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ABSTRACT

BACKGROUND: Our target was to show the role of high mobility group box-1/receptor for  (HMGB1/RAGE) interaction in feces 
intraperitoneal injection procedure (FIP)-induced acute lung injury (ALI) pathophysiology, to investigate the effect of papaverine on 
RAGE associated NF-κB pathway by determining the level of soluble RAGE (sRAGE) and HMGB1, and to support this hypothesis by 
evaluating inflammatory biochemical, oxidative stress markers, Hounsfield unit (HU) value in computed tomography (CT), and histo-
pathological results. 

METHODS: FIP was performed on 37 Wistar rats for creating a sepsis-induced ALI model. The animals were assigned into four 
groups as follows: Normal control (no treatment), placebo (FIP and saline), and receiving 20 mg/kg and 40 mg/kg per day papaverine. 
Twenty h after FIP, CT examination was performed for all animals, and HU value of the lung parenchyma was measured. The plasma 
levels of tumor necrosis factor (TNF)-α, HMGB1, sRAGE, C-reactive protein (CRP) and malondialdehyde (MDA), and lactic acid (LA) 
were determined and PaO2 and PaCO2 were measured from arterial blood sample. Lung damage was assessed by histopathological. 

RESULTS: TNF-, IL-6, CRP, HMGB1, MDA, LA levels, histopathologic scores, and HU values of CT were significantly increased and 
sRAGE levels were decreased in the saline-treated group against normal group (all P<0.05). Papaverine significantly reversed all results 
regardless of the dose (all P<0.05) and demonstrated inhibition of HMGB1/RAGE interaction through increasing sRAGE levels and 
suppresses the pro-inflammatory cytokines. 

CONCLUSION: We concluded that papaverine has ameliorating effects in rat model of ALI.

Keywords: Acute lung injury; HMGB-1; inflammation; papaverine; RAGE; sepsis.

INTRODUCTION

Sepsis, which results from shock, trauma, major surgery, and 
systemic infection is a potentially fatal process, affecting mil-
lions of individuals worldwide, resulting multiple organ failure 

concurrent high morbidity and mortality.[1] The lung is a highly 
sensitive organ to sepsis and related complications, which 
are acute respiratory distress syndrome (ARDS) and acute 
lung injury (ALI). These complications are the most common 
causes of death in sepsis.[2] Sepsis-induced ALI/ARDS changes 
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the permeability of pulmonary capillaries causing perivascular 
edema, alveolar congestion (AC) and the formation of hya-
line membrane, and progressing to the pulmonary interstitial 
fibrosis at the end stage.[3] Despite previously studies about 
animal model of sepsis-induced ALI/ARDS, the pathophysi-
ological mechanism of it still has not been clarified literally.
[4] Releasing a lot of number of inflammatory cytokines such 
as interleukins, tumor necrosis factor-α (TNF-α), and prosta-
glandins, which is triggered by the inflammatory response, is 
a main mechanism in the development of sepsis-induced ALI/
ARDS.[5] Some studies have shown that decreasing the levels 
of pro-inflammatory cytokines in the plasma may ameliorate 
the damage of the lung. High mobility group box-1/receptor 
for advanced glycation end products (HMGB1/RAGE) pathway 
is other mechanism of sepsis-induced organ injury.[6]

The RAGE, which is classified in the immunoglobulin super-
family, is a glycoprotein located on the cell surface with the 
size of 35–kDa.[7] RAGE is associated with some intracellular 
processes, such as microtubule stabilization, cell proliferation 
and migration, apoptosis, and inflammation.[8] Soluble form 
of RAGE (sRAGE), which is production of membrane bound 
RAGE’s cleavage, is released to extracellular compartment 
and can be detected in plasma.[9] In several animal models, 
such as model of colitis, streptozotocin-treated diabetic mice 
model, and thioglycollate-induced peritonitis model, modula-
tion of RAGE expression has reduced neutrophil migration 
and inflammatory response.[10-12] The various RAGE ligand, 
such as the β-amyloid peptide, S100 family proteins, HMGB1, 
and advanced glycation end products (AGE), bind to the ex-
tracellular domains of membrane-bound RAGE and stimulate 
RAGE pathway.[13,14] Inflammatory cells, such as macrophages, 
release HMGB1, which are basically a nuclear protein and 
most important ligand of RAGE. The activation of nuclear 
factor-κB (NF-κB) is stimulated by the binding of extracellu-
lar HMGB1 to RAGE.[15] According to prior studies, NF-κB 
has an important function in expression of pro-inflammatory 
cytokines (TNF-α, interleukin-1ß [IL-1 ß], and interleukin 6 
[IL-6], etc.) causing ALI/ARDS and other inflammatory dis-
eases (diabetes, psoriasis, Alzheimer disease, etc.).[16,17] Thus, 
anti-RAGE antibody and sRAGE were examined for inhibiting 
the interaction between RAGE and its ligands and for using as 
therapeutic agents in ALI, by Lutterloh et al. and Yang et al. 
In these studies, increased survival rate was showed by treat-
ment with anti-HMGB1 antibody or anti-RAGE antibody in 
the caecal ligation puncture sepsis model.[18,19] Consequently, 
variety of animal models about sepsis-induced lung injury fo-
cus on inhibiting RAGE/HMGB1 interaction.[20]

