis was performed using the WEB-based 
GEne SeT AnaLysis (WebGestalt) toolkit (www.webgestalt.
org),17 exploiting information from the Human Pheno-
type Ontology (www.hpo.jax.org)18 and PharmGKB (www.
pharmgkb.org)19 databases. The WebGestalt analysis was 
performed using all annotated human genes (genome 
option), and it was limited to identifying enriched phe-
notypes with the Fisher’s exact test false discovery rate 
(FDR)-adjP <0.01 and with at least 4 genes within pheno-
type categories. The prediction of miRNA target genes 
was done with the use of miRDB tool. Only genes with 
a prediction score ≥95 (implying the highest confidence 
of gene as a target) were analyzed.20

Results

Differences in miRNA genes  
methylation profiles between  
BCP ALL and control samples

General assay performance was evaluated based on con-
trol probes. The performance was satisfactory across all 
studied samples, with all samples passing filtering criteria 
implemented in the BeadArray Controls Reporter (Illu-
mina) software. After initial filtering, β-values for 800,619 
probes were retained and normalized. Subsequently, batch 
effects were identified and removed by evaluation of com-
ponents of variation and by the singular value decompo-
sition (SWD) method.21 Among all the analyzed probes, 
4188 probes associated with 1008 different miRNA genes 
were identified and analyzed (data available on reasonable 
request).

Comparison of methylation levels between BCP ALL 
and control samples resulted in the detection of 578 DM 
probes. Out of 578 probes, 377 were annotated to promot-
ers of 242 different miRNA genes. Promoter sites were de-
fined as: TSS200 (0–200 nt upstream of transcription start 
site (TSS)) and TSS1500 (200–1500 nt upstream of TSS). 
The remaining 201 DM sites were annotated as located 
within the gene bodies of 74 different miRNAs.

The  principal component analysis based on  all DM 
probes reveals visible differences in  the miRNA genes 
methylation profiles between BCP ALL and control 
samples, with greater variation observed among leuke-
mic samples (Fig. 1). Unsupervised hierarchical clustering 
(based on Euclidean distance and the DM probes β-values) 
showed the clear separation of the leukemic and non-leu-
kemic methylation profiles into 2 distinct clusters (Fig. 2). 
A visible subcluster among BCP ALL samples was created 
by 3 cases of TCF3-PBX1 genetic subtype (Fig. 2), suggest-
ing that it possesses a distinct miRNA genes methylation 
profile. No clustering of samples with age, gender or risk 

Fig. 1. Principal component analysis using methylation β-values 
of differentially methylated and miRNA genes-associated probes

BCP ALL – B-cell precursor acute lymphoblastic leukemia; CTR – controls.
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Fig. 2. Hierarchical clustering of the studied B-cell precursor acute lymphoblastic leukemia (BCP ALL) and control samples methylation profiles based on all 
differentially methylated miRNA genes-associated sites. Only a random subset of probes is shown on the heatmap. The colored bars in upper section 
classify samples according to disease state, gender, age, risk group, and genetic subtype

CTR – controls.
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group was observed, suggesting a lower influence 
of these factors on global miRNA gene methyla-
tion profiles.

The  initial analysis of  differential methyla-
tion of CpG sites between BCP ALL and control 
samples showed a similar pattern of methylation 
differences for sites located in promoters and gene 
bodies of miRNA genes (Fig. 3,4). However, tak-
ing into account that the methylation in these 
regions can have the opposite effect on transcrip-
tion process, DM CpGs were analyzed separately, 
depending on their location within the functional 
element of a given gene.

Fig. 3. Boxplot of differentially methylated probes methylation β-values (methylation levels) and delta-beta (Δβ) values with respect to study group and 
probes location in promoter and gene body

BCP ALL – B-cell precursor acute lymphoblastic leukemia; CTR – controls; Δβ – difference in methylation level between groups.

Fig. 4. Volcano plot for sites differentially methylated between 
B-cell precursor acute lymphoblastic leukemia (BCP ALL) and 
control samples, with respect to their location in the promoter 
and gene body of miRNA genes
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Differential methylation of miRNA gene 
promoters in BCP ALL

Changes in  methylation profile of  miRNA gene pro-
moters in leukemia were studied based on 377 DM (t-test 
FDR < 0.05) CpG loci between BCP ALL and ccontrols, lo-
cated within TSS200 and TSS1500 of 242 different miRNA 
genes (data available on reasonable request). These sites 
were rarely associated with known CpG islands (17.8% 
of all) or shores (23.3%), and about half of them (54.9%) 
were hypermethylated in the BCP ALL group. When com-
paring the distribution of hyper- and hypomethylated sites 
across the genome, we found that hypermethylated sites are 
more commonly situated in CpG islands than hypomethyl-
ated (29.5% compared to 3.5%), whereas hypomethylated 
sites were more common in “open sea” (64.7% compared 
to 53.8%). The lowest average methylation level was ob-
served for CpGs located within known CpG islands in both 
the control (17.7%) and BCP ALL samples (43.2%) (Table 1).

A high level of  methylation was observed for CpGs 
located in sites distant from a CpG island (“open sea”; 
65.8% in control samples) and was the highest for sites 
that were hypermethylated in BCP ALL (82.9%) (Table 2). 

The average absolute Δβ (average difference in methylation 
level) was similar for hyper- (0.197) and hypomethylated 
(0.213) sites.

The DM sites located in promoters were associated with 
242 different miRNA genes. The phenotype enrichment 
analysis showed that the genes were enriched in several 
cancer-related disease phenotypes, including hematologic 
neoplasms, carcinoma, B-cell lymphoma, or leukemia it-
self (Table 3). Moreover, several interesting leukemia-con-
nected phenotypes were found, when genes associated with 
hyper- and hypomethylated sites were analyzed separately 
(data available on reasonable request).

The top 3 miRNA genes whose promoters were the most 
statistically significantly hypermethylated in BCP ALL 
were MIR1273G, MIR1304 and MIR663, and the top 3 hy-
pomethylated were: MIR4442, MIR155 and MIR3909. 
The analysis of the most probable target genes (top score 
from miRDB software) for the miRNAs being a product 
of those genes allowed for the detection of 44 different cod-
ing genes, among which we found e.g., pre-B-cell leukemia 
transcription factor 2 (PBX2) and metastasis associated 
1 family member 2 (MTA2) genes (Table 4).

Differential methylation of miRNA gene 
bodies in BCP ALL

In total, 201 DM sites located in the gene bodies of 74 dif-
ferent miRNA genes between BCP ALL and control samples 
were detected (data available on reasonable request). As ex-
pected, the DM sites were mainly located outside known 
CpG islands (80.1%). No sites that were hypomethylated and 
located within known CpG islands were detected in BCP 
ALL. Most of the gene body-associated sites were char-
acterized by a high level of methylation in both groups 
(45–85% on average in control samples). Only sites posi-
tioned within CpG islands were characterized by lower 
methylation level (15.1% in controls (CTR)) (Table 5).

Sites were classified according to their location in open 
sea, shore, shelf, and island of  known CpG islands. 
The number and percentage of probes in each location 
is given. Additionally, the average methylation in both 
study groups and the difference in methylation level be-
tween them is provided.

Out of the gene body-associated sites DM between BCP 
ALL and control groups, 102 (50.7%) were hypermethyl-
ated in BCP ALL. The average difference in methylation 
level (average absolute Δβ) between BCP ALL and control 
samples was higher for hypo- (0.27) than hypermethylated 
(0.14) sites. The hypermethylated sites were associated 
with 51 different miRNA genes, out of which 3 most sig-
nificantly DM were MIR1273H, MIR5096 and MIR5095. 
The sites hypomethylated in BCP ALL were connected 
with bodies of 45 different miRNA genes. Among the top 
3 genes with hypomethylated bodies, we found MIR548Q, 
MIR3163 and MIR181A1HG (the host gene). The analysis 
of the top 3 hyper- and hypomethylated miRNAs target 

Table 1. Characteristics of DM miRNA genes promoter-associated sites 
in B-cell precursor acute lymphoblastic leukemia (BCP ALL), with respect 
to their location in promoter regions TSS1500 and TSS20

Feature location TSS1500 TSS200 Promoter

Whole panel

Number 1934 824 2758

% 70.1 29.9 100.0

All promoter-associated sites

Number 254 123 377

% of DM 67.4 32.6 100.0

Avg. met. in BCP ALL 0.538 0.520 0.532

Avg. met. in CTR 0.548 0.462 0.520

Hypermethylated in BCP ALL

Number 134 73 207

% of DM 35.5 19.4 54.9

Avg. met. in BCP ALL 0.673 0.629 0.657

Avg. met. in CTR 0.496 0.393 0.460

Avg. met. difference (Δβ) 0.177 0.235 0.197

Hypomethylated in BPC ALL

Number 120 50 170

% of DM 31.8 13.3 45.1

Avg. met. in BCP ALL 0.387 0.362 0.380

Avg. met. in CTR 0.605 0.563 0.593

Avg. met. difference (Δβ) 0.218 0.201 0.213

Sites were classified according to their location in TSS1500, TSS200 and 
jointly (promoter). The number and percentage of probes in each location 
is given. Additionally, the average methylation (avg. met.) in both study 
groups and difference in methylation level between them is provided. 
DM – differentially methylated; CTR – controls.
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genes showed 483 potential targets (data available on rea-
sonable request), among which we found few having an-
notation to leukemia phenotype in PharmGKB database 
(e.g. TRIM72, SPI1, MARVELD3, TOPORS, SSBP2, GAB2). 

Altogether, the miRNA genes with DM sites in gene body 
significantly enriched 6 disease phenotypes, including 
hematologic neoplasms, lymphoma, carcinoma, or viral 
infections (Table 6).

Table 3. Selected disease phenotypes enriched by miRNA genes with promoter CpGs differentially methylated between B-cell precursor acute 
lymphoblastic leukemia (BCP ALL) and control samples

Disease FDR* miRNA gene

Hematologic neoplasms 7.51E-74

MIR194-2, MIR708, MIR518F, MIR431, MIR574, MIR873, MIR379, MIR485, MIR516B2, MIR589, MIR760, MIR495, 
MIR516B1, MIR520C, MIR518D, MIR625, MIR367, MIR889, MIR432, MIR548A1, MIR627, MIR548C, MIR885, MIR519D, 
MIR339, MIR409, MIR517C, MIR579, MIR636, MIR512-2, MIR135A2, MIR520A, MIR654, MIR330, MIR7-3, MIR525, 
MIR496, MIR876, MIR30B, MIR153-2, MIR124-1, MIR487A, MIR526A2, MIR561, MIR203, MIR186, MIR665, MIR653, 
MIR101-2, MIR570, MIR34B, MIR154, MIR527, MIR618, MIR518A1, MIR874

Neoplasms 4.34E-23
MIR429, MIR708, MIR146B, MIR25, MIR574, MIR155HG, MIR375, MIR192, MIR625, MIR7-1, MIR199B, MIR143, MIR9-1, 
MIR27A, MIR125B1, MIRLET7A1, MIR155, MIR215, MIR206, MIR9-3, MIR10A, MIR196B, MIR196A1, MIR200B, MIR145, 
MIR124-1, MIR138-1, MIR30A, MIR181A1, MIR494, MIR148A, MIR122, MIR203, MIR128-2, MIR137, MIR34B, MIR423

Carcinoma, small cell 3.13E-14
MIR708, MIR146B, MIR25, MIR574, MIR330, MIR124-3, MIR30B, MIR375, MIR196A1, MIR200B, MIR145, MIR124-1, 
MIR138-1, MIR30A, MIR101-2, MIR124-2, MIR34B, MIR423

Cancer or viral infections 1.05E-11
MIR429, MIRLET7A1, MIR155, MIR146B, MIR206, MIR215, MIR155HG, MIR10A, MIR196B, MIR375, MIR196A1, MIR200B, 
MIR145, MIR192, MIR124-1, MIR199B, MIR143, MIR30A, MIR148A, MIR122, MIR203, MIR9-1, MIR27A, MIR34B, 
MIR125B1, MIR423

Lymphoma, large-cell, diffuse 4.02E-07 MIR4505, MIR155, MIR4422, MIR4531, MIR155HG, MIR4485, MIR4439, MIR4442, MIR4517, MIR4462, MIR125B1

Carcinoma 3.85E-05 MIRLET7A1, MIR155, MIR146B, MIR143, MIR138-1, MIR30A, MIR122, MIR203, MIR375, MIR200B, MIR145, MIR124-1

Precursor cell lymphoblastic 
leukemia-lymphoma

0.0002 MIR1973, MIR196B, MIR1976, MIR128-2, MIR5197, MIR125B1

Leukemia 0.0041 MIR155, MIR181A1, MIR142, MIR10A, MIR196B, MIR128-2, MIR125B1, MIR150

Lymphoma, B-cell 0.0087 MIR196B, MIR155, MIR125B1, MIR155HG, MIR127

* Fisher’s exact test false discovery rate (FDR), as implemented in WebGestalt software.

Table 2. Characteristics of differentially methylated miRNA genes promoter-associated sites in B-cell precursor acute lymphoblastic leukemia (BCP ALL), 
with respect to the location in known CpG islands

Feature CGI context Open sea Shore Island Shelf All

Whole panel

Number 1692 483 414 169 2758

% 61.3 17.5 15.0 6.1 100.0

All DM promoter-associated sites

Number 203 88 67 19 377

% of DM 53.8 23.3 17.8 5.0 100.0

Avg. met. in BCP ALL 0.593 0.482 0.432 0.466 0.532

Avg. met. in CTR 0.658 0.451 0.177 0.568 0.520

Hypermethylated in BCP ALL

Number 93 48 61 5 207

% of DM 24.7 12.7 16.2 1.3 54.9

Avg. met. in BCP ALL 0.829 0.580 0.448 0.751 0.657

Avg. met. in CTR 0.701 0.336 0.161 0.637 0.460

Avg. met. difference (Δβ) 0.128 0.244 0.287 0.114 0.197

Hypomethylated in BPC ALL

Number 110 40 6 14 170

% of DM 29.2 10.6 1.6 3.7 45.1

Avg. met. in BCP ALL 0.393 0.365 0.269 0.363 0.380

Avg. met. in CTR 0.614 0.589 0.339 0.543 0.593

Avg. met. difference (Δβ) 0.221 0.224 0.070 0.180 0.213

Avg. met. – average methylation; DM – differentially methylated; CTR – controls; CGI – Common Gateway Interface.
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Table 4. Top score target genes for miRNA whose genes are most statistically significantly hyper- and hypomethylated in B-cell precursor acute 
lymphoblastic leukemia (BCP ALL)

miRNA Target rank Target score Gene symbol Gene description

Hypermethylated

MIR1273g

1 97 SLC2A1 solute carrier family 2 (facilitated glucose transporter), member 1

2 96 CDH8 cadherin 8, type 2

3 96 NLK nemo-like kinase

4 95 TAF5
TAF5 RNA polymerase II, TATA box binding protein (TBP)-associated factor, 

100kDa

5 95 SLC30A5 solute carrier family 30 (zinc transporter), member 5

MIR1304

1 98 FBXO45 F-box protein 45

2 98 AKR1B1 aldo-keto reductase family 1, member B1 (aldose reductase)

3 97 PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2

4 97 CAPRIN2 caprin family member 2

5 96 ACBD3 acyl-CoA binding domain containing 3

6 96 PRR9 proline rich 9

7 96 USP47 ubiquitin-specific peptidase 47

8 96 B4GALT6 UDP-Gal:betaGlcNAc beta 1,4-galactosyltransferase, polypeptide 6

9 95 MKX mohawk homeobox

10 95 KIAA1324 KIAA1324

11 95 FAM122B family with sequence similarity 122B

MIR663

1 100 ABO
ABO blood group (transferase A, alpha 1-3-N-acetylgalactosaminyltransferase; 

transferase B, alpha 1-3-galactosyltransferase)

2 99 ESPN Espin

3 98 YIF1B Yip1 interacting factor homolog B (Saccharomyces cerevisiae)

4 98 NFIX nuclear factor I/X (CCAAT-binding transcription factor)

5 97 DPP9 dipeptidyl-peptidase 9

6 96 SPTBN4 spectrin, beta, non-erythrocytic 4

7 95 GRIN2D glutamate receptor, ionotropic, N-methyl D-aspartate 2D

Hypomethylated

MIR4442
1 100 MTA2 metastasis associated 1 family, member 2

2 95 PSME4 proteasome (prosome, macropain) activator subunit 4

MIR155

1 98 WEE1 WEE1 G2 checkpoint kinase

2 98 IRF2BP2 interferon regulatory factor 2, binding protein 2

3 98 HIVEP2 human immunodeficiency virus type I enhancer binding protein 2

4 98 JARID2 jumonji, AT rich interactive domain 2

5 98 ZNF652 zinc finger protein 652

6 98 BACH1 BTB and CNC homology 1, basic leucine zipper transcription factor 1

7 97 TP53INP1 tumor protein p53 inducible nuclear protein 1

8 97 TM9SF3 transmembrane 9 superfamily member 3

9 96 FAR1 fatty acyl CoA reductase 1

10 96 GABRA1 gamma-aminobutyric acid (GABA) A receptor, alpha 1

11 96 JADE1 jade family PHD finger 1

12 96 RCN2 reticulocalbin 2, EF-hand calcium-binding domain

13 95 SOCS5 suppressor of cytokine signaling 5

14 95 ZIC3 Zic family member 3

MIR3909

1 98 PBX2 pre-B-cell leukemia homeobox 2

2 97 ARIH1 ariadne RBR E3 ubiquitin protein ligase 1

3 97 SLITRK4 SLIT and NTRK-like family, member 4

4 95 SH3D19 SH3 domain containing 19

5 95 CASKIN2 CASK interacting protein 2
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miRNA genes differentially methylated 
in specific leukemia genetic subtypes

To detect miRNA genes potentially associated with sep-
arate leukemia genetic subtypes (ETV6-RUNX1, TCF3-
PBX1, IGH, hyperdiploidy, triploidy), patients with a spe-
cific subtype were compared against all the other patients 
with known cytogenetic status. This analysis allowed us 
to detect 21 DM sites in patients with ETV6-RUNX1, cor-
responding to promoters and gene bodies of 12 different 
miRNA genes (Table 7). Only 7 of these sites were located 
in promoters and were mainly (71.4%) hypomethylated with 
an average absolute Δβ of 0.27. Nearly 66.7% of DM sites 
in ETV6-RUNX1 cases were located in gene bodies and were 
predominantly associated with hypomethylation (64.2% 

of sites). For TCF3-PBX1 subtype, we found 56 DM sites 
associated with 37 miRNA genes (Table 7). Most of the sites 
were located in promoters (n = 38, 67.8%). Moreover, most 
of them (89.5% of sites) were hypomethylated in TCF3-PBX1 
cases. The DM sites (between TCF3-PBX1 cases and other 
leukemia subtypes) located in gene bodies (n = 18) also 
showed high ∆β values (around 0.39) and were predomi-
nately (61.1%) hypomethylated. In patients with IGH rear-
rangements, only 3 probes (2 in promoters and 1 in gene 
body) associated with 3 different miRNA genes were hy-
pomethylated with a low average Δβ of 0.18.

The occurrence of hyperploidy in BCP ALL patients was 
associated with differential methylation of 34 sites (25 dif-
ferent miRNA genes), the majority of which (61.7%) was lo-
cated in gene bodies of 14 different genes. The sites located 

Table 6. Disease phenotypes enriched by miRNA genes with differentially methylated sites located in gene bodies in B-cell precursor acute lymphoblastic 
leukemia (BCP ALL) 

Disease FDR* miRNA gene

Hematologic neoplasms 2.10e-11 MIR301B, MIR487A, MIR548A2, MIR518C, MIR187, MIR425, MIR433, MIR589, MIR34B, MIR124-1

Lymphoma, large-cell, diffuse 1.95e-07 MIR548O2, MIR548AC, MIR548AE2, MIR548H5, MIR548AJ2, MIR155HG, MIR548AI

Neoplasms 3.90e-07 MIR17HG, MIR494, MIR155HG, MIR9-3, MIR137, MIR128-2, MIR375, MIR34B, MIR146A, MIR124-1

Carcinoma, small cell 5.58e-05 MIR124-2MIR375, MIR34B, MIR124-1, MIR124-3

Cancer or viral infections 0.0020 MIR17HGMIR375, MIR34B, MIR155HG, MIR124-1, MIR146A

Neoplasm of unspecified nature 
of digestive system

0.0031 MIR375MIR34B, MIR124-1, MIR146A

* Fisher’s exact test false discovery rate (FDR), as implemented in WebGestalt software.

