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ABSTRACT
Sepsis, often resulting from an immune response overreaction to microorganisms and their products, can lead to 
acute lung injury through inflammation mediated by excessive cytokines. This study aimed to investigate the effects 
of  regorafenib on lung injury in mice following the induction of  sepsis. We divided mice into four groups (n=6 each): 
a sham group (undergoing laparotomy without cecal ligation and puncture [CLP]), a CLP group, a vehicle group, 
and a regorafenib-treated group (30 mg/kg IP, administered one hour before CLP). TNF-α, IL-1β, VEGF, MPO, 
caspase-11, and Ang-2 levels were significantly increased (p<0.05) in the CLP group compared to the sham group, 
while the regorafenib group showed significant reductions in these markers versus the CLP group (p< 0.05). In con-
trast, Ang-1 levels, which were reduced in the CLP group (p<0.05) compared to the sham group, were elevated in the 
regorafenib group compared to the CLP group. Quantitative real-time PCR revealed a significant decrease in TIE2 
and VE-cadherin mRNA expression in the lung tissue of  the CLP group compared to the sham group. There were 
no significant differences in mRNA expression of  the TIE2 gene between the regorafenib and CLP group. However, 
VE-cadherin significantly increased after regorafenib treatment. regorafenib demonstrated lung-protective effects 
through its anti-inflammatory and antiangiogenic activities and its influence on lung tissue mRNA expression of  the 
cadherin gene.  
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INTRODUCTION

Sepsis represents a life-threatening condition where the 
body's response to an infection becomes abnormal, leading to 
organ dysfunction. This condition is marked by a concurrent 
state of  unbalanced immune suppression and hyperinflamma-
tion [1]. One of  the key mechanisms of  sepsis-induced dam-
age is vascular leakage, resulting from endothelial dysfunction, 
which significantly contributes to the high mortality rates as-
sociated with this condition. Disturbance of  the angiopoietin/
tyrosine kinase with immunoglobulin-like and VEGF-like do-
mains 2 (Ang/Tyrosine Kinase with Immunoglobulin-like and 
EGF-like Domains  (TIE2) pathways may cause endothelial 
activation and lead to sepsis [2]. 

Regorafenib is a cytotoxic drug and a multi-kinase inhibitor 
known to target receptors such as TIE2 and vascular endothe-
lial growth factor receptors 1-3 (VEGFR 1-3). Regorafenib sig-
nificantly inhibits TIE2 and vascular endothelial growth factor 
(VEGF) receptors, which can significantly reduce vasculariza-
tion [3]. There is a current gap in the knowledge regarding the 
potential for regorafenib, known primarily as a cytotoxic drug, 
to be utilized in treating lung sepsis by enhancing endothelial 
integrity via its effects on the Ang/TIE2 pathway. This study 
aimed to investigate the protective effects of  regorafenib on 
lung injury in a mouse model of  sepsis, examining its impact on 
endothelial function and inflammatory markers.
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MATERIAL AND METHODS

Study location and design   

This study was conducted at the Department of  Pharmacolo-
gy and Therapeutics at the Faculty of   Medicine, University of  
Kufa. Twenty-four male Swiss albino mice, aged 8-12 weeks and 
weighing 25-30 g, were obtained from the College of  Science, 
University of  Kufa. Mice were housed under a 12:12 light-dark 
cycle at a stable temperature of  25°C and 60-65% humidity, with 
ad libitum access to water. The animals were allowed a 14-day 
acclimatization period in the housing facility before the start of  
the experiment. Following this, mice were allocated into four 
groups with six animals each: a sham group, which underwent 
a laparotomy without cecal ligation and puncture (CLP); a CLP 
group, which underwent the CLP procedure; a vehicle group, 
which received an intraperitoneal (IP) injection of  a 10% solution 
of  dimethyl sulfoxide (DMSO) one hour before CLP; and a rego-
rafenib-treated group, which received 30 mg/kg of  regorafenib 
IP one hour before CLP. All animals were euthanized 24 hours 
post-CLP. Regorafenib was observed to significantly reduce mac-
rophage infiltration and demonstrated a strong antiangiogenic 
effect at this dosage.