For evaluating ALI/ARDS, best imaging modality is the com-
puted tomography (CT). Symmetric or diffuse consolidation 
and/or ground glass opacities, caused by AC, interstitial edema 
and alveolar wall thickening, are the typical CT findings of early 
exudative phase of ALI/ARDS and this causes increasing lung 
density, which is measured in the Hounsfield unit (HU) scale.
[21] Despite different values were defined in the literature, nor-
mal, early ARDS, and late ARDS lung HU scale was accepted 

commonly between −950 HU and −700 HU, between −550 
HU and −450 HU, and between −420 HU and −300 HU, re-
spectively, for human, but there was no threshold value of HU 
for rats.[22] Consolidation or ground glass opacities increase 
the density of the lung parenchyma, and there are several 
studies showed that we may use HU value of lung parenchyma 
in chest CT as a predictive indicator of ALI/ARDS.[23]

Papaverine is a non-narcotic opium substance, derived from 
the plant of Papaver somniferum, and relaxes directly smooth 
muscle and provides vasodilatation. Its mechanism of action is 
explained with inhibiting phosphodiesterases non-selectively 
and direct blockage of calcium channels.[24,25] Some studies 
showed that papaverine directly inhibits the binding HMGB1 
to RAGE and suppresses HMGB1-mediated inflammatory re-
sponse by inhibiting RAGE associated NF-κB pathway, caus-
ing decreased plasma levels of inflammatory cytokines. Fur-
thermore, decreased levels of LA by treatment of papaverine 
were found and this effect was associated with ameliorating 
impaired microcirculation.[26-28]

The primary target of our study was to assess the role of 
HMGB1/RAGE molecular interaction in mechanism of ALI 
and to investigate the effect of papaverine on RAGE-associ-
ated NF-κB pathway by determining the level of sRAGE and 
HMGB1. The other aim of this study was to analyze amelio-
rating effect of papaverine in ALI by the evaluation of inflam-
matory and oxidative stress biomarkers (C-reactive protein 
[CRP], TNF-α, malondialdehyde [MDA], and lactic acid [LA]) 
and to support this effect with HU values in CT and histopath-
ological results. In our knowledge, this is the first study show 
that papaverine has an ameliorating effect in ALI rat model by 
evaluating CT changes, histopathological results, and inflam-
matory biomarkers.

MATERIALS AND METHODS

Animals

This study used 37 Wistar adult male rats with an average 
weight of 300–350 g. Animals were placed in steel cages 
(41×28.2×15.3 cm) and they remained on 12 h light/dark 
cycle. The mean temperature of the room was 22±2 °C and 
the humidity was 40–50%. Animals were fed with standard 
chow and given water ad libitum during the study. All experi-
ments were performed in line with the Guide for the Care 
and Use of Laboratory Animals rules adopted by the National 
Institutes of Health (U.S.A).[29] The Animal Research Ethics 
Committee confirmed all procedures (Demiroğlu Science 
University, number: 20210635).

Experimental Procedures

The feces intraperitoneal-injection procedure (FIP) was 
performed according to the model previously described by 
Shrum et al. and Tyml et al. to induce sepsis.[30,31] For prepar-
ing saline-feces mixture, the fresh feces were collected from 
rat, which is not included in this study, suspended in 0.9% 
NaCl (saline) at the concentration of 75 mg/mL. Then, the 
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mixture was injected with 21 Gauge needle intraperitoneally 
(i.p.) at 0.1 mg/kg body weight once. Animals were assigned 
into four equal groups randomly. Group 1 (n=8) served as 
the control group (CG), and no treatment was administered. 
FIP was performed to Group 2 (n=8), Group 3 (n=8), and 
Group 4 (n=8), and 1 h after FIP, rats were treated with saline 
at a dose of 10 ml/kg/day i.p. (FIP+Saline, FIPS), papaverine 
(Papaverine 50 mg/2 mL, Galen) at a dose of 20 mg/kg/day i.p. 
(FIP+Papaverin 20, FIPP20), and at a dose of 40 mg/kg per day 
i.p. (FIPP40), respectively. Five rats of Group 2 died before 
the CT examination (within the first 20 h after FIP) and were 
excluded from the study. Twenty h after FIP, all animals were 
sedated with ketamine, and CT examination was performed. 
The study was ended at the 24th h. At the end of the study, 
high-dose anesthesia was administered to all animals for eu-
thanasia (xylazine [50 mg/kg, Rompun, Bayer]/ketamine [100 

mg/kg, Ketasol, Richter Pharma]). The animals were then sac-
rificed by cervical dislocation. The cardiac puncture was used 
for obtaining blood of animals and these blood samples were 
analyzed to evaluate the level of serum biomarkers (Fig. 1).

Thorax CT Examination

CT scanner with a 128-slice multi-detector row (GE Health-
care, Optima, USA) was used for acquiring images. The com-
bination of xylazine (10 mg/kg, Rompun, Bayer)/ketamine (50 
mg/kg, Ketasol, Richterpharma) was used intraperitoneally 
for the anesthesia. No contrast media was used and all ani-
mals were fixed in the supine position on the scanning table 
with proper materials to prevent motion artifacts during ex-
amination (Fig. 2). Scanning parameters as follows: kV: 120, 
mAs: variable, slice thickness: 1 mm. The evaluating area was 
from the basis of the skull to the upper abdomen, includ-
ing the lower and upper segments of the lung. After image 

Figure 1. Design and timeline of the study.