Table 5. Characteristics of differentially methylated miRNA gene bodies-associated sites in B-cell precursor acute lymphoblastic leukemia (BCP ALL) with 
respect to the location in known CpG islands

Feature CGI location Open sea Shore Island Shelf All

Whole panel

Number 1161 101 106 58 1426

% 81.4 7.1 7.4 4.1 100.0

All DM gene body-associated sites

Number 161 18 17 5 201

% of DM 80.1 9.0 8.5 2.5 100.0

Avg. met. in BCP ALL 0.542 0.493 0.343 0.654 0.523

Avg. met. in CTR 0.636 0.479 0.151 0.698 0.583

Hypermethylated in BCP ALL

Number 71 11 17 3 102

% of DM 35.3 5.5 8.5 1.5 50.7

Avg. met. in BCP ALL 0.796 0.664 0.343 0.669 0.703

Avg. met. in CTR 0.670 0.452 0.151 0.595 0.558

Met. difference 0.126 0.212 0.192 0.074 0.145

Hypomethylated in BPC ALL

Number 90 7 0 2 99

% of DM 44.8 3.5 0.0 1.0 49.3

Avg. met. in BCP ALL 0.341 0.224 – 0.633 0.338

Avg. met. in CTR 0.609 0.522 – 0.854 0.608

Met. difference 0.268 0.298 – 0.221 0.270

Avg. met. –  average methylation; DM – differentially methylated; CTR – controls; CGI – Common Gateway Interface.
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in promoters showed slightly higher absolute Δβ (0.27) than 
those located in gene bodies (0.21). Both promoter and gene 
body-associated sites predominantly showed hypermethyl-
ation in patients with hyperploidy, with 71.4% of promoter 
sites hypomethylated and all sites (100%) located in gene 
bodies hypomethylated in hyperploidy cases.

Only a  single probe, associated with the  body 
of MIR548H4 gene, was DM (hypermethylated) in samples 
obtained from patients with triploidy (Table 7).

Discussion

Aberrant expression of some miRNA genes may be a con-
tributing factor in the oncogenesis of many cancers,22,23 in-
cluding acute leukemias.24–27 Epigenetic modifications, such 
as methylation of miRNA genes, regulate the expression 
of genes.28 Therefore, altered miRNA gene methylation may 
be regarded as a causal factor for leukemogenesis and it can 
determine the clinical course of acute leukemia as well.

In  this study, 377  sites located in  the  promoters 
of 242 different miRNA genes were DM in BCP ALL 
compared to control samples. Many of these miRNAs 
participate in  cell cycle and differentiation control 
(Table 4). This research was focused on determining 
the methylation landscape of miRNA genes only; there-
fore, the expression level of  the examined miRNA re-
mains unknown. Despite the lack of evidence from this 
study to  link the particular miRNA methylation level 
with its expression, the results obtained by others may in-
dicate such a relationship.29–34 Stumpel et al.30 identified 
11 miRNAs that were downregulated in t(4;11)-positive 
infant ALL, as a consequence of CpG hypermethylation. 
Seven of those miRNAs were reactivated after the ex-
posure to the demethylating agent, zebularine. In our 
study, 4 out of these 7 genes (MIR200B, MIR429, MIR10A 
and MIR432) were hypermethylated as in the previously 
mentioned study.30 Their impact on the development and 
clinical course of  leukemia may be significant. For ex-
ample, the zinc finger E-box binding homeobox 2 (ZEB2) 
gene is the best-known, validated target gene of the miR-
200b/a-429 cluster.31 Homeobox A3 (HOXA3) gene has 
been described as a potential MIR10A targeted gene.32 
For MIR432, more than 100-fold downregulated expres-
sion was observed in t(4;11)-positive infant ALL, as com-
pared with normal bone marrow.30 The MIR432 is located 
within the large MIR127 cluster which is silenced in vari-
ous malignancies by CpG island hypermethylation and 
aberrant histone modifications.33

Schotte et al.34 showed the reduced methylation level 
at CpG islands in the promoter regions of MIR196B, yet 
it was limited to MLL-rearranged BCP ALL cases. It cor-
responded to an upregulation of MIR196B, suggesting 
an epigenetic origin for its overexpression. This is in line 
with the results of our study, where MIR196B gene is hy-
pomethylated in all BCP ALL cases.

Table 7. The miRNA genes with differentially methylated sites between spe-
cific genetic subtype and all other samples with known cytogenetic status

Promoter Gene body

hypo- hyper- hypo- hyper-

eTV6-RUNX1

MIR320B1 MIR548F3 MIR3163 MIR99AHG

MIR1306 MIR375 MIR548F3 MIR548H2

MIR1205 – MIR4529 –

MIR320B1 – MIR548H2 –

MIR219A2 – MIR548H4 –

– – MIR181A1HG –

TCF3-TBX1

MIR874 MIR3945 MIR548W MIR3134

MIR5685 MIR5191 MIR5694 MIR7853

MIR369 MIR497 MIR1268A MIR5095

MIR1470 MIR1207 MIR548N MIR1273E

MIR410 – MIRLET7BHG MIR5096

MIR140 – MIR5096 MIR548F3

MIR4287 – MIR548D1 –

MIR412 – MIR1273E –

MIR4720 – MIR548H4 –

MIR183 – MIR1237 –

MIR6775 – – –

MIR1272 – – –

MIR496 – – –

MIR5571 – – –

MIR6742 – – –

MIR135A2 – – –

MIR656 – – –

MIR4265 – – –

MIR3660 – – –

IGH

MIR495 – MIR548H4 –

MIR6790 – – –

Hyperploidy

MIR650 MIR8089 MIR99AHG –

MIR7850 MIR6746 MIR1273H –

MIR548I4 MIR922 MIR5009 –

MIR614 – MIR663AHG –

MIR298 – MIR548AU –

MIR3666 – MIR100HG –

MIR299 – MIR548AI –

MIR1297 – MIR548A2 –

MIR3201 – MIR548AY –

– – MIR7853 –

– – MIR548AE2 –

– – MIR548W –

– – MIR548I4 –

– – MIR6130 –

Triploidy

– – – MIR548H4
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The results of other studies27 revealed that the genes of 
at least 5 miRNAs (MIR326, -200c, -125B, -203, and -181A) 
have a significantly different expression in BCP ALL cases 
compared to  healthy controls. According to  our study, 
the gene promoters of 3 out of the abovementioned miRNA 
(MIR125B, -203 and -181A) are DM in BCP ALL patients. 
The  comparison between their methylation status and 
their expression (according to the available references) was 
shown in Table 8. The expression of MIR125B gene, opposite 
to MIR203 and MIR181A, was higher in BCP ALL patients, 
although its promoter was hypermethylated.

Top score target genes for miRNA whose gene promoter 
sites are most statistically significantly hyper- and hypo-
methylated in BCP ALL are listed in Table 4. Some of these 
genes are known to be associated with carcinogenesis. For 
example, MIR1273 expression is increased in the pancreas 
of mouse model of pancreatic cancer.35 The  MIR1304 
is a tumor suppressor and HO-1 is its direct target in non-
small cell lung cancer.36 The downregulation of MIR1304 
is related to early stage breast cancer.37 The overexpression 
of MIR663 significantly suppressed the proliferation and 
invasion of glioblastoma cells in vitro as well as in vivo.38 
The MIR663 may act as an oncogene in nasopharyngeal 
carcinoma.39 Interestingly, in our study on childhood BCP 
ALL, the promoter of MIR663 was hypermethylated in pe-
diatric acute myeloid leukemia (AML), with significantly 
lower expression compared to normal bone marrow.40

The MIR4442 was amidst the genes with the top hypo-
methylated promoters. Although its role in leukemogenesis 
is unclear, its predicted targets include GTPase activating 
Rap/RanGAP domain-like 3 and zinc finger protein 765.41 
The next gene with hypomethylated promoter is MIR155, 
which plays a complex role in AML.42 The levels of MIR155 
significantly influence the set of genes involved in biologic 
processes related to antiapoptotic, proliferative, and inflam-
matory activities.43 The increased expression of MIR155 
causes the downregulation of SPI1 and CEBPB, and conse-
quently may block myeloid differentiation in AML.44 More-
over, the expression of HSA21-encoded MIR155 is altered 
in B cells of Down syndrome individuals and may play 
a role in Down syndrome-associated leukemia.45 There 
is also some evidence linking the significantly upregu-
lated MIR155 expression level to the high levels of mini-
mal residual disease and poor prognosis in ALL patients.46 
According to the results from other study,47 MIR155 was 
upregulated in the HCV-4 associated ALL group. Hence, 

the increased MIR155 level may be related to acute leuke-
mia development. Our results, where MIR155 promoter 
was hypomethylated, are consistent with this observation.

To  sum up, there was a  slight predominance of  dif-
ferentially hypermethylated (207/377) over hypomethyl-
ated (170/377) promoter-associated sites in miRNA genes 
in  BCP ALL patients. However, the  potential impact 
of miRNAs genes methylation level on their expression 
has to be established in future studies.

There were also 201 DM gene body associated sites with 
nearly equal (102:99) distribution between their hyper- and 
hypomethylated status. They corresponded to 74 different 
miRNA genes. The function of gene body methylation is not 
well understood. Typically, DNA promoter methylation is be-
lieved to be a marker of transcriptional repression. However, 
the DNA methylation within the gene body appears to serve 
a different function than DNA methylation within the pro-
moter region. While there is some evidence that intragenic 
DNA methylation is related to transcriptional repression,48 
the bulk of evidence suggests that it is associated with gene 
activation.49 Characteristics of DM in BCP ALL miRNA gene 
bodies-associated sites are presented in Table 6. Interestingly, 
a few of the 483 potential target genes of the most hyper- 
and hypomethylated miRNAs are annotated to leukemia 
phenotype.

Among different genetic subtypes, only 1 subtype (3 pa-
tients) with the translocation t(1;19) generating the TCF3-
PBX1 fusion gene, had a distinct miRNA gene methylation 
profile. For this subtype there were 56 DM sites found, as-
sociated with 37 miRNA genes. Most of the sites were lo-
cated in promoters and were hypomethylated. According 
to the previously published data, several miRNAs are down-
regulated or upregulated in TCF3/PBX1-positive ALL.50–52

Herein, we have shown that the miRNA genes of pe-
diatric BCP ALL patients are DM compared to controls. 
This epigenetic dysregulation seems to play an important 
role in controlling miRNA expression, therefore affecting 
the clinical course of BCP ALL. To date, several miRNAs 
have been observed to have altered expression in patient co-
horts compared to healthy individuals, while several studies 
have identified specific miRNAs that can be used as biomark-
ers to diagnose ALL, classify it into subgroups and predict 
the prognosis.27,53–55 Moreover, hypermethylated genes can 
be targeted by hypomethylating agents, such as cytosine 
analogs, azacitidine or decitabine, which may open up new 
potential treatment options for this type of leukemia.56,57

Table 8. The comparison between the methylation status of selected miRNAs and their expression according to available references

miRNAs Expression Reference β-value 
BCP ALL

β-value  
controls p-value Methylation

MIR125B high Swellam et al.54 0.618 0.109 <0.001 high

MIR203 low Swellam et al.54 0.335 0.066 0.003 high

MIR181A low Nabhan et al.55 0.857 0.777 <0.001 high

The methylation beta-value (β) – the ratio of the methylated (C) to unmethylated (T) signals. The p-value was calculated for the differential methylation 
between BCP ALL and control individuals. BCP ALL – B-cell precursor acute lymphoblastic leukemia.
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Limitations

In this study, we presented a methylation profile of genes 
for miRNAs in the bone marrow of BCP ALL and healthy 
subjects; however, due to major constraints, we were not able 
to determine the expression of DM miRNA genes. Thus, 
we had to  refer to data regarding their expression level 
from other studies. The second limitation is using only one 
method for determining DNA methylation level. Addition-
ally, for some of the analyzed miRNAs (i.e., the ones encoded 
in introns of mRNA genes) we were unable to determine 
if the observed methylation level of DNA is associated with 
the regulation of the miRNA or its host mRNA gene expres-
sion. However, this does not affect the main goal of this study, 
which was to select miRNA genes with the most altered 
methylation as targets for future studies. The last limitation 
is the small control group. This was due to the limited avail-
ability of the bone marrow samples from healthy children. 
The bone marrow aspiration is an invasive procedure, so 
performing it without clear medical indications would be 
highly unethical. Because of that, we were not able to obtain 
bone marrow samples from completely healthy children. 
On the other hand, only individuals with any cancer and 
genetic disease were ruled out, as well as with the normal 
bone marrow smears, were included in the control group.

Conclusions

In this study, a different were genes methylation land-
scape was shown in pediatric BCP ALL compared to chil-
dren without neoplasms. A visible subcluster among BCP 
ALL samples consisted of individuals with TCF3-PBX1 
genetic subtype. No other differences were observed in as-
sociation with age, gender or risk group. Several interesting 
leukemia-connected phenotypes were found to be enriched 
in genes associated with hyper- and hypomethylated sites 
located on promoters as well as gene bodies.
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Abstract
Background. Heterogeneity within the tumor may cause large heterogeneity in quantitative perfusion 
parameters. Three-dimensional contrast-enhanced ultrasound (3D-CEUS) can show the spatial relationship 
of vascular structure after post-acquisition reconstruction and monodisperse bubbles can resonate the ul-
trasound pulse, resulting in the increase in sensitivity of CEUS imaging.

Objectives. To evaluate whether the combination of 3D-CEUS and monodisperse microbubbles could reduce 
the heterogeneity of quantitative CEUS.

Materials and methods. Three in vitro perfusion models with perfusion volume ratio of 1:2:4 were set up. 
Both quantitative 2D-CEUS and 3D-CEUS were used to acquire peak intensity (PI) with 2 kinds of ultrasound 
agents. One was a new kind of monodisperse bubbles produced in this study, named Octafluoropropane-
loaded cerasomal microbubbles (OC-MBs), the other was SonoVue®. The coefficient of variation (CV) was 
calculated to evaluate the cross-sectional variability. Pearson’s correlation analysis was used to assess the cor-
relation between weighted PIs (average of PIs of 3 different planes) and perfusion ratios.

Results. The average CVs of quantitative 3D-CEUS was slightly lower than that of 2D-CEUS (0.41 ±0.17 
compared to 0.55 ±0.26, p = 0.3592). As for quantitative 3D-CEUS, the PI of the OC-MBs has shown better 
stability than that of SonoVue®, but without a significant difference (average CVs: 0.32 ±0.19 compared 
to 0.50 ±0.10, p = 0.0711). In the 2D-CEUS condition, the average CVs of OC-MBs group and SonoVue® 
group were 0.68 ±0.15 and 0.41 ±0.17 (p = 0.2747). As for 3D-CEUS condition, using OC-MBs group and 
SonoVue®, the r-values of the weighted PI and perfusion ratio were 0.8685 and 0.5643, respectively, while 
that of 2D-CEUS condition were 0.7760 and 0.3513, respectively.

Conclusions. Our in vitro experiments showed that OC-MBs have the potential in acquiring more stable 
quantitative CEUS value, as compared to the SonoVue® in 3D-CEUS condition. The combination of 3D-CEUS 
and OC-MBs can reflect perfusion volume more precisely and may be a potential way to reduce quantitative 
heterogeneity.

Key words: ultrasonography, three-dimensional imaging, in vitro technique, contrast agent
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Introduction

Contrast-enhanced ultrasound (CEUS) is a noninvasive 
imaging method, using ultrasound contrast agent (UCA) 
and low mechanical index (MI) ultrasound for dynamic 
blood perfusion observation in the target tissue. It has 
been applied in the detection and differential diagnosis 
of solid tumors, the assessment of nonsurgical treatment 
and the evaluation of left ventricular function. As is com-
monly known, one of the inherent limitations of CEUS 
is its subjectivity. In contrast with traditional CEUS, quan-
titative CEUS with dedicated software can detect lesions 
with abnormal perfusion more sensitively.1 A multitude 
of quantitative parameters can be used as imaging bio-
markers. They can improve the diagnostic efficacy as well 
as the detection rate of atypical lesions.2–4

However, the quantitative CEUS faces 2 major dilemmas. 
First, the widely used quantitative two-dimensional CEUS 
(2D-CEUS) could only obtain a single plane of tumor per-
fusion.5 Due to tumor necrosis, hemorrhage and hypoxia, 
there is a  large heterogeneity within the tumor, which 
leads to the complexity of blood supply of tumor. Quan-
titative 2D-CEUS could not fully demonstrate the spatial 
features of the tumor internal environment,6 which would 
result in greater heterogeneity of quantitative parameters 
in different planes.7 Second, commercially available UCA 
typically consists of a suspension of phospholipid-coated 
microbubbles with radius ranging from 1 μm to 10 μm 
in diameter.8 Upon exposure to ultrasound, the microbub-
bles oscillate and generate harmonic echoes, which make 
the visualization and quantification of organ perfusion 
possible. The strength of harmonic signal is proportional 
to the 6th power of the radius of UCA microbubble,9 which 
means that polydisperse microbubbles can also affect 
the quantitative results in CEUS. The monodisperse mi-
crobubble suspension is narrowband and has acoustically 
uniform response.10 Therefore, by using monodisperse 
bubbles resonating with ultrasound pulse, the sensitiv-
ity of CEUS imaging can be increased by 2 to 3 orders 
of magnitude.11

Herein, we need to reduce the tumor quantitative het-
erogeneity taking into account 2 aspects. First, the three-
dimensional CEUS (3D-CEUS) will be used to reconstruct 
the entire target lesion stereoscopically combining x, y 
and z axes through software and improve the accuracy 
of tumor angiogenesis quantification.12 One of our previ-
ous in vitro studies has found that quantitative 3D-CEUS 
is more representative of the perfusion volume and with 
lower heterogeneity when compared with 2D-CEUS.7 Sec-
ond, a new kind of monodisperse microbubbles (Octaflu-
oropropane-loaded cerasomal microbubbles (OC-MBs))13 
with uniform size and long sonographic duration will be 
used to resonate with ultrasound pulse.

Objectives

In this study, an in vitro model was designed to observe 
whether the combination of 3D-CEUS and monodisperse 
microbubbles can reduce the heterogeneity of quantita-
tive CEUS.

Materials and methods

Materials

Hexadecylamine was obtained from Tokyo Pharmaron In-
dustrial Co. (Tokyo, Japan). Bromohexadecane was obtained 
from Shanghai Aladdin Co. (Shanghai, China). Poly (sodium 
4-styrenesulfonate) (PSS; ~70,000 MW), poly (allylamine 
hydrochloride) (PAH; ~15,000 MW) and methyl thiazolyl 
tetrazolium (MTT) were synthesized by Sigma–Aldrich 
(St. Louis, USA). Sodium carbonate (Na2CO3), calcium ni-
trate tetrahydrate (Ca(NO3)2•4H2O) and disodium ethylene-
diaminetetraacetate dihydrate (EDTA) were obtained from 
Guangzhou Chemical Reagent Factory (Guangzhou, China).

Fetal calf serum, tryptase, Dulbecco’s modified Eagle’s 
medium (DMEM) and Penicillin-Streptomycin were pur-
chased from Thermo Fisher Scientific (Waltham, USA). 
Human umbilical vein endothelial cells (HUVEC) and 
HepG2 cells were purchased from Sun Yat-sen Animal 
Experimental Center (Guangzhou, China).

Synthesis of Si-lipid

The method of N-[N-(3-triethoxysilyl) propylsuccin-
amoyl] dihexadecylamine (Si-lipid) synthesis was reported 
previously.14

Preparation of CaCO3 (PSS-PAH) 
microspheres

The PSS-doped CaCO3 microspheres with uniform diam-
eter were synthesized using colloidal aggregation of Na2CO3 
and Ca(NO3)2.15,16 First, 590  mL of  Ca(NO3)2•4H2O 
(0.025 M) and 400 mg of PSS were combined as an aque-
ous solution, into which 265 mL of Na2CO3 (0.025 M) solu-
tion was rapidly added under magnetic agitation (600 rpm) 
for 15 s. Then, the solution was kept for 10 min at 15°C. 
The PSS-doped CaCO3 microspheres were acquired and 
washed by centrifugation with deionized water (4000 rpm, 
10 min). The adsorption of PAH onto the PSS-doped CaCO3 
microspheres was conducted in a 0.1 M NaCl solution with 
80 mg of PAH. After 15 min, free-PAH was removed and 
the microbubbles were washed twice with deionized water. 
Then, CaCO3 (PSS-PAH) microspheres were obtained.
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Preparation of octafluoropropane(OFP)-
loaded cerasomal microbubbles (OC-MBs) 

The method of synthesis has been previously described.17 Un-
der water bath sonication, 10 mg of Si-lipid dissolved in 200 μL 
of ethanol (pH = 3) was injected into 5 mL of CaCO3(PSS-
PAH) (4 mg/mL) microsphere aqueous solution in a vial. After 
injection, the vial was kept in water bath sonication for 2 min. 
Then, the suspensions were incubated at room temperature 
for 12 h to form a siloxane network on the surface of the mi-
crospheres. The free Si-lipid was removed with centrifuga-
tion. The EDTA 2Na solution (0.2M) was utilized to remove 
the CaCO3 core of the microspheres 3 times. The obtained 
microbubbles were freeze-dried with mannitol (10% w/w). 
Finally, the bottle was filled with OFP to acquire OC-MBs.