Experimental procedure 

Polymicrobial sepsis was induced in a selected group of  mice 
based on previous studies. A double-puncture technique using 
20-gauge needles was used to induce polymicrobial sepsis. Mice 
were anesthetized with a 1:1 solution of  ketamine (75 mg/kg) 
and xylazine (15 mg/kg) administered intraperitoneally. A 1.5-
cm midline incision was made to expose the cecum just below the 
ileocecal valve, which was then ligated and punctured. A small 
amount of  fecal matter was extruded to confirm patency. The ce-
cum was anatomically repositioned, and the abdominal incision 
was closed with a 5.0 surgical suture. Post-surgery, mice received 
20 mL/kg of  normal saline for resuscitation. Symptoms such 
as lethargy, fever, piloerection, diarrhea, huddling, and malaise 
were monitored as indicators of  sepsis [4]. 

Regorafenib preparation

Regorafenib powder, supplied by Macklin Inc., was dissolved 
in 10% DMSO and administered intraperitoneally at a dose of  
30 mg/kg one hour before the CLP procedure [5].

Collection of lung tissue samples  

Mice were euthanized with a ketamine-xylazine anesthetic 24 
hours following CLP. Lung tissues were harvested and divided 
into three parts: one for homogenization and enzyme-linked im-
munosorbent assays (ELISA), another preserved in RNA solution 
for subsequent quantitative real-time polymerase chain reaction 
(qRT-PCR) analysis, and the last part fixed in formalin for histo-
pathological examination.

Lung tissue homogenization  

The lung tissue homogenization technique was carried out 
in accordance with methodologies established by Aziz and col-
leagues [6].

Tissue preparation for histopathology  

Histopathological examination and scoring of  the lung tissues 
were conducted using the Mikawa method [7].

Expression of TIE2 and VE-cadherin in lung tissue  

The mRNA expression levels of  the TIE2 and vascular en-
dothelial (VE)-cadherin genes were quantified using qRT-PCR, 
following the manufacturer's instructions. Total RNA extraction 
was performed using specialized reagents and equipment, as de-
scribed in a previous study [8]. 

Primer preparation

The primer sequences used for the gene expression quantifica-
tion of  TIE2, VE-cadherin, and the housekeeping gene (HKG) 
are detailed in Table 1.

Statistical analysis  

We used the Statistical Package for the Social Sciences (SPSS) 
software, version 26 for statistical analysis. The students' t-test 
and one-way analysis of  variance (ANOVA) with least significant 
difference (LSD) post hoc tests were employed to assess differ-
ences between groups. Statistical significance was established at 
p-value ≤ 0.05.

RESULTS

Effect of regorafenib on tissue levels of inflammatory 
and angiogenic markers   

There was a significant increase in tissue levels of  tumor ne-
crosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), myelop-
eroxidase (MPO), angiopoietin-2 (Ang-2), vascular endothelial 
growth factor (VEGF), and caspase-11 in the CLP and vehi-
cle groups compared to the sham group (p<0.05). Conversely, 
the regorafenib-treated group had significantly lower levels of  
these markers compared to the sepsis-induced (CLP) and vehi-
cle groups (p<0.05). Furthermore, the level of  Ang-1 was sig-
nificantly lower in the CLP and vehicle groups compared to the 
sham group, while the regorafenib group had significantly higher 
levels of  Ang-1 compared to CLP and vehicle groups (p<0.05) 
(Figures 1-4).

Effect of regorafenib on mRNA expression of TIE2 and 
VE-cadherin 

Quantitative real-time PCR analysis showed a significant de-
crease in the mRNA expression of  the TIE2 and VE-cadherin 
genes in the sepsis (CLP) and vehicle groups compared to the 
sham group (p<0.05). While there was no significant difference 
in the mRNA expression of  the TIE2 gene between the rego-
rafenib and CLP groups, there was a significant decrease when 
compared with the sham group (clinically insignificant) (p<0.05) 
(Figure 5A). VE-cadherin expression was significantly higher in 
the regorafenib group than in the CLP and vehicle groups, as 
demonstrated in Figure 5B. 
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Table 1. Primer sequences used in gene expression quantification of TIE2, VE-cadherin, and HKG

GENE F R

TIE2 5’-GCCGCGGACTGACTACGAGC-3’ 5’-GGAGGAGGGAGTCCGATAGACGC-3’

HKG TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA

VE-cad GCAATGGCAGGCCCTA ACTTTC CAGCAAACTCTCCTTGGA GCAC

HKG TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA

Figure 1. Mean tissue levels of (A) TNF-α (ng/L) and (B) IL-1β (pg/L) in the experimental groups. 
*p: Significant difference p<0.05 compared to the sham group. **p: Significant difference p<0.05 compared to the CLP group.