Figure 2. CT procedure. (a) All rats were bound on scanning table with suitable materials for preventing motion artifacts. (b) Examinations 
were performed in the supine position without contrast media. (c) Reformat images were created by software.

(a) (b) (c)
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acquisition, a sharp reconstruction kernel (KernelBr64) and 
512×512 matrix size were used for reconstruction using raw 
data. Three radiologists, who were blinded to animals’ groups, 
evaluated all images. For all animals, the same size (2.347 
mm2) of regions of interests (ROI) was used and placed at the 
level of near the heart apex on axial images. The parenchymal 
window was used for placing ROI on the right and left lung 
(upper, middle, and lower zone). ROI was not placed on big 
vessels, bones, and airways to prevent bias (Fig. 3).

Biochemical Analysis

Plasma levels of TNF-α and CRP were determined with using 
of commercially available enzyme-linked immunosorbent as-
say (ELISA) kits (Biosciences, Abcam). ELISA kits were used to 
determine sRAGE plasma level with sensitivity of 16.14 pg/mL 
(R&D Systems, Cat #DRG00), and HMGB1 plasma level with 
sensitivity of 0.2 ng/mL (IBL International Cat#ST51011). All 
measurements were accomplished according to the guide-
lines provided by the manufacturer. Pursuant to the manufac-
turer instructions, the serum samples of blood were diluted 
1–2; and CRP and TNF-α were determined in duplicate. The 
blood gas analyzer was used for determining LA levels.

The thiobarbituric acid reactive substances (TBARS) were 
used for detecting lipid oxidation by measuring MDA plasma 
levels as previously described by Wichterman et al.[32] The 
plasma sample was mixed with TBARS reagent and trichlo-
roacetic acid, and the mixture was incubated at 100°C for 
1 h. For 20 min, the mixture was centrifuged at 3000 rpm 
with the samples on ice. A reading of the absorbance at 535 
nm was performed after centrifugation to determine the su-
pernatant’s absorbance. Tetra ethoxy propane was used to 
calibrate, and MDA concentrations were measured in nano-
meters (nM).

Histopathology of the Lung

All histological sections of the lung (5 μm) were fixed with 
formalin and evaluated after Hematoxylin and Eosin (H&E) 
staining. Digital camera (Olympus C-5050) mounted on the 
microscope (Olympus BX51) was used for photographing 
sections. The histopathological lung damage score, which was 
previously described by Kwon et al., was calculated.[33] Histo-
pathological sections were evaluated by the histologist who 
was blinded to animals’ groups. AC, aggregation or infiltra-
tion of leukocytes in vessel walls and/or air spaces (AL), hem-
orrhage (H), edema of perivascular and/or interstitial space 
(PE), and hyaline membrane formation and/or thickness of 
the alveolar wall (TA) were evaluated to score histopatholog-
ical lung damage in all sections. Every item was graded from 
mild to severe as follows: 1 (0–25%), 2 (25–50%), 3 (50–75%), 
and 4 (75–100%).

PaO2 and PaCO2 in Arterial Blood Gas

At the end of all procedures, artery blood was sampled by 
cardiac puncture for all animals, and these samples were used 
for assaying PaO2 and PaCO2 with a blood gas analyzer.

Figure 3. Axial CT images of lung at the level of the heart, six ROI 
placed with the same size at the same location. (a) Normal control 
group lung, (b) FIPS group showed increased density of lung, (c) 
FIP performed and 20 mg/kg papaverine-treated group showed de-
creased density of lung against FIP performed and saline-treated 
group, (d) FIP performed and 40 mg/kg papaverine-treated group 
showed density of lung very close to normal group.

Figure 4. Lung histopathology ×10 and ×40 magnification H&E 
staining. (a, b) Normal control group lung, (A) Alveol, (c, d) FIP 
performed and saline-treated group showed severe histopatholog-
ic alteration related to increased alveolar inflammation and septal 
thickness (arrow), (e, f) FIP performed and 20 mg/kg papaverine-
treated group showed decreased inflammation and septal thicken-
ing (arrow), (g, h) FIP performed and 40 mg.
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Statistical Analysis

The statistical evaluation was performed using Statistical 
Package for the Social Sciences (SPSS, version 15.0). Vari-
ables were presented as mean ± standard error of the mean. 
Whether the Shapiro–Wilk test determined the normal or 
non-normal distribution of variables. Student’s t-test and one-
way analysis of variance were used for evaluating parametric 
variables, and post hoc Bonferroni correction was done for 
subgroup evaluation. P≤0.05 was considered as statistically 
significant.

RESULTS

Biochemical Findings

Plasma levels of sRAGE were lower in the FIPS (1425.2±65.7 
pg/mL) against the CG (2110.6±81.9 pg/mL) and statisti-
cally significance was found (P<0.05); moreover, sRAGE plas-
ma levels of both groups treated with papaverine (FIPP20; 
2463.1±103.7 pg/mL and FIPP40; 2517.8±110.4 pg/mL) were 
higher than FIPS and there were statistically significant differ-
ences (both group P<0.0001).

Plasma levels of HMGB1 were (P<0.05) found higher in the 
FIPS (2.55±0.82 pg/mL) against the CG (1.3±0.3 pg/mL); be-
sides, HMGB1 plasma levels in both groups that treated with 
papaverine (FIPP20; 1.57±0.4 pg/mL and FIPP40; 1.16±0.5 pg/
mL) were found lower than FIPS and these results were sta-
tistical significant (P<0.05 for both group) (Figure 4).