Characterization of OC-MBs

The morphology of 2 kinds of microbubbles (OC-MBs 
and SonoVue®) was observed using optical microscopy 
(CKX41; Olympus Corp., Tokyo, Japan). The OC-MBs were 
also observed with field emission scanning electron mi-
croscopy (FE-SEM, Zeiss-Ultra 55; Zeiss Co., Oberkochen, 
Germany). Twenty microliters of OC-MBs suspension was 
casted onto copper foil. Then, the specimens were sput-
tered with gold for 5–10 min and inspected using a FE-
SEM with 10 kV accelerating voltage.

Hemolysis assay

The hemolysis assay was conducted according to the pre-
vious studies.18,19 Human red blood cells were separated 
from the whole blood through centrifugation for 10 min 
at 1500 rpm and purified with sterile isotonic phosphate-
buffered saline (PBS) via 6 successive washes. The packed red 
blood cells were suspended in PBS buffer diluting to a con-
centration of 4.0×108/mL. Then, 0.5 mL of the diluted human 
red blood cell suspension was added to 1.5 mL of deion-
ized water (positive control), sterile isotonic PBS (negative 
control) or PBS buffer containing OC-MBs with concentra-
tion of 50 μg/mL, 100 μg/mL, 200 μg/mL, 400 μg/mL, and 
800 μg/mL, respectively. After gentle shaking, the samples 
were allowed to stand at 37°C for 2 h. Finally, after centrifuga-
tion for 10 min at 1500 rpm, the supernatants were measured 
at 541 nm using UV-DU730 absorption spectrophotometer 
(Beckman Coulter, Inc., Brea, USA) to analyze the release 
of hemoglobin. The hemolysis percentage of each group was 
calculated according to the following formula (Eq. 1)20,21:

percent hemolysis (%) = × 100 (%)Asample – Anegative
Apositive – Anegative

 (1)

where Asample was the  absorbance of  the  supernatant 
of the sample; Apositive was the absorbance of the supernatant 
of positive group (deionized water); and Anegative was the ab-
sorbance of the supernatant of negative group (PBS buffer).

Cytotoxicity of OC-MBs

The cytotoxicity of OC-MBs was evaluated using the stan-
dard MTT assay.22 The HUVECs and the HepG2 cells were 
seeded in each of two 96-well plates and cultured in DMEM 
with 10% fetal calf serum (v/v) overnight. Then, the cells were 
incubated for 24 h and 48 h in the presence of OC-MBs con-
centrations of 25 μg/mL, 50 μg/mL, 100 μg/mL, 200 μg/mL, 
400 μg/mL, and 800 μg/mL, respectively. Fresh DMEM was 
added to the negative control group. Then, the culture me-
dium was taken out and the cells were washed with PBS. 
Fresh medium (100 μL) and 20 μL of MTT assay (5.0 mg/mL) 
per well were added to all wells and the wells were incubated 
for 4 h. After removing the medium, the resultant formazan 
salt crystals were dissolved in 150 μL of dimethyl sulfoxide 
(DMSO) and analyzed on a microplate reader (Synergy 4; 
BioTek, Winooski, USA) at 570 nm. A pure DMSO empty 
group was also analyzed. The percent of cell survival rate 
was calculated using the following formula (Eq. 2):

cell survival rate (%) = × 100 (%)Asample – Aempty
Apositive – Aempty

 (2)

where Asample was the absorbance of supernatant of sam-
ple; Anegative was the absorbance of supernatant of nega-
tive group (fresh DMEM) and Aempty was the absorbance 
of supernatant of empty group (pure DMSO).

In vitro experiment of OC-MBs

Establishment of the in vitro model

Three polyvinyl chloride pipes with outer diameter 
of 2 mm and an inner diameter of 1 mm were divided into 
3 parts (inflow part, perfusion model part and outflow part) 
with tin foil. The perfusion model was located in the middle 
of the tubes with a length of the pipe of 8 cm, 16 cm and 
32 cm, respectively, to simulate the different blood supply 
levels of the tumor. The perfusion model was divided into an-
nular (8 cm) and spherical (16 cm and 32 cm) model. The pipe 
could not be folded and the inner diameter was not to be too 
narrow. The volume ratio of the perfusion model was 1:2:4.

The perfusion model was fixed in a water tank with 
sound-absorbing sponges on the base of the tank (Fig. 1). 
The 3D ultrasonic probe was fixed upon the perfusion 
model below the water surface. The inflow end was con-
nected to the syringe pump (WZ-50C6; Smiths Medical, 
Minneapolis, USA) to ensure that the contrast medium 
was perfused at a constant rate (200.0 mL/h). The outflow 
end was put into a 1000 mL beaker.

Image acquisition and quantitative analysis of CEUS

Contrast-enhanced ultrasound (CEUS) examinations 
were performed using an Aplio 500 ultrasound scanner 
(Toshiba Medical Systems, Tokyo, Japan) with a 3D imaging 
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probe (PVT375MV, frequency: 2–8 MHz; Toshiba Medical 
Systems). The probe was fixed with a shelf under the water 
surface and above the perfusion model. The maximum 
cross section of the perfusion model was regarded as the 0° 
plane. Then, the probe was rotated to obtain 45° plane and 
90° plane images.

Two-dimensional ultrasound (2D-US), real-time 2D-
CEUS and 3D-CEUS were performed in each plane. Two 
kinds of ultrasound contrast agents, including OC-MBs 
and SonoVue® (Bracco Imaging, Milan, Italy), were dis-
solved in  0.9%  saline with microbubble concentration 
of 4×106/mL and gently shaken until they became a milky 
white suspension. The UCA was injected through the in-
ner tube at a constant speed of 200 mL/h. The duration 
of each imaging was 2 min and it was repeated 6 times. 
During the  interval of each measurement, 0.9% saline 
was used to rinse the tubes in order to remove the micro-
bubbles attaching on the tube wall, which might affect 
the experimental results. The original image data were 
stored for quantitative analysis.

The online software analysis package used was Aplio 
500 v. 3.7 (CHI-Q) (Toshiba Medical Systems). This study 
focused on the peak intensity (PI), the maximum average 
peak intensity of flow perfusion in the region of interest 
(ROI). It has been reported that PI can accurately reflect 

the blood volume of the tissue when the instrument set-
tings and the UCA dose remain unchanged.23

Statistical analysis

Continuous data following normal distribution were ex-
pressed as the mean ± standard deviation (SD). The paired 
sample t-test was applied to  evaluate the  differences 
of the average of coefficient of variation (CV). Pearson’s 
correlation analysis was used to determine the correlation 
between weighted PI (the average value of PI at 0°, 45° and 
90° planes) and the 2 imaging methods, as well as the cor-
relation between weighted PI and perfusion volume (1:2:4). 
The level of significance was set at a two-tailed p < 0.05. 
The statistical analysis was performed using IBM SPSS 
v. 22.0 software (IBM Corp., Armonk, USA).

Results

Homogeneity of OC-MBs

The image of the optical microscopy and the transmis-
sion electron microscopy (TEM) of OC-MBs were shown 
in Fig. 2A and Fig. 2B. The average diameter of OC-MBs 
was 2.0 μm, with high size uniformity. The image of the op-
tical microscopy of SonoVue® suspension and OC-MBs 
were compared in Fig. 3A and Fig. 3B. The OC-MBs mi-
crobubbles had higher homogeneity.

Hemolysis assay and in vitro cytotoxicity 
of OC-MBs

The blood biocompatibility of OC-MBs should be con-
sidered for using as an UCA. Hemolysis assay was con-
ducted to evaluate the blood compatibility. When hemo-
lysis occurs, the hemoglobin presented in red blood cells 
will be released into solution, coloring it red. The density 

Fig. 1. Device schematic diagram of in vitro experiment

UP – ultrasonic probe.

Fig. 2. Optical microscope image (×400) (A) and scanning electron microscopy image (B) of octafluoropropane-loaded cerasomal microbubbles (OC-MBs) 
of 2.0 μm
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of  this red color is  correlated with hemolytic activity 
and can be estimated by measuring the ultraviolet (UV) 
absorbance of a supernatant at 541 nm. The tube with 
the highest concentration of OC-MBs (800 μg/mL) was 
light red (Fig. 4). The solution of concentration ranged 
from 50 μg/mL to 400 μg/mL and was nearly transparent. 
The OC-MBs only experienced approx. 1.3% hemolysis 
at the highest experimental concentration of 800 μg/mL 
(Fig. 4). Consequently, it can be concluded that OC-MBs 
have negligible hemolytic activity.

The cytotoxicity of an UCA is vital to its biomedical 
application. In vitro cytotoxicity was tested on HUVEC 
and HepG2 cell lines. An MTT assay was used to esti-
mate the cytotoxicity of OC-MBs. As shown in Fig. 5, 
HUVECs retained 88% cell viability after incubation with 

OC-MBs for 48 h at a high concentration of 800 μg/mL, 
while the cell viability of HepG2 cell was higher than 95%. 
The cell viability presented no significant difference when 
measurements at 24 h and 48 h were compared.

The OC-MBs present prominent biocompatibility and 
may have the potential to use them as a new UCAs in vivo.

Ultrasound images of 2 UCAs

The model had an irregular shape on the imaging plane, and 
the diameter of the tube was uniform in structure. The ultra-
sound images of 2 UCAs were shown in Fig. 6 (OC-MBs: A and 
B, SonoVue®: C and D). When 2D-CEUS was used, the signals 
were similar for both UCAs (Fig. 6A,C). Yet, for 3D-CEUS, 
OC-MBs group could obtain clearer signals as compared 
to SonoVue® group, and the boundary of the perfusion pipe 
was sharper in the OC-MBs group (Fig. 6B,D).

Variability of quantitative CEUS of 2 UCAs 
in 3 different sections

The PI values of different perfusion models, UCAs and 
CEUS mode are shown in Table 1 and Table 2. The PI 
of each model in different cross sections was the aver-
age of 6 measurements and was shown as the mean ±SD. 
Each CV was calculated with the SD and the mean of the PI 
of 3 different cross sections in the same perfusion model, 
CEUS mode and UCA. The average CV of 3D-CEUS was 
slightly lower than that of 2D-CEUS, without significant 
difference (0.41 ±0.17 compared to 0.55 ±0.26, p = 0.3592, 
T = −1.009, degrees of freedom (df) = 5) (Table 3). When 
we used the 3D-CEUS, the average CVs of OC-MBs group 
and SonoVue® group were 0.32 ±0.19 and 0.50 ±0.10, respec-
tively. The PI of the OC-MBs has shown better stability than 
SonoVue®, but without significant difference (p = 0.0711, 
T = −3.547, df = 2). In the 2D-CEUS conditions, the average 
CVs of OC-MBs group and SonoVue® group were 0.68 ±0.15 
and 0.41 ±0.17 (p = 0.2747, T = 1.490, df = 2), respectively.

Fig. 4. Hemolysis caused by octafluoropropane-loaded cerasomal 
microbubbles (OC-MBs) at different concentrations. Deionized water 
was used as a positive control and phosphate-buffered saline (PBS) was 
used as a negative control. The data is shown in box and whisker plot 
format. The median value is displayed inside the “box” with orange line. 
The upper side and lower side of the “box” refer to the 1st quartile and 
the 3rd quartile. The maximum and minimum values are displayed with 
vertical lines connecting the points to the “box”

Fig. 3. Optical microscope image (×200) of SonoVue® (A) and octafluoropropane-loaded cerasomal microbubbles (OC-MBs) (B)
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Correlation between the actual perfusion 
volume and the weighted PI

In our study, the weighted PI was defined as the aver-
age PIs of 3 different planes (0°, 45° and 90°) in the same 
conditions. For 2D-CEUS, the weighted PIs of OC-MBs 
group of these 3 perfusion models were 0.92, 6.37 and 6.57, 
respectively, while the corresponding values of SonoVue® 
group were 0.57, 3.52 and 2.11, respectively. For 3D-CEUS, 
the weighted PIs of OC-MBs group were 0.96, 3.99 and 
4.77, respectively. By contrast, the corresponding values 
of SonoVue® group were 0.27, 2.43 and 1.86, respectively 
(Table 4).

As the weighted PIs presented the normal distribution, 
the correlation between the weighted PI and the perfusion 
volume (1:2:4) of the in vitro model was evaluated with 
Pearson’s correlation analysis. As for 3D-CEUS conditions, 
the r-value of the weighted PI and perfusion ratio using 
OC-MBs group and SonoVue® were 0.8685 (p = 0.3302) 
and 0.5643 (p = 0.6183), respectively, while that of 2D-
CEUS conditions were 0.7760 (p = 0.4345) and 0.3513 
(p = 0.7715), respectively (Table 4). The OC-MBs group 
had higher correlation between the perfusion volume and 
quantitative CEUS value compared to the SonoVue® group 

Fig. 6. Two-dimensional contrast-enhanced ultrasound (2D-CEUS) and 
three-dimensional contrast-enhanced ultrasound (3D-CEUS) images 
of 32 cm perfusion model: A,B. Octafluoropropane-loaded cerasomal 
microbubbles (OC-MBs); C,D: SonoVue®

Fig. 5. In vitro cell viability of human umbilical vein endothelial cells (HUVEC) (A) and HepG2 cells (B) incubated with octafluoropropane-loaded cerasomal 
microbubbles (OC-MBs) at different concentrations for 24 h and 48 h. The data is shown in box and whisker plot format. The median value is displayed inside 
the “box” with brown line. The upper side and lower side of the “box” refer to the 1st quartile and the 3rd quartile. The maximum and minimum values are 
displayed with vertical lines connecting the points to the “box”. The yellow “box” refers to the results of 24 h, while the orange “box” refers to the results of 48 h

Table 1. The peak intensity (PI) values and coefficient of variation (CV) of 2 ultrasound contrast agents (UCA) in different perfusion models using 3D-CEUS

Length of perfusion 
model [cm] UCA

PI (AU×10–6)
CV

0° 45° 90°

8
OC-MBs 1.35 ±0.19 1.05 ±0.00 0.73 ±0.01 29.72%

SonoVue® 0.20 ±0.13 0.19 ±0.00 0.42 ±0.00 49.16%

16
OC-MBs 3.36 ±0.13 4.51 ±0.16 4.08 ±0.11 14.58%

SonoVue® 3.55 ±0.09 1.61 ±0.05 2.13 ±0.07 41.40%

32
OC-MBs 2.66 ±0.05 7.48 ±0.10 4.16 ±0.10 51.77%

SonoVue® 1.67 ±0.12 0.84 ±0.01 3.07 ±0.00 60.71%

CEUS – contrast-enhanced ultrasound; OC-MBs – octafluoropropane-loaded cerasomal microbubbles.
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in 2D- and 3D-CEUS. The OC-MBs were technically fea-
sible and they may have the potential to improve the ac-
curacy of tumor perfusion assessment.

Discussion

The spatial distribution of blood vessels is closely related 
to the nature of the tumor. However, due to the necro-
sis, bleeding and hypoxia of the tumor, there is a  large 

heterogeneity within the  tumor, which causes large 
intra-volume heterogeneities in quantitative perfusion 
parameters.24 Two previous animal studies have shown 
that a small deviation in transducer position could result 
in quantitative errors up to 40.3%25 and plane to plane vari-
ation of parametric perfusion maps could be up to 22%.26 
In order to solve this problem, real-time 3D-CEUS and 
monodisperse microbubbles were used to explore whether 
the measurement variation could be reduced and whether 
it could improve the correlation between quantitative anal-
ysis and actual blood flow.

With the help of contrast agent, the traditional 2D-
CEUS greatly improves the ability of detecting tumor 
microvessels. However, 2D-CEUS only shows tumor 
blood vessels through a single plane and it cannot fully 
show its vascular characteristics if the blood vessels are 
rich or poorly positioned. The 3D-CEUS was developed 
to solve this problem. The 3D technique can show the spa-
tial relationship of vascular structure after post-acquisi-
tion reconstruction. Previous study has shown that real-
time 3D-CEUS could overcome sampling errors in tumors 
by  imaging the  tumor as a whole.27,28 However, based 
on the testing of our setup, the average CV of 3D-CEUS 
was slightly lower than that of 2D-CEUS (p = 0.3592) 
without significant difference. The reason might be that 
the perfusion model was not complex enough to simulate 
the internal structure of the tumor.

In the OC-MBs group, as well as in the SonoVue® group, 
the r-values of the weighted PI and perfusion ratio were 
higher when 3D-CEUS was used as compared to 2D-CEUS. 

Table 2. The peak intensity (PI) values and coefficient of variation (CV) of 2 ultrasound contrast agents (UCA) in different perfusion model using 2D-CEUS

Length of perfusion 
model [cm] UCA

PI (AU×10–4)
CV

0° 45° 90°

8
OC-MBs 1.55 ±0.00 1.00 ±0.01 0.20 ±0.00 73.75%

SonoVue® 0.42 ±0.00 1.05 ±0.01 0.23 ±0.01 75.60%

16
OC-MBs 9.94 ±0.00 3.45 ±0.00 5.71 ±0.01 51.71%

SonoVue® 3.12 ±0.00 2.77 ±0.00 4.68 ±0.11 28.94%

32
OC-MBs 2.89 ±0.00 12.66 ±0.00 4.17 ±0.16 80.78%

SonoVue® 2.57 ±0.00 1.80 ±0.00 1.96 ±0.11 19.24%

CEUS – contrast-enhanced ultrasound; OC-MBs – octafluoropropane-loaded cerasomal microbubbles.

Table 3. Paired sample t-test was used to compare the mean CVs of 3D-CEUS and 2D-CEUS and mean CVs of OC-MBs group and SonoVue® group 
in the 3D-CEUS group and 2D-CEUS group

Values CV of 3D-CEUS CV of 2D-CEUS
3D-CEUS group 2D-CEUS group

CV of OC-MBs 
group

CV of SonoVue® 
group

CV of OC-MBs 
group

CV of SonoVue® 
group

Mean ±SD 0.41 ±0.17 0.55 ±0.26 0.32 ±0.19 0.50 ±0.10 0.68 ±0.15 0.41 ±0.17

T −1.009 −3.547 1.490

df 5 2 2

p-value 0.3592 0.0711 0.2747

CV – coefficient of variation; 2D-CEUS – two-dimensional contrast-enhanced ultrasound; 3D-CEUS – three-dimensional contrast-enhanced ultrasound; 
OC-MBs – octafluoropropane-loaded cerasomal microbubbles; SD – standard deviation; df – degrees of freedom.

Table 4. The weighted peak intensity (PI) (the average value of PI at 0°, 45° 
and 90° planes) values of different ultrasound contrast agents, perfusion 
models and contrast-enhanced ultrasound mode, and the correlation 
between weighted PIs and the perfusion volume. Pearson’s correlation 
analysis was used to determine the correlation between weighted PI and 
perfusion volume (1:2:4)

Perfusion 
ratio

2D-CEUS (n = 3) 3D-CEUS (n = 3)

OC-MBs SonoVue® OC-MBs SonoVue®

weighted PI 
(AU×10–4)

weighted PI 
(AU×10–6)

weighted PI 
(AU×10–4)

weighted PI 
(AU×10–6)

1 0.92 0.57 0.96 0.27

2 6.37 3.52 3.99 2.43

4 6.57 2.11 4.77 1.86

r-value* 0.7760 0.3513 0.8685 0.5643

p-value 0.4345 0.7715 0.3302 0.6183

* r-value – correlation coefficient between weighted PI and perfusion 
volume (1:2:4); 2D-CEUS – two-dimensional contrast-enhanced 
ultrasound; 3D-CEUS – three-dimensional contrast-enhanced ultrasound; 
OC-MBs – octafluoropropane-loaded cerasomal microbubbles.
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As 3D-CEUS could carry on with a volumetric imaging 
system, multiple planes could be captured simultaneously. 
The continuity and spatial relationships of the blood ves-
sels were more clearly displayed with 3D-CEUS.6 As a re-
sult, the quantitative measurement from a single 3D plane 
is more representative than results obtained in 2D.24

Another important component of  CEUS is  UCA. 
As a kind of phospholipid membrane microbubbles, So-
noVue® can generate nonlinear harmonic signals under 
ultrasound scanning and has good contrast effects, which 
has been proven through research and has been widely 
used in 2D-CEUS.29 In our preliminary studies, we found 
that for quantitative analysis, 3D-CEUS had better stabil-
ity, accuracy and feasibility than 2D in both, in vitro as well 
as in vivo models.7,30 However, the phospholipid membrane 
of SonoVue® can easily burst under high energy ultrasonic 
irradiation and uneven particle size will affect the quanti-
tative results. Therefore, in order to optimize the accuracy 
of quantitative 3D-CEUS, a new kind of monodisperse 
UCA with better stability is needed.