A B

Figure 2. Mean tissue levels of  (A) Ang-1(ng/mL) and (B) Ang-2 (ng/mL) in the experimental groups. 
*p: Significant difference p<0.05 compared to the sham group. **p: Significant difference p<0.05 compared to the CLP group.

A B

Figure 3. Mean tissue level of (A) VEGF (ng/L) and (B) caspase-11 (pg/mL) in the experimental groups. 
*p: Significant difference p<0.05 compared to the sham group. **p: Significant difference p<0.05 compared to the CLP group.

A B
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activation of  macrophages, including liver Kupffer cells, which 
produce various inflammatory mediators such as IL-1β [10]. 
Furthermore, within our study, tissue levels of  TNF-α were sig-
nificantly reduced in the regorafenib group compared to the 
CLP and vehicle groups. This finding is consistent with Han et 
al., who demonstrated that regorafenib significantly mitigated li-
popolysaccharide (LPS)-induced secretion of  IL-1β and TNF-α 
in a mouse model of  Alzheimer's disease, suggesting a regulatory 
effect on the inflammatory response [11]. The decreased tissue 
levels of  TNF-α and IL-1β in the regorafenib group may be at-
tributed to its suppressive action on the NF-κB, which induces the 
expression of  different pro-inflammatory genes, including those 
encoding cytokines and chemokines such as TNF-α and IL-1β, 
and inflammasome activity [12]. 

Furthermore, our study showed that Ang-1 tissue levels were 
significantly lower in the CLP and vehicle groups compared to 
the sham group. This aligns with the findings of  Stenzel et al., 
which suggest that high VEGF levels correlate with increased 
endothelial permeability, severity of  illness, and mortality in 
sepsis. Conversely, Ang-1 contributes to endothelial stabiliza-
tion, opposing the effects of  VEGF [13]. The decline in Ang-
1 may be linked to sepsis-induced vascular destabilization and 
proangiogenic effects, which result in increased permeability and 
organ failure due to TIE2 antagonism by Ang-2 [14]. The re-
gorafenib group showed a significant increase in tissue levels of  
Ang-1 compared to the CLP group, which, to our knowledge, 
is a novel finding in the context of  the CLP model of  sepsis in 
mice. This increase could be due to the inhibitory effects of  re-
gorafenib on Ang-2, which antagonizes Ang-1, or its enhance-
ment of  hypoxia-inducible factor 2 alpha (HIF-2α) activity, which 
preserves microvascular integrity via the Ang-1/TIE2 signaling, 
playing a fundamental role in preserving lung homeostasis [15]. 
Additionally, our study aligns with the findings of  Heikopkoski et 
al., showing that tissue levels of  Ang-2 were significantly elevat-
ed in the CLP and vehicle groups compared to the sham group, 
with Ang-2 being recognized as a mediator of  organ dysfunction 
during sepsis [16]. The increase in Ang-2 levels may result from 
releasing its stored form through toll-like receptor interactions 
with bacterial cell wall components or activation of  NFκ-B and 
mitogen-activated protein kinases (MAPK)/activator protein 1 
signaling pathways [17]. 

Furthermore, our study observed a significant reduction in tis-
sue Ang-2 levels in the regorafenib group compared to the CLP 
group. To the best of  our knowledge, this finding was the first to 

Effect of regorafenib on lung histopathology

The histological examination in the sham group showed nor-
mal lung tissue. In contrast, the CLP and vehicle group showed 
significant lung damage (p<0.05) compared to the sham group, 
characterized by alveolar congestion, hemorrhage, neutrophil 
infiltration, and thickening of  the alveolar wall, with a highly 
severe histological score of  4/4. On the other hand, the rego-
rafenib group demonstrated a significant reduction in lung in-
jury (p<0.05). The extent of  changes in this group ranged from 
negligible to moderate, resulting in a histological grade of  2/4 
(Figure 6).