While TNF-α and CRP levels were significantly increased in 
the FIPS group than the CG (P<0.0001, P<0.05, respectively), 
these inflammatory markers in both groups that administered 
papaverine (for FIPP20, both P<0.05, and for FIPP40, P<0.05, 
P<0.0001, respectively) were found significantly decreased 
against to the FIPS group.

Similar results were found in oxidative stress biomarkers. 
Plasma levels of MDA and LA were found increased in FIPS 
group compared to the CG (both P<0.0001). These biomark-
ers in both groups that received papaverine (for FIPP20, both 
P<0.05, and for FIPP40, P<0.05, P<0.0001, respectively) were 
significantly decreased compared to the FIPS group. Plasma 
levels of all biochemical markers and P values of the compari-
sons are shown in Table 1.

Table 1. Levels of inflammation and oxidative stress markers in the groups

  CG FIPS FIPP20 FIPP40

MDA (nM) 68.6±9.4 184.1±14.5** 105.8±9.04# 87.6±11.5##

TNF alfa (pg/ml) 24.5±3.2 217.8±21.7** 154.2.1±6.6# 133.9±7.7##

CRP (mg/dl) 0.31±0.42 1.65±0.3* 0.8±0.4# 0.74±0.2#

Lactic acid (mmol/L) 1.3±0.5 7.2±1.8** 6.3±1.8# 4.05±1.1#

Results were presented as mean ± SEM. one-way ANOVA was used for statistical analysis and post hoc Bonferroni correction was done. *P<0.05, **P<0.001 

different from CG; # P<0.05, ## P<0.0001 different from FIPS. CG: Control group, FIPS: saline-treated feces intraperitoneal-injection procedure performed 

group; FIPP20: 20 mg/kg papaverine treated FIP performed group; FIPP40: 40 mg/kg papaverine treated and FIP performed group; MDA: Malondialdehyde; 

TNF: Tumor necrosis factor; CRP: C-reactive protein; HMGB1: High mobility group box 1; sRAGE: soluble Receptor for advanced glycation end products.

Figure 5. Comparison of HMGB1 and sRAGE levels between groups; HMGB, High mobility group box; sRAGE, soluble receptor for ad-
vanced glycation end products; CG, Control group; FIPS, Feces intraperitoneal injection procedure performed and saline-treated group; 
FIPP20, FIP performed and 20 mg/kg papaverine-treated group; FIPP40, FIP performed and 40 mg/kg papaverine-treated group; Results 
were presented as mean ± SEM. one-way ANOVA was used for statistical analysis and post hoc Bonferroni correction was done. * P<0.01, 
different from CG; #P<0.05, ##P<0.001 different from FIPS.
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Histopathological Lung Damage Score and CT Findings

FIP model was successful in our study and septal thickening 
and inflammation are clearly seen on histopathology sections 
(Figures 4a-d). Papaverine altered the inflammation results on 
the FIP model (Figures 4e-h). AC (P<0.0001), H (P<0.0001), 
AL (P<0.05), PE (P<0.0001), and TA (P<0.05) scores, which 
represents lung damage, were found significantly higher in 

FIPS than the CG. All scores in both groups that administered 
papaverine (for FIPP20, all scores P<0.05 and for FIPP40, 
P<0.001, P<0.001, P<0.05, P<0.05, and P<0.005, respectively) 
were found significantly lower against to FIPS (Fig. 5). Histo-
pathological scores were provided in Table 2.

HU value of lung in FIPS (−493.5±11.2) was higher than the 
CG (−586.1±14.7), and there was a statistically significant 
(P<0.001). HU value of lung in both groups that received pa-
paverine (−521.8±7.1 and −555.9±12.3) was lower than FIPS, 
and there was a statistically significant (P<0.001, Fig. 6).

Arterial PaO2 and PaCO2

When arterial blood gas was investigated, although PaO2 
in FIPP20 (P<0.05) and FIPP40 (P<0.05) was higher against 
FIPS and statistically significant, there was no difference in 
PaCO2. Mean and P values of PaO2 and PaCO2 were provided 
in Table 3.

DISCUSSION

In this study, we used the FIP-induced sepsis model to in-
vestigate ameliorating effect of papaverine in sepsis-induced 
ALI. The principal finding of our study was that papaverine in-
creases sRAGE plasma levels in FIP-induced sepsis rat model, 
regardless of the dose. Moreover, we found that papaverine 
decreases HMGB1 levels and pro-inflammatory cytokines in-
cluding CRP and TNF-α, oxidative stress biomarkers, such as 
MDA and LA, and HMGB1 levels, while increasing PaO2. Final, 

Table 2. Histopathological scores according to the groups

  CG FIPS FIPP20 FIPP40

AC  0.3±0.1 3.1±0.2** 2.2±0.3# 1.0±0.2##

AL  0.4±0.2 3.8±0.2* 1.8±0.3# 1.2±0.2#

H  0.5±0.2 3.5±0.2** 1.8±0.3# 1.3±0.2##

PE  0.5±0.2 3.3±0.3** 1.9±1.3# 1.3±1.3#

TA  1.4±0.2 3.1±0.2* 1.7±0.4# 1.2±0.3#

Results were presented as mean ± SEM. one-way ANOVA was used for statistical analysis and post hoc Bonferroni correction was done. *P<0.01; **P<0.001 

different from CG; #P<0.05; ##P<0.001 different from FIPS; CG: Control group; FIPS: Saline-treated feces intraperitoneal-injection procedure performed 

group; FIPP20: 20 mg/kg papaverine-treated FIP performed group; FIPP40: 40 mg/kg papaverine-treated and FIP performed group; AC: Alveolar congestion, 

AL: aggregation or infiltration of leukocytes in vessel walls/air spaces; H: Hemorrhage; PE: perivascular/interstitial edema; TA: Thickness of the alveolar wall/

hyaline membrane formation; HU: Hounsfield unit.