Si-lipid is a new type of organic-inorganic composite 
lipid synthesized from organic alkoxysilanes and lipid 
molecules. The double-layer vesicle structure with silica 
framework on the surface has higher morphological sta-
bility than traditional lipid vesicles. In recent years, there 
have been studies focused on the application of Si-lipid 
in UCA production.31–33 As for loaded gas, perfluorocar-
bon gas, such as OFP,34 has extremely low water solubility 
and good biocompatibility, which can effectively prolong 
the  durability of  microbubbles.35,36 Therefore, in  this 
study, Si-lipid and OFP were chosen to prepare OC-MBs. 
The CaCO3 template method was applied to maintain 
the uniformity of microbubble size. Our study showed that 
the OC-MBs microbubbles had higher homogeneity with 
size distribution of 2.0 μm. As a new kind of ultrasound 
contrast agent, the cytotoxicity and blood biocompatibil-
ity are vital to its biomedical application. The OC-MBs 
have negligible hemolytic activity, present prominent 
biocompatibility and may have the potential to be used 
as new UCAs in vivo.

In the present study, under the condition that the micro-
bubble concentration was controlled at about 4×106/mL, 
the imaging effects of both SonoVue® and OC-MBs group 
had no significant difference in 2D-CEUS; as for 3D-CEUS, 
the continuity, integrity and signal strength of the phan-
tom were significantly better in OC-MBs group than those 
of the SonoVue® group (Fig. 6). After quantitative analy-
sis, the PI of the OC-MBs has shown better stability than 
SonoVue® in 3D-CEUS condition (Table 1). It shows that 
under the protection of silica framework, OC-MBs have 
better stability and imaging capability than SonoVue®. 
The results of the Pearson’s linear correlation test show 
that there was a linear correlation trend between the quan-
titative results and the actual perfusion volume, and com-
pared with SonoVue®, OC-MBs have a trend of optimizing 
quantitative CEUS.

Limitations

We acknowledge several limitations of this study. First, 
the acoustic properties of the silicone tube used in the in vi-
tro model are still different from the blood vessel. If bet-
ter materials are to be found in the future, it is expected 
to reduce the impact of sound attenuation on the results. 
Second, only 3 in vitro models were used in this study, and 
more models should be involved to mimic the heterogene-
ity of in vivo target.

Conclusions

In the present study, we successfully prepared monodis-
perse OFP-loaded cerasomal microbubbles (OC-MBs) with 
high stability, size uniformity and biocompatibility. Our 
in vitro experiments showed that OC-MBs have the po-
tential in acquiring more stable quantitative CEUS value, 
as compared to  the SonoVue® in 3D-CEUS condition. 
The combination of 3D-CEUS and OC-MBs can reflect 
perfusion volume more precisely and may be a potential 
way to reduce quantitative heterogeneity.
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Abstract
Acute kidney injury occurs in about 30% of patients hospitalized with coronavirus disease 2019 (COVID-19) 
and is one of the most common extrapulmonary complications of this disease. The highest risk of acute 
kidney injury is found in hospitalized patients who require mechanical ventilation. The pathogenesis of acute 
kidney injury in COVID-19 is multifactorial and seems to not be fully understood. Both direct and indirect 
mechanisms of kidney injury caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) should 
be considered. The histological picture of kidney specimens obtained from patients with acute kidney injury 
in the course of COVID-19 is dominated by acute tubular necrosis. Some patients also have acute interstitial 
nephritis, blood clots in the kidney vessels and focal segmental glomerulosclerosis (the variant with col-
lapsing vascular loops). Acute kidney injury in COVID-19 is primarily caused not by direct viral effect, but 
by indirect pathophysiological mechanisms. The histopathological findings in these patients does not differ 
from the majority of the other patients with acute kidney injury. The main pathophysiological mechanisms 
underlying acute kidney injury in COVID-19 are: hemodynamic abnormalities, hypoxia and cytokine storm. 
The methods of treating the underlying disease, i.e., COVID-19 in patients with acute kidney injury and those 
without acute kidney injury are similar. However, it should be stressed that in the treatment of COVID-19 
accompanied by acute kidney injury, the contraindication to remdesivir is estimated using glomerular filtration 
rate (eGFR) <30 mL/min/1.73 m2. The general principles of management in patients with both, COVID-19 
and acute kidney injury do not differ from the principles of management in patients with acute kidney injury 
due to the other causes.

Key words: acute kidney injury, COVID-19, SARS-CoV-2
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was first identified in December 2019 in Wuhan, 
China. This coronavirus belongs to the zoonotic viruses, 
and its genetic material is  single-stranded ribonucleic 
acid (RNA). The SARS-CoV-2 causes coronavirus dis-
ease 2019 (COVID-19), which is an acute infectious dis-
ease of the respiratory system. The disease was declared 
a  global pandemic by  the  World Health Organization 
(WHO) on 11 March, 2020. Coronavirus disease 2019 
is characterized by a mortality of about 3% and an usual 
transmission rate (the number of newly infected persons 
per previously infected person) of about 2.5–3.0.1

Objectives

The purpose of this article was to present data on the ef-
fects of  COVID-19 on  the  kidneys based on  a  review 
of the current literature. The review specifically consid-
ers the effect of COVID-19 on the risk of developing acute 
kidney injury and the risk of renal replacement therapy.

Pathogenesis and clinical 
manifestations of COVID-19

From the pathophysiological point of view, it is impor-
tant to note that SARS-CoV-2 has a lipophilic envelope 
that determines its way of spreading inside the infected 
organism and the  spike (S) protein, which is  involved 
in the penetration of virus inside the cell.1 The SARS-
CoV-2 mainly infects bronchial epithelial cells and 
type II pneumocytes, where it binds to the surface re-
ceptor, angiotensin-converting enzyme type 2 (ACE2).1 
The SARS-CoV-2 spreads in the human body due to its 
lipophilic properties, mainly through continuity, but not 
through blood. This is confirmed by the analyses com-
pleted by the Chinese Center for Disease Control and 
Prevention. The greatest amount of SARS-CoV-2 RNA has 
been detected in the lavage from the bronchial tree, then 
in the sputum, nasal discharge, pharyngeal discharge and 
feces. In this study, using the reverse transcription poly-
merase chain reaction (RT-PCR), viremia in the blood was 
detected only in trace amounts and no SARS-CoV-2 RNA 
was found in the urine (i.e., viruria).2 Similar results were 
obtained by Wu et al. in a study involving 132 patients 
with COVID-19, where viremia was found only in 4 pa-
tients (3%).3 The analysis by Peng et al. of urine and blood 
samples in 9 patients with COVID-19 and moderately se-
vere symptoms showed that SARS-CoV-2 RNA was pres-
ent in only 2 blood samples and in only 1 urine sample.4 
The SARS-CoV-2 RNA was not found in urine samples 
collected from 10 patients with COVID-19 (almost half 
of whom required oxygen therapy during hospitalization).5 

Similarly, in the study by Wölfel et al. involving 9 patients 
with moderately severe COVID-19, no SARS-CoV-2 RNA 
was found in the blood or urine during the entire hospi-
talization period.6 Wang et al. analyzed the occurrence 
of SARS-CoV-2 RNA in 307 blood samples and 72 urine 
samples taken from 205 patients with COVID-19 (nearly 
20% of  them were characterized by  a  severe course 
of the disease). The SARS-CoV-2 RNA in the blood was 
found in only 1% of the samples, while it was not found 
in the urine.7 In another study, viremia was found in ap-
prox. 15% of patients with severe COVID-19.8

The SARS-CoV-2 viremia seems to be a factor that wors-
ens the prognosis in patients with COVID-19. In the study 
by Tan et al. involving 33 patients with COVID-19, vi-
remia was found in 4 of them. The clinical status of pa-
tients with viremia deteriorated rapidly due to  septic 
shock.9 In the study by Fajnzylber et al., which included 
88 hospitalized patients with COVID-19, in 27% of them 
SARS-CoV-2 RNA was found in the blood. Patients with 
viremia were characterized by a greater severity of respi-
ratory disease symptoms, a lower number of lymphocytes 
in the blood, and a higher concentration of both, C-reactive 
protein (CRP) and interleukin 6 (IL-6) in the plasma. More-
over, among these patients, the mortality was higher than 
in patients without viremia (32% compared to 8%, respec-
tively; odds ratio (OR) = 5.5; p = 0.02).10

In the course of COVID-19, there are 3 phases of vary-
ing severity of disease, covering the time from the onset 
of disease to a recovery or death (Fig. 1).11

The  1st phase covers the  onset of  the  disease and 
is characterized by mild to moderate flu-like symptoms. 
The dominant symptoms in the 2nd phase are associated 
with the development of pneumonia (connected to hypox-
emia and dyspnea). Patients in the 3rd phase suffer from 
severe, generalized inflammation and symptoms of sepsis. 
These patients require hospitalization in the intensive care 
unit (ICU). High mortality is observed in patients in the 3rd 
phase of the disease.11 The severity of the course, the type 
of  clinical symptoms, and the mortality in  the course 
of COVID-19 depend on age (greater severity over the age 
of 65) and comorbidities (mainly diabetes, cardiovascular 
diseases including hypertension, chronic lung diseases and 
chronic kidney diseases).11

Epidemiology and clinical 
characteristics of acute kidney 
injury in patients with COVID-19

Acute kidney injury is one of  the most common be-
yond pulmonary complications of COVID-19.12 Patients 
with acute kidney injury in the course of COVID-19 are 
characterized by high mortality. According to the epide-
miological studies, the incidence of acute kidney injury 
in COVID-19 varies greatly depending on the population 
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studied and the region of the world from which the pub-
lished data is derived (Table 1).

A study by Fisher et al. comparing the incidence of acute 
kidney injury in  hospitalized patients with and with-
out COVID-19 showed a higher incidence of acute kid-
ney injury in patients with COVID-19, when compared 
to the control group (56.9% compared to 25.1%, respec-
tively).17 A literature review by Hassanein et al. showed 
that acute kidney injury occurred in 0.5–56.9% of hospital-
ized COVID-19 patients.23 The differences in the incidence 
of acute kidney injury in COVID-19 depending on the lo-
cation of the study and the timing of the observation (i.e., 
early studies from Asia, later studies from Europe and 
the United States) were shown in a meta-analysis by Fu 
et al. They found that in China (a meta-analysis of 62 stud-
ies), the incidence of acute kidney injury in hospitalized 
COVID-19 patients was 5.6%. In contrast, a meta-analysis 
of 20 studies conducted in Europe and the United States 
showed that the incidence of acute kidney injury in hos-
pitalized COVID-19 patients was 28.6%.24 Similar results 

were presented by Lin et al. in a meta-analysis of 79 studies, 
showing that the incidence of acute kidney injury in pa-
tients with COVID-19 was 4.3%, 11.6% and 22.6% in Asia, 
Europe, and the United States, respectively.25 A meta-anal-
ysis of 39 clinical trials (n = 25,566) by Fabrizi et al. showed 
that the incidence of acute kidney injury in hospitalized pa-
tients with COVID-19 was 15.4% (95% confidence interval 
(95% CI): 10.7–20.1%; p < 0.0001).26 Another meta-analysis 
of 26 studies (n = 5,497) by Hansrivijit et al. showed that 
the incidence of acute kidney injury in hospitalized pa-
tients with COVID-19 was 8.4% (95% CI: 6.0–11.7%).27

Acute kidney injury in  the course of COVID-19 can 
occur at  any stage of  the  disease, but it  is  most often 
found in the 3rd phase (Table 2). Predominantly, it devel-
ops in patients at the onset of artificial ventilation.16,20 
In a study by Hirsch et al. including 5,449 patients with 
COVID-19  hospitalized in  13  hospitals in  New York 
(USA), it was shown that acute kidney damage occurred 
in as many as 90% of patients who required artificial ven-
tilation. However, in those who did not require it, this 

Fig. 1. Course of coronavirus disease 2019 
(COVID-19) in severe cases
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Table 1. Epidemiology of acute kidney injury in the course of coronavirus disease 2019 (COVID-19) in hospitalized patients13–22

Authors Number of hospitalized 
patients with COVID-19

Country 
of origin

Analyzed 
period

Prevalence of acute kidney 
injury in hospitalized 

patients

Necessity
of kidney replacement therapy 

in hospitalized patients

Shi et al. 416 China I–II 2020 1.9% 0.4%

Cheng et al. 1392 China I–II 2020 7.1% 1.1%

Portoles et al. 1603 Spain II–IV 2020 20.8% 1.1%

Chan et al. 3235 USA II–IV 2020 43.4% 8.7%

Fisher et al. 3345 USA III 2020 56.9% 4.9%

Argenziano et al. 1000 USA III–IV 2020 33.9% 13.8%

Richardson et al. 5700 USA III–IV 2020 24.0% 3.2%

Hirsch et al. 5449 USA III–IV 2020 36.6% 5.2%

Zahid et al. 469 USA III–IV 2020 27.3% 4.7%

Kolhe et al. 1161 UK III–V 2020 26.2% 7.6%
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percentage was 22%.20 A meta-analysis by Fabrizi et al. 
showed that in patients with severe COVID-19, the in-
cidence of acute kidney injury was 53% (95% CI: 42.7–
63.3%).26 Similar results were found in the meta-analysis 
by  Hansrivijit et  al., which showed that the  incidence 
of acute kidney injury was higher in critically ill patients, 
when compared to other COVID-19 hospitalized patients 
(19.9% compared to 7.3%).27

In another study, Chan et al. found that acute kidney 
injury occurred in 76% of patients with COVID-19 hospi-
talized in the ICU.16 In the recently published meta-anal-
ysis by Silver et al., including 54 studies in 30,657 patients 
suffering from COVID-19, the incidence of acute kidney 
injury was assessed at 28%, while among patients hospital-
ized in the ICU it was 46%.33

Thus, it has been unequivocally shown in all publica-
tions that the highest incidence of acute kidney injury 
in breakthrough COVID-19 occurs in patients hospital-
ized in ICUs.

The  results of  the  abovementioned epidemiological 
studies indicate that patients with COVID-19 are at high 
risk of acute kidney injury. This risk increases with the se-
verity of clinical symptoms of COVID-19. The signifi-
cant discrepancies in the incidence of acute kidney in-
jury in hospitalized COVID-19 patients between studies 
conducted in Asia (low frequency) and in Europe and 
the United States (high frequency) may result primarily 
from the differences in indications for hospitalization, and 
thus, the differences in the general status of hospitalized 
patients.24,25

The risk of acute kidney injury from COVID-19 depends 
mainly on the severity of the disease. The general clini-
cal status in the course of COVID-19 and the incidence 
of acute kidney injury are influenced by similar factors, 
such as: demographic features (age over 60, male gender, 
and African descent), comorbidities (chronic kidney dis-
ease, diabetes mellitus, cardiovascular diseases, arterial 
hypertension, obesity and chronic obstructive pulmonary 
disease).31 In the previously cited meta-analyses by Fu 
et al., Lin et al., in a meta-analysis by Tian et al. includ-
ing 11 studies, and in a study by Chan et al., the influence 
of various factors in patients with COVID-19 on the risk 

of acute kidney injury was assessed. Numerous demo-
graphic and clinical features that significantly increased 
the risk of acute kidney injury in patients with COVID-19 
were described (Table 3).16,24,25,34 Factors with the most 
important impact on  the  risk of  acute kidney injury 
in the course of COVID-19 were those related to the se-
verity of a patient’s condition, i.e., the need to use cat-
echolamines infusion (in the course of septic shock), and 
the need to use artificial ventilation (due to respiratory 
failure).23,24,31

Pathogenesis of acute kidney 
injury in COVID-19 patients

The pathogenesis of acute kidney injury in COVID-19 
is multifactorial and not yet fully understood. In patients 
with COVID-19, acute kidney injury may be prerenal 
or renal. Both direct and indirect mechanisms of kidney 
injury induced by SARS-CoV-2 should be taken into ac-
count (Fig. 2).35

Table 2. Epidemiology of acute kidney injury in the course of coronavirus disease 2019 (COVID-19) in hospitalised patients in the intensive care unit (ICU)16,18,20,28–32

Authors Number of patients 
with COVID-19

Country 
of origin

Analyzed 
period

Prevalence of acute kidney 
injury in hospitalized 

patients in ICU

Necessity
of kidney replacement therapy 
in hospitalized patients in ICU

Xu et al. 239 China I–II 2020 49.8% 5.0%

Yu et al. 226 China II 2020 25.2% 10.6%

Chan et al. 976 USA II–IV 2020 56.6% 19.2%

Mohamed et al. 173 USA III 2020 60.7% 44.5%

Suleyman et al. 141 USA III 2020 69.5% 17.0%

Argenziano et al. 236 USA III–IV 2020 78.0% 35.2%

Hirsch et al. 1395 USA III–IV 2020 76.0% not given

Doher et al. 201 Brazil III–V 2020 50.2% 17.0%

Table 3. Risk factors of acute kidney injury in patients with coronavirus 
disease 2019 (COVID-19)24,25,34

Coexisting factor Risk of acute kiney injury Reference

Age over 60 years OR = 3.5, 95% CI: [2.9; 4.3] 25

Male sex OR = 1.4, 95% CI: [1.1; 1.7] 24

Severe COVID-19 course OR = 6.0, 95% CI: [2.5; 14.6] 25

Artificial ventilation 
required

OR = 9.4, 95% CI: [5.2; 17.3] 34

Need to use 
catecholamines

OR = 19.4, 95% CI: [16.8; 22.3] 34

CKD OR = 1.6, 95% CI: [1.4; 1.9] 24

Diabetes OR = 1.5, 95% CI: [1.2; 1.8] 24

Cardiovascular disease OR = 1.5, 95% CI: [1.1; 2.0] 24

Arterial hypertension OR = 1.5, 95% CI: [1.3; 1.7] 24

Obesity OR = 1.8, 95% CI: [1.6; 2.0] 34

COPD OR = 1.7, 95% CI: [1.4; 2.1] 34

CKD –   chronic kidney disease; COPD – chronic obstructive pulmonary 
disease; OR – odds ratio; 95% CI – 95% confidence interval.
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Indirect mechanisms

Dehydration and hypotension (prerenal acute  
kidney injury) 

Important pathophysiological mechanisms of prerenal 
acute kidney injury in patients with COVID-19 include: 
dehydration due to fever (temperature >38.5°C), nausea, 
vomiting or diarrhea, which often accompanies COVID-19 
(11% of COVID-19 patients have gastrointestinal symp-
toms). The cause of dehydration may also be the displace-
ment of fluid into the so-called third space (fluid escapes 
into the pleural cavities; accumulation of fluid in skeletal 
muscles occurs in the course of rhabdomyolysis). More-
over, hypotension due to either dehydration, sepsis or heart 
failure (in the course of myocarditis or cardiomyopathy) 
also plays a role in the pathogenesis of prerenal acute kid-
ney injury in COVID-19 patients.36,37 A study by Hirsch 
et al. showed that in 66% of patients with COVID-19 and 
acute kidney injury, urine sodium concentration was below 
35 mmol/L, which suggests a prerenal mechanism of acute 
kidney injury.20 This observation indicates that the factors 
mentioned above, leading to prerenal acute kidney injury, 
play a key role in the pathogenesis of acute kidney injury 
in patients with COVID-19.