The lung injury score was assessed using the Mikawa method 
[7], which grades lung injury from 0 to 4 across four categories: 
alveolar congestion, hemorrhagic areas, neutrophilic infiltration, 
and alveolar wall thickening. The total lung injury score was cal-
culated by summing the scores from each category (Figure 7).

DISCUSSION

This study revealed that TNF-α and IL- 1β levels were sig-
nificantly elevated in the CLP and vehicle groups compared to 
the sham group, compatible with the results of  another study 
[9]. This increase in the sepsis group is likely attributed to the 

Figure 4. Mean tissue level of MPO (U/L) in the experimental groups. 
*p: Significant difference p<0.05 compared to the sham group. 
**p: Significant difference p<0.05 compared to the CLP group.

Figure 5. Mean tissue level of (A) TIE2 and (B) VE-cadherin mRNA expression in the experimental groups. 
*p: Significant difference p<0.05 compared to the sham group. **p: Significant difference p<0.05 compared to the CLP group.

A B
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cated that MPO contributes to endothelial damage and can in-
duce the production of  reactive oxygen species, leading to acute 
lung injury in sepsis models [24]. This may be linked to circulat-
ing LPS-inducing monocytes and neutrophils to produce MPO, 
which has inflammatory and oxidative effects. Neutrophils, as 
primary responders in sepsis, release various components, nota-
bly MPO, upon activation [24]. To our knowledge, this is the first 
study to demonstrate the effect of  regorafenib on MPO levels in 
a CLP model of  sepsis in mice, which may be due to its anti-in-
flammatory effects. 

Effect on mRNA expression of TIE2 and VE-cadherin

Our study found that mRNA expression of  TIE2 and VE-cad-
herin was significantly lower in the CLP and vehicle groups 
compared to the sham group. This aligns with the findings of  
Ghosh et al., which showed a notable decrease in TIE2 expres-
sion in a sepsis mouse model promoting barrier dysfunction and 
contributing to inflammation and vascular leakage [25], and the 
observation of  Huang et al. of  reduced VE-cadherin expression 
in a CLP model [26]. These findings may be related to sever-
al mechanisms. First, the effect of  TNFa, which is a pivotal in-
flammatory mediator of  sepsis, acts to induce MMP14 to cleave 
TIE2. Second, decreased microvascular flow due to sepsis can 
downregulate GATA3, inhibiting TIE2 transcription [27]. As for 
VE-cadherin, its expression is influenced by IL1B, another cru-
cial inflammatory mediator in sepsis, indirectly reducing VE-cad-
herin transcription. Furthermore, Ang-2, triggered during sepsis, 
can induce VE-cadherin phosphorylation, leading to a decrease 
in its expression [28]. 

In this study, we observed that regorafenib did not significantly 
alter TIE2 expression at the administered dose 24 hours after the 
induction of  CLP. This result aligns with the findings of  Deshors 
et al., who reported no significant reduction in TIE2 expression 
in glioblastoma multiforme (GBM) stem cells and tumor-derived 
endothelial cells treated with 1µM of  regorafenib [29]. More 
interestingly, Abou-Elkacem et al. found that regorafenib signifi-
cantly reduced macrophage TIE2 expression, but the effect was 
apparent only after 14 days of  cancer cell implantation in an 
orthotopic murine model of  colorectal cancer. This suggests that 
the impact of  regorafenib on TIE2 expression may require an 
extended timeframe to manifest [5]. 

establish the effect of  regorafenib on pulmonary Ang-2 in a CLP 
model of  sepsis in mice. This finding may be due to the inhibito-
ry effect of  regorafenib on TNF-α, which is known to have a sub-
stantial relationship with Ang-2 production during sepsis [18]. 