Table 3. Levels of arterial blood gas according to the groups

  CG FIPS FIPP20 FIPP40

PaO2 (mmHg) 118.3±4.9 77.5±6.1* 89.6±10.4# 98.3±5.6#

PaCO2 (mmHg) 41.3±6.7 35.3±2.6* 33.7±1.8  37.2±5.1 

Results were presented as mean ± SEM. one-way ANOVA was used for statistical analysis. *P<0.05, different from CG; #P<0.05 different from FIPS. CG: 

Control group; FIPS: Saline-treated feces intraperitoneal-injection procedure performed group; FIPP20: 20 mg/kg papaverine treated FIP performed group; 

FIPP40: 40 mg/kg papaverine treated and FIP performed group.

Figure 6. Comparison of CT density results of lung between groups; 
CG, Control group; FIPS, Feces intraperitoneal injection procedure 
performed and saline-treated group; FIPP20, FIP performed and 
20 mg/kg papaverine-treated group; FIPP40, FIP performed and 
40 mg/kg papaverine treated group; Results were presented as 
mean ± SEM. one-way ANOVA was used for statistical analysis 
and post-hoc Bonferroni correction was done. *P<0.05, **P<0.001 
different from CG; #P<0.05, ##P<0.0001 different from FIPS.



Özkul et al. Papaverine's Effect on Sepsis-Induced Lung Injury in Rats

Ulus Travma Acil Cerrahi Derg, September 2023, Vol. 29, No. 9 969

our study was showed that papaverine decreases histopatho-
logical lung damage score according to scoring system previ-
ously described and HU value of the lung parenchyma derived 
from CT images, in the sepsis-induced ALI. In our knowledge, 
this is the first study showing that papaverine reduced the 
severity of ALI by inhibiting HMGB1 translocation and de-
creasing binding to RAGE through increased sRAGE level and 
evaluating HU values of CT and histopathological findings.

Despite the lack of exactly knowing of RAGE’s physiologic 
role on inflammatory response, studies continue to investi-
gate this mechanism. An interesting finding was showed that, 
although many systems designed to maintain homeostasis, 
RAGE expression is increased in inflammatory process when 
RAGE/HMGB1 interaction is complete. This positive feed-
back mechanism may play a role to function against to ho-
meostatic mechanism in severe inflammatory process.[18,34,35] 
The previous studies showed that molecules which targeted 
HMGB1/RAGE pathway, such as ulinastatin, lidocaine, sali-
droside, and RAGE antibody, inhibiting HMGB1/RAGE inter-
action, increasing survival rate in animal models and they have 
a very strong potential to suppressing inflammatory response 
by inhibiting RAGE associated NF-κB pathway in ALI. This 
hypothesis was supported by showing increased plasma levels 
of sRAGE and sRAGE bind RAGE ligands, resulting decreased 
HMGB1 plasma levels. These levels have been used in some 
studies as reliable marker of RAGE/HMGB1 interaction in 
pathophysiology of sepsis.[20,36-38] Consistently with the litera-
ture, we found that sRAGE plasma levels were decreased and 
HMGB1 plasma levels were increased in FIPS group (placebo) 
in our study. Increased HMGB1 level induced sepsis-depen-
dent inflammatory and organ injury in placebo group.[39]

The anti-inflammatory effects of papaverine, suppressing the 
binding of HMGB1 to RAGE, have been evaluated by the lim-
ited studies, which were investigated glioblastoma.[40,41] Only 
two study in the literature, designed by Tamada et al. and 
Solmaz et al., focuses on anti-inflammatory effect in sepsis 
model.[28,42] Similar to our study, they reported that papaver-
ine was found inhibit the binding between RAGE and HMGB1, 
hence decreasing the release of IL-6 and TNF-α, which were 
pro-inflammatory cytokines, in the cecal ligation puncture and 
FIP sepsis model. Despite, 1st time investigation of protec-
tive effect of papaverine in ALI/ARDS, according to decreased 
pro-inflammatory cytokines, CT findings, and histopathologi-
cal results, our study showed that papaverine, similarly like 
investigated molecules, blocks the HMGB1/RAGE pathway 
efficiently and decreases severity of ALI/ARDS. In the ALI/
ARDS, fluid replaces instead of air, which represents AC, in-
terstitial edema and consolidation, and decreases the well-
aerated lung parenchyma, thereby these changes may quan-
titatively measure according to HU scale.[43] We think that 
papaverine inhibits HMGB1/RAGE interaction and increased 
plasma sRAGE level resulting decreased HMGB1 plasma level. 
Effect of papaverine is decreased plasma level of inflammatory 
cytokines and this prevents change of vascular permeability 
and fluid leakage to alveoli, hereby CT HU value decreases. 