Acute tubular necrosis

In the few studies conducted so far in patients with acute 
kidney injury, in whom histopathological analyses have 
been completed, acute tubular necrosis was found in a sig-
nificant proportion of patients (in biopsy studies, in 60% 
of patients with acute kidney injury).19,38 The histological 
image was dominated by widening of the lumen of the renal 
tubules and the remaining cell debris within them. In addi-
tion, damage to the brush border and vacuolar degeneration 
in the proximal tubular epithelium cells were observed.39

Several possible mechanisms may be involved in the patho-
genesis of acute renal tubular necrosis in COVID-19. Pro-
longed dehydration and hypotension might lead to acute 
tubular necrosis. The so-called cytokine storm induced 
by SARS-CoV-2 infection, causing hemodynamic changes 
that interfere with renal perfusion (reduction in blood pres-
sure), may also promote acute tubular necrosis.38 Moreover, 
it has been shown that interleukin 6 (IL-6) and tumor necro-
sis factor α (TNF-α) are characterized by direct nephrotoxic 
properties. The expression and release of these cytokines are 
particularly increased in the cytokine storm accompanying 
COVID-19. The SARS-CoV-2 has been shown to increase 
the  production of  metalloproteinase ADAM17 in  cells, 
which in turn increases the release of TNF-α and IL-6.40,41 

Fig. 2. Mechanisms of acute kidney injury in coronavirus disease 2019 (COVID-19)

ARDS – acute respiratory distress syndrome; SARS-CoV-2 – severe acute respiratory syndrome coronavirus 2; APOL1 G1 – apolipoprotein L1 polymorphisms.
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Passive renal congestion due to heart failure also promotes 
acute tubular necrosis. Lung injury caused by COVID-19 
may lead to hypoxia of the renal medulla and, consequently, 
acute tubular necrosis.37,42 Other risk factors for acute renal 
tubular necrosis in patients with COVID-19 are: increased 
pressure in the chest (e.g., when using ventilation with posi-
tive end-expiratory pressure), sepsis, rhabdomyolysis (in 19% 
of hospitalized COVID-19 patients), and the use of iodin-
ated contrast agents and other nephrotoxic drugs (includ-
ing nonsteroidal anti-inflammatory drugs).23,37 In addition, 
the deposition of complement components C5b-C9, which 
form a membrane attack complex (MAC), has been found 
in tubular cells. The stimulation of the complement system 
in COVID-19 and the production of MAC may lead to direct 
destruction of the proximal tubular cells.3,39,43–45

Acute interstitial nephritis

In some patients with acute kidney injury in the course 
of COVID-19, infiltration of mononuclear cells within the re-
nal interstitium has been found.37 The pathophysiological 
mechanisms involved in the pathogenesis of acute interstitial 
nephritis include increased expression of signal transducer 
and activator of transcription 1 (STAT1) and of interferon reg-
ulatory factor 3 (IRF3) by interferon γ (INF-γ) and TNF-α, and 
increased secretion of pro-inflammatory cytokines by macro-
phages.46–49 In the pathogenesis of acute interstitial nephritis 
in COVID-19 patients, allergic reactions to drugs, especially 
to frequently used antibiotics, may also play a role.50

Prothrombotic state in kidneys

In COVID-19, coagulation is increased.51,52 Radiological 
examinations in some COVID-19 patients may show kid-
ney infarctions.53 Moreover, the histopathological exami-
nation in these patients may show micro clots in the vessels 
of the glomeruli.52,54 The pathophysiological mechanisms 
of thrombotic changes include: an increase in serum an-
giotensin II concentration, the so-called cytokine storm, 
the increased secretion of von Willebrand factor by dam-
aged vascular endothelium, the occurrence of antibodies 
similar to cardiolipin, antiphospholipid and anti-2-glyco-
protein antibodies, as well as damage to endothelial cells, 
caused directly by MAC.49–58

Direct mechanisms

There is no clear evidence whether SARS-CoV-2 di-
rectly contributes to  acute renal tubular damage and 
glomerulopathy.

As previously mentioned, viremia is rare in patients with 
COVID-19, which makes a direct damage mechanism un-
likely in most of the patients.59 Hypothetically, SARS-CoV-2 
could pass into the kidneys through continuity by infecting 
vascular endothelial cells. However, it seems that there 
is insufficient evidence to support this hypothesis.

The  issue of  infection of  vascular endothelial cells 
by the SARS-CoV-2 virus has been a subject of in vitro 
studies on organoids and cell cultures. The study by Mon-
teil et al. assessed the possibility of direct infection of hu-
man vascular endothelial cells using the capillary organoid 
formed from induced pluripotent stem cells. The organ-
oid was incubated with SARS-CoV-2 and the occurrence 
of SARS-CoV-2 RNA inside the vascular endothelial cells 
was analyzed by RT-PCR after 3 and 6 days. The SARS-
CoV-2 RNA was found inside these cells, and SARS-
CoV-2 replication was observed in vascular endothelial 
cells. Moreover, the supernatant taken from the organoid 
culture on day 6 of the experiment was found to infect 
Vero E6 cells (renal epithelial cells isolated from primates), 
indicating that the cells of the capillary organoid were 
multiplying and releasing new SARS-CoV-2 virions.60 
However, the results of the studies on organoids were not 
confirmed by Ahmetaj-Shala et al. in a study with cell 
culture. In this study, vascular endothelial cells were incu-
bated for 1 h with SARS-CoV-2, and then 24 and 72 h later 
they were analyzed by indirect immunofluorescence mi-
croscopy for the occurrence of virus inside the cells (stain-
ing for the occurrence of nucleocapsid (N) protein and 
S protein). Using this method, SARS-CoV-2 has not been 
found to occur inside vascular endothelial cells.61

The endocytosis of SARS-CoV-2 requires the coexistence 
of the proteins ACE2 and TMPRSS2 on the cell surface. 
The ACE2 protein is present on the endothelial cells of ar-
teries and veins.62 The TMPRSS2, in turn, is present on vas-
cular endothelial cells, but its expression is variable.63

To sum up, the results of the presented in vitro studies 
are inconsistent and do not allow for unequivocal con-
firmation of  the  hypothesis that SARS-CoV-2 spreads 
through continuity by infecting vascular endothelial cells. 
Moreover, to date, this issue has not been analyzed in vivo.

The results of histopathological examinations do not 
clearly confirm the occurrence of SARS-CoV-2 in kidney 
cells. In a study by Su et al. using autopsy material from 
26 patients with COVID-19 and acute damage to the re-
nal tubules, particles similar to  the  virus were found 
in 6 of them by electron microscopy.54 However, the results 
of an electron microscopy examination are not specific. 
The occurrence of similar structures in the cytoplasm 
of endothelial cells, which in fact were organelles involved 
in intracellular transport with clathrin-coated vesicles, was 
demonstrated in kidney biopsy material obtained before 
2020, i.e., before the COVID-19 pandemic.64

In the previously mentioned study, the identification 
of SARS-CoV-2 proteins was carried out using immuno-
fluorescence staining. Nevertheless, this study used anti-
bodies against SARS-CoV and not SARS-CoV-2, reducing 
the reliability of the obtained results, in which the presence 
of the SARS-CoV-2 protein was found in 3 out of 26 sam-
ples.54 In the autopsy study completed by Diao et al., which 
included material from 6 patients with COVID-19, in situ 
hybridization with the use of rabbit monoclonal antibody 
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against SARS-CoV-2 RNA demonstrated the occurrence 
of virus RNA within the kidney tissue in all patients.45 
However, there are significant doubts related to the speci-
ficity of the hybridization technique used in this study.65,66 
In 32  samples of homogenized kidneys obtained from 
patients with COVID-19 and acute kidney injury, Braun 
et al. found the occurrence of SARS-CoV-2 RNA in 23 
of them.67 A significant limitation of this study seems to be 
the fact that it is not possible to determine in which kidney 
structures SARS-CoV-2 RNA was detected. In the study 
by Puelles et al., which included autopsies of those who 
died due to COVID-19, the presence of SARS-CoV-2 RNA 
in the kidneys was demonstrated by RT-PCR. Moreover, 
in this study using laser microdissection, SARS-CoV-2 
was found to occur in the renal medulla, cortex, glomeru-
lus and renal interstitium in 50% (3 out of 6) of samples. 
The SARS-CoV-2 titer was highest in the glomeruli.68

The occurrence of SARS-CoV-2 RNA in kidney autopsy 
material does not conclusively prove the pathogenicity 
of the virus. In order to allow the SARS-CoV-2 virus to en-
ter the cell, it is necessary that ACE2 (the virus receptor) 
and TMPRSS2 (a serine protease that cleaves the S pro-
tein) should coexist on its surface. The ACE2 is expressed 
in the proximal tubular nephron (about 100 times bigger 
than in the lung), while TMPRSS2 is expressed in the uri-
nary tract epithelium.69–71 Thus, SARS-CoV-2 is unable 
to enter podocytes and proximal tubular cells of the neph-
ron using the ACE2 and TMPRSS2 mechanism.

The  protein CD147 is  located in  the  podocytes and 
cells of the proximal tubules of the nephron, which is also 
suspected to be involved in the process of SARS-CoV-2 
virus penetration into the cell. The effectiveness of this 
alternative route for virus entry into the cell is unknown. 
Perhaps, in some patients, the SARS-CoV-2 virus causes 
the direct damage to the podocytes and proximal tubular 
cells through this mechanism (i.e., with the participation 
of the CD147 protein). In such patients, the histopathologi-
cal changes described in some of the subjects with acute 
kidney injury in the course of COVID-19 can be found: 
acute tubular necrosis and focal segmental glomeruloscle-
rosis (the variant with collapsing vascular loops). In kid-
neys with focal segmental glomerulosclerosis (the variant 
with collapsing vascular loops), the confluence of the foot 
processes of podocytes, the detachment of podocytes from 
the glomerular basement membrane and the formation 
of pseudo-crescents have been observed.72,73 It  is worth 
mentioning that a similar focal segmental glomeruloscle-
rosis (the variant with collapsing vascular loops) is also 
found in other virus infections, such as human immunode-
ficiency virus 1 (HIV-1), human T-cell leukemia-lymphoma 
virus 1 (HTLV1), cytomegalovirus, parvovirus B19, and 
Epstein–Barr virus.72

The occurrence of the abovementioned podocytopa-
thy in the course of COVID-19 is favored by the APOL1 
G1 polymorphism (apolipoprotein L1) and an  increase 
in CD147 expression in damaged podocytes, which may 

allow SARS-CoV-2 to penetrate the cells. It seems that 
patients with coexisting diabetes and/or obesity are par-
ticularly at risk of developing focal segmental glomeru-
losclerosis (the variant with collapsing vascular loops) 
in  the course of COVID-19, as  they have an  increased 
expression of CD147 in podocytes.73,74 The penetration 
of SARS-CoV-2 through CD147 into the podocyte may 
result in  disturbances in  the  structure and function 
of the cytoskeleton, stimulation of the mitogen-activated 
protein kinase (MAPK) pathway, and increased production 
of pro-inflammatory cytokines.37 In patients with focal 
segmental glomerulosclerosis (the variant with collapsing 
vascular loops), significant proteinuria is found.38

Thus, the presented data indicate that acute kidney dam-
age in COVID-19 is primarily caused by indirect patho-
physiological mechanisms, and does not differ in the his-
topathological picture, in the vast majority of patients, 
from acute kidney damage of a different etiology. The main 
pathophysiological mechanisms underlying acute kidney 
injury in COVID-19 include hemodynamic disorders, hy-
poxia, and the so-called cytokine storm.

Prognosis of patients with acute 
kidney injury in COVID-19

Acute kidney injury in COVID-19 patients is often ir-
reversible. Gupta et al. showed that there was a need for 
dialysis on the day of discharge from hospital in 34% of pa-
tients. On the other hand, 18% of patients needed dialysis 
on day 60 of observation after the discharge from hospital.75

The occurrence of acute kidney injury in a patient with 
COVID-19 is unfavorable in terms of prognosis. A study 
by Chan et al. found that in-hospital mortality in patients 
with COVID-19 was 50% in patients with acute kidney in-
jury, compared to 8% in patients without acute kidney injury 
(OR = 9.2; 95% CI: 7.5–11.3).16 The meta-analysis by Fabrizi 
et al. showed that the OR for the incidence of acute kidney 
injury in deceased COVID-19 positive patients was greater 
than among the survivors (OR = 15.4; 95% CI: 11.4–20.99; 
p < 0.001).26 The meta-analysis by Lin et al. showed that 
the occurrence of acute kidney injury in hospitalized patients 
with COVID-19 was associated with a significant increase 
in the risk of death (OR = 11.05; 95% CI: 9.13–13.36).25 Simi-
lar results were obtained by Fisher et al. in a study involving 
3,345 patients with COVID-19. They found that mortality 
in patients with COVID-19 and acute kidney injury was 
significantly higher than in hospitalized patients with CO-
VID-19 but without acute kidney injury (33.7% compared 
to 9.3%, respectively).17 A meta-analysis of 142 studies by Fu 
et al., including 49,048 patients hospitalized with COVID-19, 
showed a significant increase in the risk of death in patients 
with coexisting acute kidney injury (relative risk (RR): 4.6; 
95% CI: 3.3–6.5).24 In the meta-analysis by Hansrivijit et al., 
it was shown that the estimated OR for mortality from acute 
kidney injury was 13.33 (95% CI: 4.05–43.91).27
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Treatment of acute kidney injury 
in COVID-19

The general principles of management in patients with 
COVID-19 and acute kidney injury, developed by the Acute 
Disease Quality Initiative (ADQI) Working Group, do 
not differ from the principles of management in patients 
with acute kidney injury due to other causes. The meth-
ods of  therapy in COVID-19 patients are summarized 
in Table 4.50

Methods of therapy of the underlying disease, i.e., CO-
VID-19, in patients with acute kidney injury and in patients 
without acute kidney injury, are similar. However, it should 
be stressed that in the treatment of COVID-19 accompa-
nied by acute kidney injury, the contraindication to remde-
sivir is estimated glomerular filtration rate (eGFR) <30 mL/
min/1.73  m2.50 The  abovementioned recommendation 
for the use of remdesivir is due to the possible accumula-
tion of the solvent substance, i.e., cyclodextrin derivative 
(sulfobutylether-β-cyclodextrin (SBECD)).76 Animal stud-
ies have shown that SBECD has nephrotoxic and hepato-
toxic properties.77 Observational studies in patients with 
COVID-19 and impaired kidney function treated with 
remdesivir by Thakare et al. (including 46 patients) and 
Estiverne et al. (including 18 patients), and case reports 
of patients with COVID-19 and impaired kidney function, 
did not confirm significant toxicity of such treatment.78–81 
Nevertheless, in the study by Estiverne et al., 2 out of 18 ob-
served patients showed a significant increase in the activ-
ity of serum transaminases.79 It is necessary to conduct 
clinical trials to answer the question of whether the ben-
efits of remdesivir in patients with acute kidney injury 
in the course of COVID-19 might outweigh the potential 
risks caused by the toxicity of such treatment.76

In  the  treatment of  acute kidney injury in  a  patient 

with COVID-19, kidney replacement therapy is  often 
necessary (Table 1,2). A review of the literature by Has-
sanein et al. showed a  large variation in the frequency 
of the need for kidney replacement therapy in patients with 
acute kidney injury due to COVID-19, ranging from 0.8% 
to 31%.23 The meta-analysis by Fabrizi et al. showed that 
the frequency of the need for renal replacement therapy 
in patients with COVID-19 was 4.3% (95% CI: 3.1–5.5%; 
p < 0.0001).26 The meta-analysis by Hansrivijit et al. found 
that the incidence of renal replacement therapy was 3.6% 
(95% CI: 1.8–7.1%).27

The method of kidney replacement therapy in patients 
with COVID-19 is similar to the treatment of patients 
with acute kidney injury with another etiology. So far, no 
benefit has been found of an earlier initiation of renal re-
placement therapy. Continuous techniques should be pre-
ferred (nevertheless, the type of treatment depends mainly 
on a center’s experience and the availability of the treat-
ment method). The best location to place a hemodialysis 
catheter is in the right jugular vein. Heparin should also be 
used in some patients in between hemodialysis treatments. 
For continuous techniques, local use of citrate should be 
preferred. Peritoneal dialysis can also be used.50,82,83

In order to reduce the risk of infection of medical per-
sonnel, the video transmission from the dialysis room has 
been used in some dialysis centers, allowing for remote pa-
tient supervision. Moreover, some of the centers have used 
longer than usual drains for hemodialysis, which allowed 
for the positioning of the hemodialysis machine outside 
the room in which the patient was staying.23

Limitations of the study

The main limitation of this review paper is that we ana-
lysed results from the studies published before November 
2021, i.e., during the still ongoing COVID-19 pandemic. 
The studies discussed in paper covered the period be-
fore the introduction of vaccination against COVID-19. 
Therefore we were not able to anticipate the  influence 
of both vaccination and new variants SARS-CoV-2 virus 
on the acute kidney injury epidemiology and pathogenesis. 
Mechanisms by which SARC-CoV-2 affects kidney func-
tion presented in this review paper are not well understood 
and undoubtedly require further research.

Conclusions

Acute kidney injury in the course of COVID-19 occurs 
in approx. 30% of patients requiring hospitalization. In CO-
VID-19, acute kidney injury is most often caused by prere-
nal causes. In the histological picture of acute kidney injury 
in the course of COVID-19, acute tubular necrosis was 
found to be dominating. The principles of prevention and 
treatment of acute kidney injury in the course of COVID-19 
are similar to those of acute kidney injury in the course 

Table 4. Principles of management in a patient with coronavirus disease 
2019 (COVID-19) and acute kidney injury

Patients at increased risk of acute kidney injury (AKI)  
and patients with AKI

Applying standard principles of care for prevention and treatment 
of multiple organ failure

Individualization of fluid therapy

Consideration of vigorous hemodynamic monitoring

Monitoring serum creatinine concentration and urine volume

Maintaining normal blood glucose concentration

If possible, considering using alternative diagnostic methods for 
testing with iodine-based contrast agents, but without delaying 
the radiological examination

If possible, avoidance of nephrotoxic drugs

Risk of AKI when choosing a strategy for artificial ventilation

Additionally, patients with stage II/III AKI

Kidney replacement therapy consideration

Avoidance of vascular access for hemodialysis using a subclavian vein 
puncture 



Adv Clin Exp Med. 2022;31(3):317–326 325

of other infections. The contraindication to the use of rem-
desivir is eGFR < 30 mL/min/1.73 m2. It must be empha-
sized that acute kidney injury in the course of COVID-19 
is an unfavorable prognostic factor.
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Abstract
Background. A patient with relapsed mantle cell lymphoma (MCL) showed stable disease after receiving 
ibrutinib therapy as a salvage therapy, after the failure of his first chimeric antigen receptor (CAR)-T 19 cell 
therapy.

Objectives. The combined effects of CAR-T 19 cells from the patient and ibrutinib on JeKo-1 cell were 
explored in vitro and in vivo.

Materials and methods. The expression of programmed death-1 (PD-1) receptor on CD3+ T cells in the pe-
ripheral blood decreased from 82.95% in the first CAR-T 19 cell therapy to approx. 40% after 14 months 
of ibrutinib therapy. When the disease progressed again during the ibrutinib therapy, the patient was enrolled 
into the same clinical trial of CAR-T 19 cell therapy.

Results. The efficacy of CAR-T 19 cells increased after the ibrutinib therapy. The mRNA expression level 
of PD-1 in CAR-T 19 cells after ibrutinib therapy was lower than in CAR-T 19 cells before the ibrutinib therapy. 
Nevertheless, CAR-T 19 cell therapy combined with ibrutinib had no synergistic effect in a short term in vitro 
and in the JeKo-1 cell mouse model.

Conclusions. We expect our results to provide evidence for the combination treatment of ibrutinib for MCL 
or even other types of B-cell lymphomas. Moreover, the improvement in CAR-T 19 cell function was based 
on long-term ibrutinib therapy.

Key words: chimeric antigen receptor, immunotherapy, lymphoma, clinical chimeric antigen receptor T cell 
trials, ibrutinib
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Background

Relapsed/refractory (R/R) B-cell non-Hodgkin’s lym-
phoma (B-NHL) is usually characterized by poor prog-
nosis.1,2 Chimeric antigen receptor (CAR) T-cell therapy 
has shown to be more effective in patients with R/R B-
cell acute lymphoblastic leukemia (B-ALL)3–9 and R/R 
B-NHL.10–13 However, patients with R/R B-NHL have 
lower complete remission (CR) rate of CD19 CAR T–cell 
(CAR-T 19) therapy than those with R/R B-ALL.14,15

Ibrutinib, as an inhibitor of Bruton’s tyrosine kinase 
(BTK), has been approved by the US Food and Drug Ad-
ministration (FDA) for the treatment of relapsed chronic 
lymphocytic leukemia (CLL)16 and mantle cell lymphoma 
(MCL).17 This drug has been extensively administered 
for the treatment of various B-cell lymphomas.18–20 Bru-
ton’s tyrosine kinase expressed on B cells acts as a cyto-
plasmic tyrosine kinase in the B-cell receptor signaling 
pathway.21,22 Ibrutinib blocks BTK activation in different 
pathways to  inhibit B-cell receptor signaling in B-cell 
lymphomas.23–25

The combination of ibrutinib and CAR-T 19 cells has 
shown excellent results in preclinical and clinical stud-
ies.26 The CAR-T 19 cell therapy has been proven to be 
highly effective in CLL patients who have previously taken 
ibrutinib.27 This drug can enhance the engraftment and 
efficacy of CAR-T 19 cells in CLL patients.28 Other clini-
cal reports have indicated a promising antitumor activ-
ity of CAR-T 19 cells in CLL patients who are resistant 
to ibrutinib therapy.29 Ibrutinib combined with CAR-T 19 
cells has been studied in an MCL cell line.30 The efficacies 
of CAR-T 19 cells on the MCL cell line in vitro and in vivo 
were enhanced by this drug. In this study, a patient with 
relapsed MCL obtained CR with his second CAR-T 19 cell 
therapy after the failure of the first CAR-T 19 cell therapy 
and 14  months of  ibrutinib therapy. The  combination 
of CAR-T 19 cells from the patient and ibrutinib on JeKo-1 
cell was explored in vitro and in vivo.