Tissue levels of  VEGF were significantly elevated in the CLP 
and vehicle groups compared to the sham group, supporting the 
findings of  Yano et al., who observed that VEGF can enhance 
leukocyte adhesion and increase epithelial tissue sensitivity to 
even small amounts of  TNF-α [19]. The significant increase of  
VEGF in CLP-induced polymicrobial sepsis may occur from the 
inflammatory mediators and cytokine storm characteristic of  
sepsis. The level of  pulmonary VEGF lowered significantly in the 
regorafenib group compared to the CLP group, supporting the 
results of  Liu et al., who found that regorafenib reduced VEGF 
levels in human hepatocellular carcinoma cells and decreased 
the secretion and expression of  angiogenesis-related proteins like 
TNF-α and IL-1β [20]. This effect may be linked to the effect 
of  regorafenib in inhibiting HIF-1α, a known inducer of  VEGF 
release, which is activated by toll-like receptors during sepsis and 
plays a key role in the reprogramming of  innate immune cells, 
thus potentially reducing VEGF levels and mitigating acute lung 
injury [21]. 

Our data also revealed that caspase-11 levels were notably 
higher in the CLP and vehicle groups compared to the sham 
group, which is consistent with the findings of  Qiu et al., who 
showed elevated caspase-11 levels in sepsis models and demon-
strated its role in mediating the inflammatory response [22]. This 
significant elevation in caspase-11 during sepsis can be attributed 
to bacterial microvesicles activating caspase-11, which in turn 
leads to endothelial cell pyroptosis and disrupts the endothelial 
barrier, facilitating pulmonary edema, the release of  proinflam-
matory cytokines, and the recruitment of  leukocytes. Further-
more, the activation of  the complement system during sepsis, 
recognized as a key player in the ensuing inflammatory response, 
appears to amplify caspase-11-associated cell death [23]. In our 
study, lung caspase-11 significantly decreased after the adminis-
tration of  regorafenib compared to the CLP group. To the best 
of  our knowledge, this study was the first to demonstrate the ef-
fect of  this agent on caspase-11 in a CLP model of  sepsis in mice.

Regarding tissue myeloperoxidase (MPO) levels, the rego-
rafenib group showed a significant decrease compared to the 
CLP group. This supports the results of  Coskun et al., who indi-

Figure 7. Difference in lung damage mean rank scores. 
*p: Significant difference p<0.05 compared to the sham group. 
**p: Significant difference p<0.05 compared to the CLP group.

Figure 6. Histopathological examination of lung tissue (H&E, 
400x). (A) Sham group: Normal lung histology with clear cellular 
borders and structures, Grade 0. (B-C) CLP and vehicle group: neu-
trophilic infiltration (blue arrow), alveolar wall thickening (yel-
low arrow), and focal areas of congestion (black arrow), Grade 4. 
(D) Regorafenib group: Mild neutrophilic infiltration (blue arrow) 
and focal alveolar wall thickening (yellow arrow).
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expression in a CLP model of  sepsis in mice. This finding may be 
due to the inhibitory effects of  regorafenib on TNF-α, which is 
known to enhance VE-cadherin phosphorylation and reduce its 
expression. Moreover, the observed upregulation of  VE-cadherin 
may also result from regorafenib's antagonistic effects on Ang-2, 
a known destabilizer of  endothelial cell junctions [30].

Effects on lung histopathology  

The CLP and vehicle groups showed significant histopatholog-
ical changes compared to the sham group. The sepsis group was 
characterized by the development of  contraction bands, inflam-
matory cell infiltration, necrosis, and edema. The regorafenib 
group showed a significantly lower level of  lung tissue injury. In 
addition, the spectrum of  histopathological changes ranged from 
negligible to moderate, with a significant decrease in neutrophil 
infiltration, necrosis, and edema compared to the CLP and vehi-
cle groups. To the best of  our knowledge, this study was the first 
to demonstrate the protective effect of  regorafenib on lung tissue 
in a mouse model of  sepsis. This could be attributed to rego-
rafenib's inhibition of  the p38 mitogen-activated protein kinases 
and NF-κB pathways. 

CONCLUSION
Regorafenib had lung protective effects, possibly through its 

anti-inflammatory and antiangiogenic effects. Our study high-
lights the capacity of  regorafenib to modulate tissue mRNA 
expression of  TIE2 and the cadherin gene, contributing to its 
lung-protective mechanisms. Furthermore, it attenuated the his-
topathological changes during polymicrobial sepsis, reinforcing 
its therapeutic potential.
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