Moreover, we supported this hypothesis with histopathologi-
cal results and plasma levels of sRAGE and HMGB1.

Microcirculation supplies nutrients and oxygen for aerobic 
metabolism and removes cellular waste products. There is 
an inconsistency between macrocirculatroy and microcircu-
latory hemodynamics in sepsis.[44] Impaired microcirculatory 
perfusion in septic shock with contribution of vasoconstric-
tion increases anaerobic glycolysis in tissue, causing increased 
plasma LA levels which are indirect method of microcircula-
tory assessment. Plasma LA levels and their changes in time 
are reliable markers of sepsis severity and mortality.[45] Li et 
al. reported that papaverine improves the microcirculation 
after fluid resuscitation combined with vasopressor drug 
treatment in septic shock.[46] In our study, LA levels were de-
creased after papaverine treatment and we think that papav-
erine ameliorates microcirculatory perfusion in tissue.

MDA is frequently used for evaluating oxidative stress and 
it is sensitive for indicating oxidative stress but not specific. 
Few experimental studies, such as sepsis-induced neuropathy 
and ethanol-induced hepatotoxicity, have been reported anti-
oxidant effects of papaverine.[47,42] Our study showed that 
MDA and LA levels are significantly decreased in both groups 
treated with papaverine similar with the literature, and con-
sequently, anti-oxidant and anti-inflammatory and micro-cir-
culator regulator effect of papaverine may more efficient in 
suppressing the development of ALI.

Limitation of our study is that papaverine has vasodilator ef-
fect and arterial tension of rats is not monitored during the 
study.

CONCLUSION
Our study is the first study showing that papaverine has an-
tioxidant and anti-inflammatory effect by inhibiting HMGB1/
RAGE interaction in rat model and supporting this effect by 
CT findings and histopathological results. In addition, results 
of our study showed that this molecule may be use as an 
efficient therapeutic agent, as it is capable of ameliorating se-
vere inflammatory injury in the lungs of sepsis animal model. 
Therefore, we think that the benefit of papaverine will be 
clarified with long-term prospective studies in humans.

Ethics Committee Approval: This study was approved by 
the University of Health Sciences Demiroğlu Bilim University 
Research Ethics Committee (Date: 05.07.2021, Decision No: 
20210635).

Peer-review: Externally peer-reviewed.

Authorship Contributions: Concept: O.E.; Design: O.E., 
B.Ö.; Supervision: O.E.; Resource: O.E.; Materials: O.E., G.Y.; 
Data collection and/or processing: B.Ö., İ.H.S., S.G.S.; Analy-
sis and/or interpretation: O.E., B.Ö., İ.H.S., S.G.S., G.Y.; Lit-
erature search: B.Ö., Ç.S.E., İ.H.S.; Writing: B.Ö., Ç.S.E., G.Y.; 
Critical review: B.Ö.

Conflict of Interest: None declared.



Özkul et al. Papaverine's Effect on Sepsis-Induced Lung Injury in Rats

Ulus Travma Acil Cerrahi Derg, September 2023, Vol. 29, No. 9970

Financial Disclosure: The author declared that this study 
has received no financial support.

REFERENCES

1. Razazi K, Boissier F, Surenaud M, Bedet A, Seemann A, Carteaux G, et 
al. A multiplex analysis of sepsis mediators during human septic shock: 
A preliminary study on myocardial depression and organ failures. Ann 
Intensive Care 2019;9:64. [CrossRef ]

2. Mark-Christensen A, Kjaer MD, Ganesalingam S, Qvist N, Thorlacius-
Ussing O, Rosenberg J, et al. Increasing incidence of pelvic sepsis follow-
ing ileal pouch-anal anastomosis for ulcerative colitis in Denmark: A na-
tionwide cohort study. Dis Colon Rectum 2019;62:965–71. [CrossRef ]

3. Hou J, Chen Q, Wu X, Zhao D, Reuveni H, Licht T, et al. S1PR3 signal-
ing drives bacterial killing and is required for survival in bacterial sepsis. 
Am J Respir Crit Care Med 2017;196:1559–70. [CrossRef ]

4. Jacobi J. Pathophysiology of sepsis. Am J Health Syst Pharm 2002;59 
Suppl 1:S3–8. [CrossRef ]

5. Shen Y, Song J, Wang Y, Chen Z, Zhang L, Yu J, et al. M2 macrophages 
promote pulmonary endothelial cells regeneration in sepsis-induced 
acute lung injury. Ann Transl Med 2019;7:142. [CrossRef ]

6. Bitker L, Cutuli SL, Cioccari L, Osawa EA, Toh L, Luethi N, et al. Sepsis 
uncouples serum C-peptide and insulin levels in critically ill patients with 
Type 2 diabetes mellitus. Crit Care Resusc 2019;21:87–95.