Objectives

The aim of the study was to observe whether a long-term 
ibrutinib therapy could enhance the efficacy of CAR-T 19 
cell therapy in the treatment of R/R MCL in vitro, in mice, 
and clinically.

Materials and methods

Medical history

A 58-year-old man experienced right epigastric pain for 
3 days in September 2014. Abdominal computed tomog-
raphy (CT) revealed the presence of multiple low-density 
shadows in the spleen and lymph nodes of the splenic portal 

area/retroperitoneum (Fig. 1A). The biopsy of the hilum 
of the lymph node and immunohistochemical examination 
confirmed the diagnosis of MCL (Fig. 1B). The cyclin D1 
level was 72.5%. The CR was obtained after 6 cycles of R-
CHOP combination chemotherapy. No autologous hema-
topoietic stem cell transplantation or other maintenance 
therapy was initiated due to lung injury caused by heart 
stent surgery and rituximab.

In February 2017, the patient was again admitted to our 
hospital owing to lymph node enlargement in the right 
neck. There were no immunoglobulin H (IgH) and T-cell 
receptor gene rearrangements (Fig. 1C). Neck CT revealed 
that multiple cervical lymph nodes were enlarged (Fig. 2A). 
Cervical lymph node biopsy confirmed the previous di-
agnosis of MCL (Fig. 1D). The cyclin D1 level was 69.2%. 
Owing to the complications, the patient could not receive 
further combination chemotherapy. Subsequently, he par-
ticipated in a clinical trial of autologous CAR-T 19 cells, 
expressing murine anti-CD19 scFv and 4-1BB-CD3ζ co-
stimulatory activation domain (ChiCTR-ONN-16009862). 
The patient provided informed consent prior to the enroll-
ment. This clinical trial was conducted under the approval 
of the Medical Ethics Committee of Tianjin First Central 
Hospital, China (approval No. 2015002X). Lymphodeplet-
ing chemotherapy with fludarabine (30 mg/m2) and cyclo-
phosphamide (400 mg/m2) was given to the patient from 
the day −4 to day −2. On day 0, the patient was infused with 
autologous CAR-T 19 cells (2 × 107 cells/kg). The patient 
had high fever, chills and headache in the first 3 days. At day 
7 of the treatment, the cervical lymph node enlargement 
suddenly increased with laryngeal edema and obstructive 
dyspnea (Fig. 2B). Therefore, we were forced to terminate 
CAR-T 19 cell therapy; the laryngeal edema and obstructive 
dyspnea were treated using dexamethasone.

Two weeks after the failure of CAR-T 19 cells therapy, 
ibrutinib therapy was administered as the salvage therapy. 
No increase was found in the percentage of anti-CAR-T 19 
cells and gene expression level of anti-CD19 CAR. Af-
ter ibrutinib therapy for 2 months, the size of the cervi-
cal lymph node decreased. Meanwhile, the programmed 
death-1 (PD-1) expression in peripheral blood CD3+ T cells 
was 82.95%. In the following 2 months, no increase was 
observed in the percentage of anti-CAR-T 19 cells as well 
as gene expression level of anti-CD19 CAR in the periph-
eral blood. Therefore, the patient continued ibrutinib ther-
apy for approx. 14 months with a stable disease condition.

Successful second CAR-T 19 cell therapy

After ibrutinib treatment for 14 months, cervical lymph 
node enlargement was observed again (Fig. 2C). Never-
theless, the PD-1 expression decreased to 42.5% at this 
time. As  a  result, the  patient was once again enrolled 
in the same clinical trial (ChiCTR-ONN-16009862). He 
received the same dose of lymphodepleting chemotherapy 
and autologous CAR-T 19 cells as the 1st CAR-T 19 cell 
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therapy. The level of interleukin-6 (IL-6) was measured 
using electrochemiluminescence analysis. Flow cytom-
etry was used to detect the level of PD-1 in CD3+ T cells 
and the percentage of CAR-T 19 cells in peripheral blood. 
The gene expression level of CAR-T 19 was determined 
using quantitative polymerase chain reaction (qPCR).

CAR-T 19 cell proliferation, cytotoxicity 
and mRNA expression level of PD-1

The CAR-T 19 cells from the patient’s CD3+ T cells were 
divided into various groups: the CAR-T 19 cell group derived 
from the patient before ibrutinib therapy with or without 
ibrutinib and CAR-T 19 cell group after ibrutinib therapy 
with or without ibrutinib. Ibrutinib (4 μg/mL/day) was 
added to the CAR-T 19 cell culture system on the first day. 
Cell Counting Kit-8 (Dojindo Molecular Technologies, 
Kumamoto, Japan) was used to detect the CAR-T 19 cell 
proliferation at 0 h, 24 h and 48 h. The transfection effi-
ciency of CAR-T 19 cells was analyzed using flow cytom-
etry. The JeKo-1 cell line was bought from the American 
Type Culture Collection (ATCC; Manassas, USA). Each 

group of CAR-T 19 and JeKo-1 cells was cocultured in a 1:1 
ratio for 48 h without adding cytokines. The lactate dehy-
drogenase cytotoxicity test kit was used for the measure-
ment of cytotoxicity at 0 h, 24 h and 48 h; the detection was 
performed at a wavelength of 490 nm. The enzyme-linked 
immunosorbent assay (ELISA) kit (Becton Dickinson Bio-
sciences, Franklin Lakes, USA) was applied to determine 
the release of tumor necrosis factor alpha (TNF-α) and 
interferon gamma (IFN-γ). The absorbance (A) at 0 h, 12 h, 
24 h, and 48 h was measured at 450 nm. The PD-1 mRNA 
expression in CAR-T 19 cells was determined with reverse 
transcription (RT)-qPCR. The PD-1 expression, normal-
ized to that of GAPDH and relative to a calibrator, was 
calculated using the 2−ΔΔCt method. All experiments were 
repeated 3 times to calculate the mean values.

Comparison of the efficacy  
of CAR-T cell therapy before  
and after ibrutinib therapy in mice

Each procedure was performed under the  approval 
of  the Animal Care and Use Committee of  the Ethics 

Fig. 1. Diagnosis of mantle cell lymphoma. A. Abdominal computed tomography (CT) in May 2014; B. Result of the pathological biopsy in May 2014; 
C. Immunoglobulin H (IgH) and T-cell receptor gene rearrangements were negative; D. Result of the pathological biopsy in February 2017
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Committee of Nankai University, Tianjin, China (ap-
proval No. 2017-000012). In a lymphoma animal mode, 
6–8 weeks old female mice (CAnN.Cg-Foxn1nu/CrlVR) 
bought from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China), were injected 
with 1  ×  107 JeKo-1 cells through caudal vein. After 
10 days, the successful establishment of the model was 
confirmed with flow cytometry of the peripheral blood 
of mice. The mice of  lymphoma model were randomly 
divided into different groups and treated with CAR-T 19 
cells (1 × 107/kg), with or without ibrutinib. The ibruti-
nib monotherapy group was used as the control group. 
On the first day of treatment, CAR-T 19 cells were admin-
istered through caudal vein. Mice were given the clini-
cally recommended dose of ibrutinib (8 mg/kg/day) via 
oral gavage. Each group consisted of 5 mice. The propor-
tion of JeKo-1 and CAR-T 19 cells in mice was determined 
with flow cytometry.

Statistical analysis

Data are expressed as mean ± standard error (SE), along 
with the number of repeated experiments. All data were 
independently analyzed using the t-test. Statistically sig-
nificant difference was defined as p < 0.05.

Results

Results of the second CAR-T 19 cell therapy

We obtained the agreement from the patient for using 
their specimens and data in this study. The patient had high 
fever, chills and headache during the first 5 days follow-
ing the 2nd CAR-T 19 cell therapy. The highest serum IL-6 
level was 275.6 pg/mL on day 4 of the 2nd treatment, com-
pared with 15.2 pg/mL on the same day of the 1st treatment 

Fig. 2. Changes in the lymph nodes 
in the 2 chimeric antigen receptor 
(CAR)-T 19 cell therapies. A. Neck 
computed tomography (CT) before 
the first therapy; B. Enlargement 
of cervical lymph node after 
the 1st therapy; C. The cervical 
lymph node increased in size 
again after ibrutinib therapy; 
D. The size of the cervical lymph 
node returned to normal after 
the 2nd CAR-T 19 cell therapy
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(Fig. 3A). The expression level of PD-1 was maintained 
at >80% in the 1st treatment, in the 2nd treatment, it was 
maintained at approx. 40% (Fig. 3B).

On day 7 of the 2nd treatment, the percentage of CAR-T 19 
cells was the highest (7.52%) in CD3+ T cells (Fig. 3C). 
Compared with the highest CAR-T 19 DNA value of 280 
copies/µg DNA obtained in the 1st treatment, the value 
was 4730 copies/µg DNA in the 2nd treatment (Fig. 3D). 
The changes in serum ferritin and C-reactive protein (CRP) 
levels were similar to those in IL-6 levels (Fig. 3E,F).

In  the  2nd  treatment, the  size of  the  cervical lymph 
node was significantly reduced with grade II CRS31 af-
ter the 2nd CAR-T 19 cell therapy (Fig. 2D). The patient 
achieved CR after 2 months; CR has been maintained for 
15 months, up to the present.

Results in vitro

No significant difference of  the  transfection rate was 
found in the 4 groups (p = 0.6572) (Fig. 4A). There was 
also no difference of  the  proliferation in  the  4  groups 
at 24 h or 48 h (p24h = 0.3660 and p48h = 0.2061) (Fig. 4B). 
Ibrutinib therapy for 14 months and the addition of ibrutinib 
into the culture system did not affect the proliferation and 
transfection of CAR-T 19 cells. The CAR-T 19 cells derived 
from T cells before or after ibrutinib therapy showed almost 
no change in JeKo-1 cell cytotoxicity, regardless of whether 
ibrutinib was present or not in the culture system. Ibruti-
nib alone was used as the control group (before ibrutinib 

therapy: p24h = 0.8770 and p48h = 0.4923; after ibrutinib ther-
apy: p24h = 0.5871 and p48h = 0.6969). The CAR-T 19 cells 
after ibrutinib therapy showed significant JeKo-1 cell activity 
regardless of whether ibrutinib was present or not in the cul-
ture system (without ibrutinib in the culture: p24h = 0.0000 
and p48h = 0.0000; with ibrutinib in the culture: p24h = 0.0000 
and p48h  =  0.0000) (Fig. 4C). There was no difference 
in the IFN-γ release profile of all groups (p24h = 0.4006 and 
p48h = 0.5819) (Fig. 4D). Similarly to the results of prolif-
eration and transfection, ibrutinib therapy and the addition 
of ibrutinib into the culture system did not affect the IFN-γ 
release. After ibrutinib therapy, PD-1 mRNA expression 
in CAR-T 19 cells was lower than before ibrutinib therapy 
(without ibrutinib in the culture: p = 0.0013; with ibruti-
nib in the culture: p = 0.0052). The mRNA expression level 
of PD-1 exhibited no difference in the CAR-T 19 cell culture 
systems with or without ibrutinib (before ibrutinib therapy: 
p = 0.2104; after ibrutinib therapy: p = 0.1036) (Fig. 5).

Results in mice

In the animal experiments, the percentage of  JeKo-1 
cells decreased in the CAR-T 19 cell group after ibrutinib 
therapy with ibrutinib compared with that before ibru-
tinib therapy with ibrutinib on 14 days and 28 days after 
therapy (p14days = 0.0000 and p28days = 0.0000). The percent-
age of JeKo-1 cells decreased in the CAR-T 19 cell group 
after ibrutinib therapy compared with that before ibru-
tinib therapy on 14 days after therapy (p14days = 0.0000). 

Fig. 3. Comparison of the 2 chimeric antigen receptor (CAR)-T 19 cell therapies. A. The highest serum interleukin-6 (IL-6) level was 275.6 pg/mL in the 2nd therapy; 
B. The programmed death-1 (PD-1) expression decreased from approx. 80% in the 1st therapy to approx. 40% in the 2nd therapy; C. The highest percentage 
of CAR-T 19 cells was 7.52% in the 2nd therapy; D. The highest copy number of CAR-T 19 DNA was 4730 copies/µg DNA in the 2nd therapy; E. The highest 
C-reactive protein (CRP) level was 139.5 mg/mL in the 2nd therapy; F. The highest ferritin level was 355.4 ng/mL in the 2nd therapy
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Nevertheless, no difference was found in the two CAR-T 19 
cell groups after ibrutinib therapy at 14 days or 28 days after 
CAR-T 19 cell therapy (p14days = 0.1459 and p28days = 0.4005). 
The proportion of JeKo-1 cells in the group of CAR-T 19 

cells rapidly increased before ibrutinib therapy, result-
ing in  the  immediate death of  the  mice after 14  days, 
compared with that in the group treated with ibrutinib 
(p14days = 0.0021). Both ibrutinib and CAR-T groups exhib-
ited no difference, which was combined with ibrutinib be-
fore ibrutinib therapy (p14days = 0.4292 and p28days = 0.3175). 
The percentage of JeKo-1 cells in the CAR-T 19 cell groups 
after ibrutinib therapy combined with ibrutinib was 
lower than in the ibrutinib group (p14days = 0.0000 and 
p28days = 0.0000) (Fig. 6A). The proportion of CAR-T 19 
cells in the CAR-T 19 cell groups after ibrutinib therapy 
with ibrutinib (p14days  =  0.0000) or  without ibrutinib 
(p14days = 0.0000) was higher than before ibrutinib ther-
apy, but no difference was found in the two CAR-T 19 
cell groups after ibrutinib therapy (p14days = 0.1922 and 
p28days = 0.4490). Besides, the proportion in the CAR-T 19 
cell group exhibited no difference before ibrutinib therapy 
with or without ibrutinib (p14days = 0.3514) (Fig. 6B).

Discussion

In our study, the patient with relapsed MCL showed sta-
ble disease during his 14-month ibrutinib treatment after 
the 1st therapy failed. When his condition worsened again 

Fig. 4. Cytotoxicity of all 
chimeric antigen receptor 
(CAR)-T 19 cell groups 
to lymphoma cells. A,B. No 
significant difference was 
found in the transfection 
and proliferation of cells 
in all groups; C. The CAR-T 
19 cells derived from T cells 
before or after ibrutinib 
therapy showed almost 
no change in JeKo-1 cell 
cytotoxicity regardless 
of whether ibrutinib was 
present or not. The CAR-T 
19 cells after ibrutinib 
therapy showed significant 
JeKo-1 cell activity; 
D. There was no difference 
in the interferon gamma 
(IFN-γ) release profile in all 
groups

Fig. 5. The programmed death-1 (PD-1) mRNA expression in chimeric 
antigen receptor (CAR)-T 19 cells. The PD-1 mRNA expression in CAR-T 19 
cells after ibrutinib therapy was lower than that before ibrutinib therapy. 
However, it showed no difference in the before or after ibrutinib therapy 
groups, regardless of whether ibrutinib was present or not in the system
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during ibrutinib treatment, he received the 2nd CAR-T 19 
cell therapy to  achieve CR. The  reason for the  failure 
of the 1st CAR-T 19 cell therapy was unclear. It was ob-
served that PD-1 expression was 82.95% in CD3+ T cells be-
fore the first CAR-T 19 therapy. Interestingly, it decreased 
to approx. 40% after the 14-month ibrutinib therapy. This 
research investigated the efficacy of CAR-T 19 cell therapy 
before and after ibrutinib therapy in vitro and in mice.

Ibrutinib functions as a BTK inhibitor to downregu-
late NF-кB (nuclear factor kappa-light-chain-enhancer of 
activated B cells) signaling, thus controlling the homing 
and migration of tumor cells. Blocking the interaction be-
tween macrophages and tumor cells is an important way 
to decrease the chemoattraction of tumor cells to the bone 
marrow microenvironment.32–35 In one study, ibrutinib 
therapy with CLL for >5 months increased the prolifera-
tion and efficacy of CAR-T 19 cells.28 A long-term ibrutinib 
therapy for patients with CLL could result in overcoming 
the immunosuppression of the primary disease, repairing 
the functional defects of autologous T cells, and decreas-
ing the PD-1 expression in T cells. This effect of ibrutinib 
therapy is achieved through BTK-dependent and BTK-
independent mechanisms.36

Another research has shown that ibrutinib modulates 
the tumor microenvironment of patients with CLL through 
the downregulation of the expression level of programmed 
death ligand-1 in CLL cells after 3 months of  ibrutinib 
therapy.37 Therefore, although the resistance to ibrutinib 

might occur during the treatment,38,39 the CAR-T 19 cell 
therapy was highly effective in CLL patients after the fail-
ure of ibrutinib therapy.

Does long-term ibrutinib therapy improve T-cell func-
tion in patients with CLL and other types of B-cell lym-
phomas? The combination of ibrutinib improved the thera-
peutic effect of CAR-T 19 cell therapy on MCL cell line 
in vitro and in vivo.30 In our study, the patient with relapsed 
MCL achieved CR with the 2nd CAR-T 19 cell therapy after 
14-month ibrutinib therapy.

Limitations

This study has some limitations. The study did not in-
vestigate whether the mechanism of improving the T-cell 
function in MCL patients following long-term ibrutinib 
therapy is consistent with that in patients with CLL, and 
whether long-term ibrutinib therapy improves T-cell func-
tion in other types of B-cell lymphomas, which will be 
explored in the further studies.

Conclusions

In  our study, we  demonstrated that the  efficacy of 
CAR-T 19 cell therapy was enhanced after 14-month ibru-
tinib therapy in vitro, in mice and in the clinical trial 
in which a patient was enrolled. However, there was no 

Fig. 6. Proportion of lymphoma and chimeric antigen receptor (CAR)-T 19 cells in mice. A. Regardless of whether ibrutinib was administered at the same 
time or not, the percentage of JeKo-1 cells in mice significantly decreased in the group of CAR-T 19 cell after ibrutinib treatment. The proportion of JeKo-
1 cells in mice rapidly increased in the group of CAR-T 19 cell before ibrutinib treatment, leading to the immediate death of the mice after 14 days; 
B. The proportion of CAR-T 19 cells showed an inverse relationship with the proportion of JeKo-1 cells
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synergistic effect of a short period of combination of CAR-
T 19 cells and ibrutinib in vitro and in mice. The results 
of our study support the conclusion that long-term ibru-
tinib therapy could enhance the efficacy of the CAR-T 19 
cell therapy. These results in MCL cell lines and the pa-
tient with MCL are similar to those of previous studies 
on CLL cell lines and patients with CLL.28
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Abstract
Background. Primary melanoma of the esophagus (PME) represents a rare type of gastrointestinal ma-
lignancy with an exceptionally poor diagnosis. So far, only few descriptions of PME which satisfactorily 
summarize their clinical characteristics and prognosis have been published.

Objectives. The aim of our study was to summarize our experience with PME patients.

Materials and methods. In a group of 1387 patients who underwent esophagectomy due to neoplastic 
process in the years 2000–2020 in 2 high-volume university thoracic surgery centers, we identified those 
with confirmed PME diagnosis. Subsequently, their clinical characteristics, imaging and histopathological 
results were compared. The data regarding the long-term survival were obtained from the Polish National 
Death Registry.

Results. The PME was identified in 4 (0.29%) patients. Three of them (75%) were males. The mean age 
on admission was 64.3 ±17.5 years. The main symptom in all patients was dysphagia. In 1 patient with 
the most advanced PME, the clinically relevant weight loss was noted. In 3 patients, Ivor Lewis esophagec-
tomy was performed, and 1 patient underwent McKeown resection. Histopathologic examination revealed 
a metastasis of lymph nodes only in 1 patient. The average maximum size of tumor was 6.9 ±4.7 cm and all 
tumors were located in distal part of the esophagus. Two out of those 4 patients are still alive and the longest 
survival time is 17 years. One patient died due to postoperative massive gastrointestinal bleeding complicated 
with cardiac arrest and the other one due to progression of PME systemic dissemination 6 months after 
surgical treatment.