7. Alexiou P, Chatzopoulou M, Pegklidou K, Demopoulos VJ. RAGE: A 
multi-ligand receptor unveiling novel insights in health and disease. Curr 
Med Chem 2010;17:2232–52. [CrossRef ]

8. Xie J, Méndez JD, Méndez-Valenzuela V, Aguilar-Hernández MM. 
Cellular signalling of the receptor for advanced glycation end products 
(RAGE). Cell Signal 2013;25:2185–97. [CrossRef ]

9. Raucci A, Cugusi S, Antonelli A, Barabino SM, Monti L, Bierhaus A, 
et al. A soluble form of the receptor for advanced glycation endproducts 
(RAGE) is produced by proteolytic cleavage of the membrane-bound 
form by the sheddase a disintegrin and metalloprotease 10 (ADAM10). 
FASEB J 2008;22:3716–27. [CrossRef ]

10. Hofmann MA, Drury S, Fu C, Qu W, Taguchi A, Lu Y, et al. RAGE 
mediates a novel proinflammatory axis: A central cell surface receptor for 
S100/calgranulin polypeptides. Cell 1999;97:889–901. [CrossRef ]

11. Hofmann MA, Drury S, Hudson BI, Gleason MR, Qu W, Lu Y, et al. 
RAGE and arthritis: The G82S polymorphism amplifies the inflamma-
tory response. Genes Immun 2002;3:123–35. [CrossRef ]

12. Lalla E, Lamster IB, Feit M, Huang L, Spessot A, Qu W, et al. Blockade 
of RAGE suppresses periodontitis-associated bone loss in diabetic mice. 
J Clin Invest 2000;105:1117–24. [CrossRef ]

13. Fritz G. RAGE: A single receptor fits multiple ligands. Trends Biochem 
Sci 2011;36:625–32. [CrossRef ]

14. Izushi Y, Teshigawara K, Liu K, Wang D, Wake H, Takata K, et al. Sol-
uble form of the receptor for advanced glycation end-products attenuates 
inflammatory pathogenesis in a rat model of lipopolysaccharide-induced 
lung injury. J Pharmacol Sci 2016;130:226–34. [CrossRef ]

15. He ZW, Qin YH, Wang ZW, Chen Y, Shen Q, Dai SM. HMGB1 acts 
in synergy with lipopolysaccharide in activating rheumatoid synovial fi-
broblasts via p38 MAPK and NF-kappaB signaling pathways. Mediators 
Inflamm 2013;2013:596716. [CrossRef ]

16. Uchida T, Shirasawa M, Ware LB, Kojima K, Hata Y, Makita K, et al. Re-
ceptor for advanced glycation end-products is a marker of Type I cell in-
jury in acute lung injury. Am J Respir Crit Care Med 2006;173:1008–15.

17. Yang R, Yang L, Shen X, Cheng W, Zhao B, Ali KH, et al. Suppres-
sion of NF-kappaB pathway by crocetin contributes to attenuation of 
lipopolysaccharide-induced acute lung injury in mice. Eur J Pharmacol 
2012;674:391–6. [CrossRef ]

18. Lutterloh EC, Opal SM, Pittman DD, Keith JC Jr., Tan XY, Clancy BM, 
et al. Inhibition of the RAGE products increases survival in experimental 

models of severe sepsis and systemic infection. Crit Care 2007;11:R122.
19. Yang H, Ochani M, Li J, Qiang X, Tanovic M, Harris HE, et al. Reversing 

established sepsis with antagonists of endogenous high-mobility group 
box 1. Proc Natl Acad Sci U S A 2004;101:296–301. [CrossRef ]

20. Blondonnet R, Audard J, Belville C, Clairefond G, Lutz J, Bouvier D, et al. 
RAGE inhibition reduces acute lung injury in mice. Sci Rep 2017;7:7208.

21. Elicker BM, Jones KT, Naeger DM, Frank JA. Imaging of acute lung in-
jury. Radiol Clin North Am 2016;54:1119–32. [CrossRef ]

22. Ohkubo H, Kanemitsu Y, Uemura T, Takakuwa O, Takemura M, Maeno 
K, et al. Normal lung quantification in usual interstitial pneumonia pat-
tern: The impact of threshold-based volumetric CT analysis for the stag-
ing of idiopathic pulmonary fibrosis. PLoS One 2016;11:e0152505.

23. Wang Y, Chen Y, Wei Y, Li M, Zhang Y, Zhang N, et al. Quantitative 
analysis of chest CT imaging findings with the risk of ARDS in CO-
VID-19 patients: A preliminary study. Ann Transl Med 2020;8:594.

24. Boswell-Smith V, Spina D, Page CP. Phosphodiesterase inhibitors. Br J 
Pharmacol 2006;147 Suppl 1:S252–7. [CrossRef ]

25. Han X, Lamshöft M, Grobe N, Ren X, Fist AJ, Kutchan TM, et al. The 
biosynthesis of papaverine proceeds via (S)-reticuline. Phytochemistry 
2010;71:1305–12. [CrossRef ]

26. Dang Y, Mu Y, Wang K, Xu K, Yang J, Zhu Y, et al. Papaverine inhibits 
lipopolysaccharide-induced microglial activation by suppressing NF-κB 
signaling pathway. Drug Des Devel Ther 2016;10:851–9. [CrossRef ]

27. El Far AH, Munesue S, Harashima A, Sato A, Shindo M, Nakajima S, et 
al. In vitro anticancer effects of a RAGE inhibitor discovered using a struc-
ture-based drug design system. Oncol Lett 2018;15:4627–34. [CrossRef ]

28. Tamada K, Nakajima S, Ogawa N, Inada M, Shibasaki H, Sato A, et al. 
Papaverine identified as an inhibitor of high mobility group box 1/recep-
tor for advanced glycation end-products interaction suppresses high mo-
bility group box 1-mediated inflammatory responses. Biochem Biophys 
Res Commun 2019;511:665–70. [CrossRef ]

29. National Research Council Committee for the Update of the Guide for 
the C, Use of Laboratory Animals. The National Academies Collection: 
Reports funded by National Institutes of Health. Guide for the Care and 
Use of Laboratory Animals. Washington, DC: National Academies Press 
(US), National Academy of Sciences; 2011.