Conclusions. The PME is an extremely rare diagnosis. A long-term survival can be achieved with the com-
plete resection. Clinical scenarios of surgically treated PME patients may significantly differ.

Key words: melanoma, esophagectomy, esophageal neoplasm
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Background

Primary melanoma of the esophagus (PME) represents 
an exceedingly rare diagnosis.1 Reportedly, PME concerns 
0.1–0.2% of all esophageal malignancies.1 The first histo-
pathologically proven PME was described by Garfinkle 
and Cahan in 1952.2 So far, only a few hundred such cases 
have been described worldwide.

Most of the evidence is based on individual case reports. 
Up to now, only a few series of PME patients have been 
described. Wang et al. described 13 PME patients treated 
surgically.3 Gao et  al. analyzed another Asian cohort 
consisting of 17 PME patients.4 Moreover, Szumiło and 
Dąbrowski initially described 3 PME treated in 1 medi-
cal center.5 However, the data of these patients were then 
included in the largest to date PME cohort; a significant 
proportion of those patients underwent molecular genetic 
profiling.6

Due to the highly unfavorable prognosis, PME is repeat-
edly decribed as an aggressive disease entity. As has been 
shown by Sabanathan et al. in their systematic review, 
the overall survival (OS) was only 10–13 months with 
a 5-year survival rate ranging from 0% to 4%. Metastatic 
disease was found in 40.9% of patients at the time of diag-
nosis. Moreover, at the time of diagnosis, more than 90% 
of the tumors were larger than 2 cm.7 Similar observations 
also apply to the latest abovementioned cohort studies.3–6 
Wang et al. estimated the overall 1-year and 5-year post-
operative survival rates as 54.0% and 35.9%, respectively.3 
Even worse treatment outcomes were reported by Gao et al. 
(1-year survival rate – 51%, 5-year – 10%).4

Objectives

We sought to analyze the incidence of PME diagnosis 
and long-term results of treatment in 2 Polish university 
thoracic surgery centers.

Materials and methods

A retrospective analysis of available data from the years 
2000–2020 was conducted. The study group included con-
secutive patients with pathologically confirmed diagnosis 
of PME who underwent a curative-intent surgery. Data 
used for analysis were obtained from medical records. Pa-
tients’ clinical and demographic characteristics, detailed 
histopathologic data with immunohistochemical features 
and imaging data were recorded, if  available.8 Finally, 
the data regarding the long-term survival were obtained 
from the Polish National Death Registry. The study proto-
col complied with the Declaration of Helsinki. All included 
patients gave informed consent. The approval of the Ethi-
cal Committee has been waived because of the retrospec-
tive character of the study, based exclusively on hospital 
records.

Results

We identified 1387 patients who underwent esopha-
gectomy due to primary esophageal malignancies. From 
this group, only 4 (0.29%) cases of PME were identified. 
The graphical presentation of clinical course of these pa-
tients is shown in Fig. 1. A brief summary of their clinical 

Fig. 1. The timelines presenting the clinical course of the described patients
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characteristics is presented in Table 1. As has been shown, 
3 of them (75%) were males. The mean age on admission 
was 64.3 ±17.5 years, ranging from 40 to 79 years. All pa-
tients complained of dysphagia. In addition, in 1 patient, 
the clinically relevant weight loss was found (case 2).

None of the patients underwent preoperative chemo- 
or radiotherapy. In 3 patients, Ivor Lewis esophagectomy 
was performed and in 1 patient, McKeown esophagectomy 
was used (case 2). In all cases, surgical intervention was 
successful, without any perioperative complications. His-
topathologic examination revealed metastasis in lymph 
nodes in 1 patient (case 2). The average maximum size 
of the tumor was 6.9 ±4.7 cm and all tumors were located 
in the thoracic part of the esophagus. Two patients are 
still alive and the longest survival time is 17 years (case 3).

Case 1

A 63-year-old female in a good general condition with 
symptoms of dysphagia was admitted due to previously 
diagnosed PME. A detailed examination of skin, mucosa 
and anus did not reveal any suspicious lesions. Endoscopic 
examination with endobronchial ultrasound (EBUS) and 
endoscopic ultrasound (EUS) revealed a polypoid esopha-
geal tumor at a distance of 31 cm from incisors line and 
thickened esophageal wall in the esophagogastric junction. 
The enlargement of mediastinal lymph nodes was not de-
tected. Due to a local advancement confirmed with con-
trast-enhanced computed tomography (CECT) and positron 
emission tomography (PET), the clinical stage was estimated 
as cT2N0M0 (Fig. 2A,B).

The patient underwent Ivor Lewis esophagectomy with 
D2 lymphadenectomy and the postoperative course was 
uneventful.

Pathological examination confirmed the initial diag-
nosis and staging of PME (pT2N0M0, R0) (Fig. 2C,D). 
In the resected specimens, 2 separate tumors with a di-
ameter of 2.0 cm and 3.5 cm were described. Low melanotic 
neoplastic cells showed features of extensive lentiginous 

spread. The PME invaded the mucosa and submucosa, 
and there were no signs of angioinvasion. The number 
of mitoses was about 9/mm2. No metastases were found 
in any of the 32 analyzed lymph nodes.

Six months after surgery, the patient is still alive and was 
scheduled for further oncological treatment by the Multi-
disciplinary Tumor Board.

Case 2

A 75-year-old male was admitted with a  large tumor 
of the esophagus diagnosed as PME on the basis of endo-
scopic biopsy performed in a regional hospital. On admis-
sion, patient presented with dysphagia and tolerated only 
soft diet. He had lost 15 kg of body weight in the preceding 
period. Detailed physical examination, including skin, oral 
mucosa and anus, did not reveal any suspicious lesions 
or lymph node enlargement. The patient smoked about 30 
pack-years. There was no history of melanoma in his family.

Endoscopic examination including EBUS and EUS re-
vealed an obstructing, amelanocytic tumor, at the distance 
of 25 cm from incisors line, and a massive hypoechogenic 
infiltration  >50  mm tightly adjacent to  the  left main 
bronchus. The  CECT showed a  thickened esophageal 
wall with a maximal diameter of 68 × 52 mm, at the level 
of  left atrium with its compression (Fig. 3A,B). The tu-
mor expanded from aortic arch level to gastric cardia. 
Additionally, CECT revealed an  enlarged lymph node 
(20 mm) in a subdiaphragmatic area and a lymph node 
of 7 mm in diameter near the gastric cardia. The PET 
revealed suspicious fluorodeoxyglucose-avid (FDG-avid) 
mediastinal and celiac lymph nodes. The clinical stage 
was established as cT3N3M0. The patient’s condition was 
discussed by the Multidisciplinary Tumor Board and he 
was scheduled for primary surgical treatment.

A subtotal McKeown esophagectomy with an esophago-
gastric side-to-side anastomosis was performed. There 
were no intraoperative complications and the postopera-
tive course was uneventful.

Table 1. Clinical characteristics of the described patients with primary melanoma of the esophagus

Variable Case 1 Case 2 Case 3 Case 4

Year 2020 2017 2003 2000

Gender female male male male

Age [years] 63 75 40 79

Symptoms dysphagia dysphagia, weight loss dysphagia dysphagia

Tumor maximum 
dimension [cm]

2 tumors:
2 and 3.5

13.5 7 3.5

Localization distal distal distal distal

Type of esophagectomy Ivor Lewis McKeown Ivor Lewis Ivor Lewis

Metastases in pathological 
evaluation

no
lymph nodes (1 paraesophageal, 

1 gastric, 1 celiac)
no no

Follow-up alive
died after 6 months – systemic 

dissemination
alive

died after 2 days
– postoperative 
complications
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The pathological examination confirmed the initial di-
agnosis of PME (pT2N2M0, R0 resection) (Fig. 3C). Im-
munohistochemical staining was positive for S100 and 
HMB-45, and negative for cytokeratin (Fig. 3D). The BRAF 
V600E mutation was not found. Regional metastases were 
detected in 3 out of 15 resected lymph nodes: 1 paraesoph-
ageal, 1 gastric and 1 celiac.

Imaging tests performed 5 months later confirmed a sin-
gle brain metastasis (25 × 20 × 20 mm) and generalized 
extracranial dissemination. Subsequently, the patient was 

scheduled for palliative stereotactic brain radiotherapy, 
which resulted in temporary symptomatic relief. After 
6 months from surgery treatment, the patient died due 
to the progression of systemic dissemination.

Case 3

A 40-year-old male was admitted due to  symptoms 
of dysphagia and suspicion of  tumor of  the distal part 
of the esophagus. On admission, the patient was in good 

Fig. 2. Case 1. A. Contrast-enhanced computed tomography (CECT): infiltrative lesions of the esophagus wall in the lower thoracic region (15 × 37 mm) 
and bulky thickening of the lesser curvature of the stomach (23 × 45 mm) (arrow). Radiological features of metastases were not found; B. Positron emission 
tomography (PET): slight increase of 18F-fluorodeoxyglucose uptake in the lower esophagus (maximal standard unit value (SUVmax) 3.9) at the length 
of 20 mm and in the cardia and the lesser curvature of the stomach (SUVmax 4.4), indicating a neoplastic process (arrow); C,D. Immunohistochemical staining 
positive for HMB-45 protein (×200 magnification) and negative for CK AE-1/AE-3 (×200 magnification)
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general condition, with mild symptoms of dysphagia and 
satisfactory tolerance of soft diet. Endoscopy with EUS 
revealed a polypoid tumor located 26–30 cm from the in-
cisors line. On CECT, tumor of the distal esophagus with 
dimensions of 7 × 3 × 3 cm was visualized. There were no 
signs of enlarged lymph nodes and distal metastases. Based 
on those diagnostic results, the patient was scheduled for 
primary surgical treatment.

The Ivor Lewis esophagectomy was performed without 
perioperative and postoperative complications.

The pathological examination confirmed a initial diag-
nosis of PME. Immunohistochemical staining was positive 
for S100 and HMB-45, and negative for cytokeratin and 
desmin. The alternative diagnosis of gastrointestinal stro-
mal tumor (GIST) was excluded by negative staining for 
CD117. Moreover, there were no metastases of lymph nodes.

The patient was discharged home in a good general con-
dition. He was regularly followed up without the symptoms 
of PME recurrence. Currently, after 17 years since surgical 
treatment, he is still alive.

Fig. 3. Case 2. A,B. Contrast-enhanced computed tomography (CECT): polypoid tumor from the level of the aortic arch to the cardia area, with 
the modeling of the lower trachea, tracheal bifurcation and main bronchi (17 cm in length) (A, arrow). The largest dimensions of the esophagus were 
68 × 52 mm at the level of the left atrium with its modeling and compression (B, arrow). An enlarged lymph node up to 20 mm was visualized close 
to the lesser curvature. Moreover, smaller paracardial lymph nodes up to 7 mm were also visible; C,D. Immunohistochemical staining positive for melanA 
protein (×200 magnification) and negative for CK AE-1/AE-3 (×200 magnification)
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Case 4

A 79-year-old male with hypertension, coronary artery 
disease and a history of myocardial infarction 3 years be-
fore was admitted to thoracic surgery center due to the di-
agnosed symptomatic esophageal tumor. The general 
condition of the patient was good, with preserved soft 
diet tolerance and without any abnormalities in labora-
tory tests results. The CECT revealed the polypoid tumor 
of 3.5 cm in diameter and showed no signs of metastases 
(Fig. 4A,B). The patient was scheduled for primary surgi-
cal treatment.

After uneventful Ivor Lewis esophagectomy, the signifi-
cant amount of fresh blood was drained through the naso-
gastric tube. Emergency endoscopy did not reveal the site 
of  bleeding, and the  Sengstaken–Blakemore tube was 
placed in surgical anastomosis. The patient required do-
pamine infusion, 2 units of packed red blood cells and fresh 
frozen plasma. On the 1st postoperative day, the patient 
remained stable, was extubated and required only low-flow 
oxygen support. On the 2nd postoperative day, asystolic 
cardiac arrest occurred. Resuscitation was unsuccessful.

The  histopathological examination of  the  dissected 
esophagus confirmed the initial diagnosis of PME. No 
metastases were found in resected lymph nodes.

Discussion

Our paper is one of the very few series of PME patients 
published to date. In accordance with the literature data, 
PME was an  extremely rare diagnosis among esopha-
geal malignancies in our group. The clinical course and 

prognosis differed significantly in our study and depended 
on the baseline clinical characteristics.

Although PME is a very rare clinical diagnosis, its inci-
dence is uncertain. Our data on PME incidence are consis-
tent with those reported by Bisceglia et al.,1 who estimated 
PME incidence as 0.1–0.2% of all esophageal malignan-
cies.1 In our study, based on large number of 1387 ana-
lyzed patients with esophageal malignancies, the incidence 
of melanomas was 0.29%.

Similarly to other papers in the field, due to limited num-
ber of patients, it is difficult to analyze their clinical profile. 
To compare the selected clinical features with data from 
literature, a brief review of selected studies is presented 
in Table 2.

The average patients’ age at diagnosis, described in lit-
erature, ranged from 51.0 ±8.6 years to 66.4 ±7.6 years, 
which corresponds with our series data: 64.3 ±17.5 years. 
Moreover, PME is  distinctly more common in  males 
(Table 2)3–6,9–11; in our series, 3/4 of patients were male. 
The most common localization of the primary melanoma 
is the skin, and other less common extracutaneous sites 
include mucosal surfaces, uvea and retina. Primary mela-
noma of the gastrointestinal tract, as well as PME, are 
very rare. On the other hand, melanoma is one of the most 
common malignancies which metastasize to the gastro-
intestinal tract.12 Due to this fact, the differential diag-
nosis between primary and metastatic melanoma may 
be demanding. Reportedly, the most common location 
of PME is the distal part of esophagus (Table 2).3–7,9,10 This 
is probably due to the accumulation of melanocytes in this 
part of upper gastrointestinal tract.4 In all patients in our 
series, the tumor was located in lower or middle thoracic 
esophagus.

Fig. 4. Case 4. Contrast-enhanced computed tomography (CECT): infiltrative lesion in the distal part of esophagus up to 35 mm in diameter (arrows), 
without radiological features of metastases
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The symptoms of PME are nonspecific. The most fre-
quently reported symptom was dysphagia, with a range 
of 46.2–100.0% in surgically treated PME patients.3–6,9,10 
Noteworthy, in our material, it was the main complaint 
in all patients. Other common symptoms related to PME 
expansion are weight loss and epigastric pain.3,5,6 More 
severe and occasionally life-threatening symptoms such 
as hematemesis and melena are very rare.4 As has been 
hypothesized, a softer structure of PME than other esopha-
geal malignancies may delay the onset of symptoms and 
the diagnosis.7

Another unfavorable feature is the repeatedly reported 
high incidence of lymph node metastasis in pathological 
evaluation, with a range of 33.33–75.0% (Table 2).5,9 Sa-
banathan et al. reported that one of the most common 
locations of metastases are the paraesophageal (10.8%) and 
celiac (4%) lymph nodes.7 In our study, metastases were 
found only in 1 patient with the most advanced tumor, who 
subsequently died due to systemic dissemination (case 2). 
Distant metastases in PME are most commonly located 
in the liver.10

The PME is traditionally associated with the highly unfa-
vorable long-term prognosis, which was repeatedly demon-
strated in previously published studies.1,3,4 Lasota et al. re-
ported the observation of 16 PME patients, 2 of which died 
due to postoperative complications, 9 due to disease pro-
gression within 4–22 months (mean survival: 15 months) 
and 4 because of unknown causes within 8–104 months 
(mean survival: 43 months).6 Based on the literature re-
view, the 5-year survival rate presented in Table 2 ranged 
from 10% to 35.9%.3,4 Noteworthy, only in 2 of the analyzed 

studies (Table 2), long follow-up, similar to that in the case 
of our patient who survived 17 years after surgery, was 
reported.4,10 Although the prognosis is generally poor, our 
results show that long-term survival can be achieved with 
curative-intent surgical treatment.

There are no established predictive and prognostic fac-
tors in PME patients. However, as for other malignancies, 
one of the most important aspects is the tumor stage. Gao 
et al. have shown that TNM stage was the strong survival 
predictor for PME (hazard ratio (HR) 5.678, 95% con-
fidence interval (95% CI):  [1.125; 28.658], p = 0.0355).4 
The authors proved that patients with TNM stage III had 
significantly shorter postoperative overall survival than 
those with TNM stage I and II.4 Another interesting as-
pect in the prognosis evaluation is the impact of lymph 
node metastasis, which was shown to be an independent 
prognostic factor for postoperative survival by Wang et al.3 
A similar association was shown in the previously men-
tioned analysis by Gao et al., but the difference was not 
significant.4 Expectedly, patients with PEM have better 
survival than those with melanoma with metastatic in-
volvement of the esophagus.9

Surgery is the treatment of choice for PME patients.1–10 
In our study, we have demonstrated that in the early stage 
of the disease, it is possible to achieve satisfactory treat-
ment results (case 3). However, the role of radiotherapy 
and chemotherapy in the PME treatment is poorly un-
derstood.10 Promising novel options are targeted therapy 
and immunotherapy. Lasota et al. conducted a precise mo-
lecular genetics profiling in a group of 15 PME cases, and 
found NRAS mutations in 1/3 of tumors.6 In one of them, 

Table 2. The review and summary of selected studies with primary melanoma of the esophagus patients

Study, year 
of publication

Number 
of patients

Average age 
[years]

Percentage 
of males

Distal 
localization 

[%]
Symptoms

Metastasis 
to lymph 
nodes [%]

Survival DOPC 
[%]

The longest 
follow-up time 

[months]

Wang et al.3

2013
13 66.4 ±7.6 84.6 61.5

46.2% 
dysphagia,

15.4% 
retrosternal pain

38.5
5-year 

survival rate: 
35.9%

0 114.1

Gao et al.4

2016
17 57.5 ±10.3 76.5 52.9

88.2% 
dysphagia,

11.76% 
hematemesis

52.94
5-year 

survival rate: 
10%

5.9 204

Szumiło and 
Dąbrowski5

2011
3 54.67 ±3.21 66.67 66.67

100% dysphagia,
67% weight loss

33.33 not stated 33 20

Lasota et al.6

2019
20 61.05 ±10.86 70.0 65.0

87% dysphagia,
40% abdominal 

or chest pain,
20% weight loss

50
5-year 

survival rate: 
12.5%

10 104

Sanchez et al.9

2008
5 63.4 ±15.95 40.0 60.0 100% dysphagia 75.0

median 
survival time: 

24 months
0 36

Li et al.10

2007
6 51.0 ±8.6 66.67 83.33

83.33% 
dysphagia

66.67
median 

survival time: 
8 months

0 17

DOPC – died of perioperative complications.
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KRAS p.A146T substitution was identified with acquired 
resistance to the dabrafenib, a BRAF inhibitor.6,13 Due 
to the fact that a transmembrane receptor tyrosine kinase 
(KIT) has an important role in growth regulation, and 
in differentiation, migration and proliferation of melano-
cytes, its mutations were also assessed. One of the com-
mon KIT mutations associated with melanoma is juxta-
membrane domain (exon 11) with p.L576P substitution.14 
It was found by Lasota et al. only in 1 patient (7%), and 
in 50% of tumors, KIT positivity was found. The authors 
also emphasized that in their study, no BRAF mutations 
were identified in PME.6

Limitations

Our study has several limitations. Firstly, it was a ret-
rospective study based on a small group of patients. This 
was due to the low incidence of PME, and has been repeat-
edly reported by other authors. As the analyzed patients 
were treated over a long period of time, some imaging and 
histopathologic data were not available, and there was no 
uniform diagnostic or treatment algorithm used. Also, 
we did not perform specific laboratory tests which could 
enable further investigation of PME nature.

Conclusions

The PME is an extremely rare diagnosis with poor prog-
nosis, but long-term survival can be achieved with surgical 
treatment. Clinical scenarios of surgically treated PME 
patients significantly differ in terms of their baseline char-
acteristics and prognosis.
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Abstract
Background. Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a lifesaving procedure 
in malignant and nonmalignant diseases. However, it is associated with a considerable risk of graft-versus-host 
disease (GvHD). Steroids are a first-line therapy for acute GvHD (aGvHD), but there is no standard treatment 
for steroid-resistant (SR) gastrointestinal (GI) aGvHD, which has a poor prognosis. The anti-integrin antibody, 
vedolizumab, could help in controlling SR GI aGvHD symptoms by blocking lymphocyte extravasation and 
infiltration of the intestinal wall.

Objectives. To report the outcomes of 3 children with SR GI aGvHD after allo-HSCT, treated with vedolizumab 
as the last chance drug.

Materials and methods. The study included 3 patients aged from 8 to 10 years who underwent HSCT 
in Department of Pediatric Bone Marrow Transplantation, Oncology and Hematology at Wroclaw Medical 
University, Poland, and who developed severe SR GI aGvHD. All patients had grade IV SR aGvHD with GI stage 4 
manifestation. Vedolizumab was given as salvage therapy after an ineffective treatment with etanercept, 
basiliximab, ruxolitinib, extracorporeal photopheresis, and mesenchymal stem cell infusions. Vedolizumab 
was administered intravenously at a dose of 300 mg.

Results. Only 1 patient achieved GvHD remission and was alive and well 9 months after the discontinuation 
of the therapy. One child developed a relapse of malignant disease and eventually died, and the third child 
died of severe aGvHD.

Conclusions. Vedolizumab can be safely used in children with SR GI aGvHD, offering an additional chance for 
heavily pretreated patients. Prospective pediatric studies on both prophylactic and therapeutic use of the drug 
are warranted, according to the preliminary results.

Key words: children, hematopoietic stem cell transplantation, graft-versus-host disease, vedolizumab

Research letters

Vedolizumab in highly resistant acute gastrointestinal 
graft-versus-host disease after allogeneic stem cell 
transplantation: A single-center pediatric series

Monika RosaB–D,F, Tomasz JarmolińskiC–F, Izabella Miśkiewicz-MigońC,E,F, Karolina LiszkaC,E,F,  
Justyna Miśkiewicz-BujnaC,E,F, Anna PanasiukB,E,F, Jowita FrączkiewiczB,E,F, Marek UssowiczA–F

Department of Paediatric Bone Marrow Transplantation, Oncology and Hematology, Wroclaw Medical University, Poland

A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation; 
D – writing the article; E – critical revision of the article; F – final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899–5276 (print), ISSN 2451–2680 (online) Adv Clin Exp Med. 2022;31(3):345–350



M. Rosa et al. Vedolizumab in aGVHD: Center pediatric series346

Background

Allogeneic hematopoietic stem cell transplantation 
(allo-HSCT) is indicated in a wide range of malignant and 
nonmalignant diseases. Despite the improvements in hu-
man leukocyte antigen (HLA) typing, immunosuppres-
sive therapy and the management of post-transplantation 
complications, graft-versus-host disease (GvHD) remains 
a major cause of transplant-associated morbidity and mor-
tality.1,2 Graft-versus-host disease may develop after allo-
HSCT, with the exception of syngeneic transplantations, 
and the risk is increased in patients receiving a transplant 
from partially matched donors or peripheral blood stem 
cells. The manifestations of GvHD are predominantly di-
agnosed in the gastrointestinal system, skin and liver.3–5 
The staging and grading of GvHD in children are based 
on the modified Glucksberg classification.6 The incidence 
of grade II–IV acute GvHD (aGvHD) in children ranges 
from 40% to 85% after HSCT from an unrelated donor 
and approx. 27% when the donor is an HLA-identical sib-
ling.7–9 Moreover, approx. 70–90% of high-grade (III–IV) 
aGvHD cases result in preterm mortality.9,10 Graft-versus-
host disease prevention is based on pre- and post-trans-
plantation pharmacological immunosuppression or graft 
engineering, such as T lymphocyte depletion. The GvHD 
first-line treatment consists of steroids and calcineurin 
inhibitors (CNIs),11 but up to 50% of patients with aGvHD 
do not respond to this therapy.12 In steroid-resistant (SR) 
aGvHD, multiple therapies have been studied, ranging 
from high-dose steroids to mono- and polyclonal antibod-
ies (basiliximab, daclizumab, etanercept, anti-thymocyte 
globulin (ATG), infliximab), extracorporeal photophere-
sis (ECP), or cellular therapies with mesenchymal stem 
cells (MSCs).10,13 Steroid-refractory patients have a poor 
prognosis, and mortality in such patients reaches 80%.14,15 
In this paper, we report the outcomes of 3 children with 
severe SR gastrointestinal (GI) aGvHD, who were treated 
with vedolizumab.

Vedolizumab is a humanized monoclonal antibody that 
inhibits lymphocyte extravasation in the gastrointestinal 
tract by blocking the interaction between α4β7 integrin 
and mucosal vascular addressin cell adhesion molecule-1 
(MAdCAM-1).16 Vedolizumab has been successfully used 
in  the  therapy of  inflammatory bowel diseases (IBDs). 
Clinical studies proved the good safety profile of vedoli-
zumab in IBDs.17

Objectives

The  aim of  this study was to  report the  outcomes 
of 3 children with SR GI aGvHD after allo-HSCT, treated 
with vedolizumab as the last chance drug.

Materials and methods

The study included 3 patients aged from 8 to 10 years 
who underwent HSCT in Department of Pediatric Bone 
Marrow Transplantation, Oncology and Hematology 
at Wroclaw Medical University, Poland, and who developed 
aGvHD. The enrolment criteria included severe multidrug 
resistant GI aGvHD and an informed consent for the treat-
ment signed by the patient’s legal guardians. The GvHD 
was assessed according to the modified Glucksberg clas-
sification.6 The criteria for SR GvHD were the progres-
sion of the disease after 3 days of steroid therapy or a lack 
of response after 7 days. The SR GvHD therapies were cho-
sen according to the center standards, with anti-cytokine 
therapies and ECP used as second- and third-line therapies. 
Further lines of therapy consisted of ruxolitinib or MSC, 
depending on a physician’s choice. The anti-cytokine ther-
apies consisted of etanercept (at a weekly dose of 1 mg/kg 
body weight (BW)), basiliximab at a weekly dose of 10 mg 
in children with BW below 20 kg, or 20 mg in patients with 
BW above 20 kg. Ruxolitinib therapy was initiated at a dose 
of 5 mg/day and was increased up to 0.15 mg/kg twice 
a day if no adverse effects were observed. Vedolizumab 
(Entyvio; Takeda Pharmaceutical Company Ltd., Tokyo, 
Japan) was administered at a dose of 300 mg in weeks 0, 2 
and 6. The treatment overview is presented in Fig. 1.

The ethical approval was waived by  the  local Ethics 
Committee of the Wroclaw University Clinical Hospital, 
Poland, in agreement with the Declaration of Helsinki 
of 1975.

Results

The characteristics of the patients included in the study 
are summarized in  Table 1. The  1st  patient (PT1) was 
a 9-year-old boy referred for allo-HSCT because of high-
risk resistant Burkitt-like non-Hodgkin lymphoma. Pre-
transplantation conditioning consisted of  fractionated 
total body irradiation (TBI) (at a total dose of 12 Gy), eto-
poside (at a dose of 60 mg/kg BW) and ATG (at a total dose 
of 45 mg/kg BW). Cyclosporine A (CsA) on pretransplanta-
tion day −1 and methotrexate (MTX) on post-transplan-
tation days +1, +3 and +6, were administered as GvHD 
prophylaxis. The boy received a peripheral blood stem 
cell (PBSC) transplant from a 10/10 HLA-matched unre-
lated donor at a dose of 13.24 7 × 106 CD34+ cells per kg 
of the recipient’s BW. In the post-transplantation period, 
the patient developed grade III/IV mucositis, fever, trans-
plant-associated microangiopathy, and posterior revers-
ible encephalopathy syndrome (PRES). The CsA treatment 
was stopped and the boy was treated with mycophenolate 
mofetil (at a dose of 40 mg/kg BW), starting on day +17 
after allo-HSCT. The changes in immunosuppressive treat-
ment resulted in the development of aGvHD with skin and 
gut involvement. Due to steroid resistance, the patient was 
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Fig. 1. Immunosupresion therapy overview

Table 1. Patient characteristics

Patients PT1 PT2 PT3

Diagnosis Burkitt-like non-Hodgkin lymphoma chronic myeloid leukemia acute lymphoblastic leukemia

Age at transplantation [years] 9 8 10

Sex male male male

Type of donor unrelated matched sibling (brother) unrelated

Donor HLA match 10/10 10/10 10/10

Conditioning
TBI 12 Gy, 

etoposide 60 mg/kg BW,  
ATG 45 mg/kg BW

fludarabine 4 × 30 mg/m2, 
melphalan 140 mg/m2, thiotepa 

2 × 5 mg/kg BW

treosulfan 42 g/m2,  
fludarabine 5 × 30 mg/m2,  
thiotepa 2 × 5 mg/kg BW,  

ATG 45 mg/kg BW

Dose of CD34+ cells per recipient kg BW 13.247 × 106 3.7 × 106 8.07 × 106

GvHD prophylaxis CsA, MTX, MMF CsA CsA, MTX

GvHD diagnosis (days after 
transplantation)

19 11 18

Complications in the post-
transplantation period

mucositis grade III/IV,  
fever,  

transplant-associated microangiopathy, 
PRES

CMV reactivation,  
ADV reactivation

mucositis grade II,  
fever,  

hemorrhagic cystitis

Maximum GvHD grade IV IV IV

Maximum GvHD stage (skin/gut/liver) S3 G4 L0 S4 G4 L1 S4 G4 L0

Number of vedolizumab doses 2 3 2

First dose of vedolizumab [days after 
transplantation]

88 70 331

Outcome death of lymphoma
free from GvHD symptoms 

in 9-month follow-up
death of GvHD

ADV – adenovirus; ATG – anti-thymocyte globulin; BW – body weight; CMV – cytomegalovirus; CsA – cyclosporine A; GI – gastrointestinal; GvHD – graft-
versus-host disease; HLA – human leukocyte antigen; MMF – mycophenolate mofetil; MTX – methotrexate; TBI – total body irradiation; PRES – posterior 
reversible encephalopathy syndrome; PT1 – first patient; PT2 – second patient; PT3 – third patient.
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treated with etanercept (from day +34 to day +106 post 
transplantation), basiliximab (from day +40 to day +106), 
ruxolitinib (from day +44 to day +100), ECP (from day 
+55 to day +75), and MSC therapy (on days +76, +84 and 
+92, each dose 1 × 106 cells per kg of BW). Due to aGvHD 
progression, at +88 days post transplantation, vedolizumab 
was started and was administered twice (on days +88 and 
+102). The aGvHD did not respond to any therapy, and 
118 days after HSCT, a relapse of  lymphoma was diag-
nosed. Finally, the boy was transferred to palliative care 
at home and died of lymphoma progression.

The 2nd patient (PT2) was an 8-year-old boy with chronic 
myeloid leukemia after allo-HSCT from his 10/10 HLA-
matched brother. For pretransplantation conditioning, 
fludarabine (at a dose of 4 × 30 mg/m2), melphalan (at a dose 
of 140 mg/m2) and thiotepa (at a dose of 2 × 5 mg/kg BW) 
were administered. From pretransplantation day −1, CsA 
was administered as GvHD prophylaxis. The patient re-
ceived a bone marrow transplant containing 3.7 × 106 
CD34+ cells per kg of  BW. Post-transplantation cyto-
megalovirus (CMV) and adenovirus (ADV) infections 
required multiple antiviral drugs (ganciclovir, foscarnet, 
anti-CMV immunoglobulin, brincidofovir, and cidofovir). 
The aGvHD was reported for the first time at day +11 after 
transplantation, initially with isolated skin involvement, 
then progressing to diarrhea and gastrointestinal bleed-
ing. The maximal aGvHD severity was grade IV with skin 
stage 4, gut stage 4 and liver stage 1. In therapy, etanercept 
(from day +29 to day +132 post transplantation), basilix-
imab (from day +25 to day +95), ruxolitinib (from day +53 
to day +99), mycophenolate mofetil (at a dose of 40 mg/kg 
BW, from day +33), ECP (from day +34 to day +68), and 
MSCs (on days +57 and +64, each dose – 1 × 106 cells per 
kg BW) were used. The patient achieved the remission 
of cutaneous symptoms, but no improvement in gastroin-
testinal manifestation was observed. From day +70, vedoli-
zumab was added, and after 3 doses (on days +70, +82 and 
+89), a relevant decrease in the stool volume was achieved, 
with a gradual disappearance of GI aGvHD symptoms. 
The clinical course at day +97 post transplantation was ex-
acerbated by a massive gastrointestinal bleeding. Gastros-
copy and colonoscopy showed massive stomach erosions 
and lesions throughout the intestinal mucosa. All oral 
drugs, including ruxolitinib, were stopped, and symptom-
atic treatment was introduced. The bleeding disappeared 
completely after 5 days. Subsequently, at day +162, aGvHD 
flare was diagnosed, with skin grade 3 and gastrointestinal 
symptoms grade 2/3. The patient responded to therapy 
with methylprednisolone at a daily dose of 2 mg/kg BW, 
etanercept and basiliximab. The steroids were tapered 
after 9 months of therapy, and currently the patient is off 
immunosuppressive treatment, without any signs or symp-
toms of GvHD.

The 3rd patient (PT3) was a 10-year-old boy who un-
derwent the transplantation for acute lymphoblastic leu-
kemia (ALL). Pretransplantation conditioning consisted 

of treosulfan (at a dose of 42 g/m2), fludarabine (at a dose 
of 5 × 30 mg/m2), thiotepa (at a dose of 2 × 5 mg/kg BW), 
and anti-thymocyte globulin (Grafalon, at a total dose 
of 45 mg/kg BW). The CsA from pretransplantation day 
−1 and MTX on post-transplantation days +1, +3 and +6 
were administered as GvHD prophylaxis. The patient re-
ceived a transplant from a 9/10 matched unrelated donor, 
and the grafting material contained 8.07 × 106 CD34+ cells 
per kg of BW.

The  complications that occurred in  the  post-trans-
plantation period were mucositis grade II, fever, BK virus 
(BKV)-related hemorrhagic cystitis, and severe aGvHD. 
From day +18, GvHD skin lesions were reported, classified 
as skin stage 2, and in the beginning, methylprednisolone 
(at a dose of 2 mg/kg BW) was administered. The aGvHD 
progressed to grade IV, due to the presence of diarrhea 
with severe abdominal pain (gut stage 4) and the appear-
ance of bullae (skin stage 4). The patient was treated with 
etanercept (from day +28 to day +209 post transplantation), 
basiliximab (from day +37 to day +209), ECP (from day 
+45 to day +122), tacrolimus (from day +122), and MSC 
infusions (days +136, +143, +158, +167, and +179, doses: 
1.5 × 106 per kg of BW, and 1.5 × 106 per kg of BW, 1 × 106 
per kg of BW, 1 × 106 per kg of BW, 1 × 106 per kg of BW, 
respectively). The CsA was stopped at day +62 because 
of angiopathy and replaced with mycophenolate mofetil. 
From day +122, the basic immunosuppression drug, tacro-
limus, was used. From day +185, gastrointestinal GvHD 
symptoms abruptly escalated, and the flare was treated 
with methylprednisolone from day +34 to day +68, etan-
ercept and basiliximab from day +195, and MSC infusions 
on days +199 and +206 (at a dose of 1 × 106 cells per kg 
of BW). The biopsy of gut mucosa on days +159 and +210 
did not reveal typical aGvHD changes. Despite the poly-
therapy, a clinical response was not obtained. Finally, ve-
dolizumab was introduced and administered twice on days 
+331 and +345 post transplantation. The general condition 
of the boy worsened, and GI hemorrhage was observed. 
Additionally, the symptoms of acute respiratory failure 
with possible diffuse alveolar hemorrhage were noticed. 
The boy required mechanical ventilation but died on day 
+359 after allo-HSCT due to the multiorgan failure.

Discussion

Acute GvHD is one of the most severe complications 
of HSCT directly associated with treatment-related mor-
tality. The  primary role in  the  pathogenesis of  GvHD 
is the cytokine storm caused by tissue damage, and the en-
suing activation of alloreactive donor T lymphocytes that 
infiltrate and damage host tissues.18 During the initiation 
and infiltration phases, targeting the immune system with 
different immunosuppressants is a cornerstone of a suc-
cessful therapy. The multidirectional therapy can be seen 
as a way of interrupting the vicious cycle of uncontrolled 
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immune system activation, but optimal combinations and 
drug administration sequences have never been studied 
in  randomized clinical trials. Most clinical evidence 
on aGvHD therapy is based on small, typically retrospec-
tive studies. Among the different mechanisms that can be 
targeted with drugs modifying the reactivity of the im-
mune system, T-cell trafficking is a relatively new area that 
has been studied in IBDs.

For the GI aGvHD pathomechanism, the expression 
of α4β7 integrin on donor T lymphocytes, which mediates 
lymphocyte trafficking to intestinal tissue, is essential.16,19 
An α4β7 integrin is a cell surface adhesion molecule that 
mediates the selective adhesion of lymphocytes to MAd-
CAM-1 or vascular cell adhesion molecule-1 (VCAM-
1).20,21 Different studies have shown that the expression 
of α4β7 molecules on both memory CD4+ and CD8+ T cells 
is correlated with the development of GI aGvHD, and is sig-
nificantly higher than in patients with acute skin GvHD 
or without GvHD.16,19,22,23 Gut-selective properties distin-
guish vedolizumab from other immunosuppressive drugs, 
and, as shown by Wyant et al., vedolizumab reduces only 
the immune response to antigens administered orally (oral 
cholera vaccine), but does not affect the response to sub-
stances administered parenterally (such as intramuscular 
hepatitis B vaccine).24 Most likely, due to vedolizumab gut 
selectivity, the risk of opportunistic infections is toler-
able and estimated at 0.85% incidents per patient per year. 
There are no reports on the increased risk of malignancy 
incidence or recurrence. Adverse events after vedolizumab 
infusion were noted in less than 15% of patients, and most 
effects were categorized as minor and reversible, includ-
ing otitis externa and periorbital edema, intractable itch, 
shortness of breath during the 4th infusion, upper respira-
tory tract infections, nausea, fatigue, headaches, nasophar-
yngitis, and skin infections.25,26

In the literature, there are few reports on the success-
ful use of  vedolizumab in  diseases such as  IBD,26 im-
mune checkpoint inhibitor-induced enterocolitis and 
GI aGvHD.27–30 The efficiency of this therapy in aGvHD 
is not clear. According to Norwegian researchers, in 6 pa-
tients with SR GI aGvHD treated with vedolizumab, 
a clinical response was observed, and there were 4 sur-
vivors at  a  median follow-up of  10  months.31 Another 
group presented the results in 6 patients who received 
vedolizumab as a third- or fourth-line therapy for SR GI 
aGvHD, 5 of whom died at a median of 32 days (range: 
7–172 days) of follow-up.32 Likewise, Coltoff et al. reported 
9 patients with SR GI aGvHD treated with vedolizumab 
who responded within 10  days after receiving the  1st 
dose, but only one patient was alive at 100 days after drug 
administration.28

Most responses were observed 7–10 days after vedoli-
zumab administration.27,28,31

Early initiation of vedolizumab was more effective than 
in more advanced therapy lines. According to Danylesko 
et al., vedolizumab used as second-line therapy showed 

a conversion rate (CR) of 54% compared to 6.25% in pa-
tients treated with the drug in later rounds of treatment.27

The GvHD therapy after allo-HSCT is associated with 
a high risk of opportunistic infections but in our group, 
no serious infection attributable to vedolizumab was ob-
served. Multicenter studies with patients treated with 
vedolizumab for IBD or aGvHD estimated the risk of in-
fectious complications in 26% of patients in such popula-
tions.26,27,29 These risks are significantly higher in anti-
cytokine therapies in SR aGvHD (83–100% for infliximab 
and 67% for etanercept).33–35 In the case of allo-HSCT 
recipients treated with intensive immunosuppression, 
the issue of diminishing the graft-versus-malignancy ef-
fect and an increased relapse risk must be considered.36 
In the literature, the incidence of malignancy recurrence 
was 10%, which is similar to that in patients treated with 
other anti-GvHD drugs.13,37,38 In our group, the relapse was 
detected in 1 child, but it could not be directly attributed 
to the immunosuppressive therapy.

Interestingly, the role of vedolizumab in the prevention 
of GvHD was studied, in addition to standard prophylaxis. 
The drug was administered at a dose of 300 mg on days 
+21, +113 and +142, and no grade III–IV GI aGvHD was 
observed, although this needs further study.39

Limitations

The main limitation of our research is a relatively small 
sample of patients. Moreover, it was a retrospective study. 
Multicenter cohort studies are needed to demonstrate 
the efficacy of vedulizumab in  the  treatment of SR GI 
aGvHD.

Conclusions

In summary, vedolizumab is one of the new therapeu-
tic options in aGvHD. Vedolizumab can be safely used 
in children with an additional chance of response, even 
in heavily pretreated patients. Prospective pediatric studies 
both in prophylaxis and therapy are warranted according 
to the available results.
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