30. Shrum B, Anantha RV, Xu SX, Donnelly M, Haeryfar SM, McCormick 
JK, et al. A robust scoring system to evaluate sepsis severity in an animal 
model. BMC Res Notes 2014;7:233. [CrossRef ]

31. Tyml K, Swarbreck S, Pape C, Secor D, Koropatnick J, Feng Q, et al. Vol-
untary running exercise protects against sepsis-induced early inflamma-
tory and pro-coagulant responses in aged mice. Crit Care 2017;21:210.

32. Wichterman KA, Baue AE, Chaudry IH. Sepsis and septic shock--a re-
view of laboratory models and a proposal. J Surg Res 1980;29:189–201.

33. Kwon WY, Suh GJ, Kim KS, Kwak YH. Niacin attenuates lung inflam-
mation and improves survival during sepsis by downregulating the nucle-
ar factor-κB pathway. Crit Care Med 2011;39:328–34. [CrossRef ]

34. Bucciarelli LG, Wendt T, Rong L, Lalla E, Hofmann MA, Goova MT, 
et al. RAGE is a multiligand receptor of the immunoglobulin superfam-
ily: Implications for homeostasis and chronic disease. Cell Mol Life Sci 
2002;59:1117–28. [CrossRef ]

35. Schmidt AM, Yan SD, Yan SF, Stern DM. The multiligand receptor 
RAGE as a progression factor amplifying immune and inflammatory re-
sponses. J Clin Invest 2001;108:949–55. [CrossRef ]

36. Lan KC, Chao SC, Wu HY, Chiang CL, Wang CC, Liu SH, et al. Sali-
droside ameliorates sepsis-induced acute lung injury and mortality via 
downregulating NF-kappaB and HMGB1 pathways through the up-
regulation of SIRT1. Sci Rep 2017;7:12026. [CrossRef ]

37. Wang SY, Li ZJ, Wang X, Li WF, Lin ZF. Effect of ulinastatin on 
HMGB1 expression in rats with acute lung injury induced by sepsis. 
Genet Mol Res 2015;14:4344–53. [CrossRef ]

38. Zhang Z, Zhou J, Liao C, Li X, Liu M, Song D, et al. RAGE deficiency 

https://doi.org/10.1186/s13613-019-0538-3
https://doi.org/10.1097/DCR.0000000000001404
https://doi.org/10.1164/rccm.201701-0241OC
https://doi.org/10.1093/ajhp/59.suppl_1.S3
https://doi.org/10.21037/atm.2019.02.47
https://doi.org/10.2174/092986710791331086
https://doi.org/10.1016/j.cellsig.2013.06.013
https://doi.org/10.1096/fj.08-109033
https://doi.org/10.1016/S0092-8674(00)80801-6
https://doi.org/10.1038/sj.gene.6363861
https://doi.org/10.1172/JCI8942
https://doi.org/10.1016/j.tibs.2011.08.008
https://doi.org/10.1016/j.jphs.2016.02.005
https://doi.org/10.1155/2013/596716
https://doi.org/10.1164/rccm.200509-1477OC
https://doi.org/10.1016/j.ejphar.2011.08.029
https://doi.org/10.1073/pnas.2434651100
https://doi.org/10.1038/s41598-017-07638-2
https://doi.org/10.1016/j.rcl.2016.05.006
https://doi.org/10.1371/journal.pone.0152505
https://doi.org/10.21037/atm-20-3554
https://doi.org/10.1038/sj.bjp.0706495
https://doi.org/10.1016/j.phytochem.2010.04.022
https://doi.org/10.2147/DDDT.S97380
https://doi.org/10.3892/ol.2018.7902
https://doi.org/10.1016/j.bbrc.2019.01.136
https://doi.org/10.1186/1756-0500-7-233
https://doi.org/10.1186/s13054-017-1783-1
https://doi.org/10.1016/0022-4804(80)90037-2
https://doi.org/10.1097/CCM.0b013e3181feeae4
https://doi.org/10.1007/s00018-002-8491-x
https://doi.org/10.1172/JCI200114002
https://doi.org/10.1038/s41598-017-12285-8
https://doi.org/10.4238/2015.April.30.7


Özkul et al. Papaverine's Effect on Sepsis-Induced Lung Injury in Rats

Ulus Travma Acil Cerrahi Derg, September 2023, Vol. 29, No. 9 971

attenuates the protective effect of Lidocaine against sepsis-induced acute 
lung injury. Inflammation 2017;40:601–11. [CrossRef ]

39. van Zoelen MA, Achouiti A, Schmidt AM, Yang H, Florquin S, Tracey 
KJ, et al. Ligands of the receptor for advanced glycation end products, 
including high-mobility group box 1, limit bacterial dissemination during 
Escherichia coli peritonitis. Crit Care Med 2010;38:1414–22. [CrossRef ]

40. Inada M, Sato A, Shindo M, Yamamoto Y, Akasaki Y, Ichimura K, et 
al. Anticancer non-narcotic opium alkaloid papaverine suppresses human 
glioblastoma cell growth. Anticancer Res 2019;39:6743–50. [CrossRef ]

41. Inada M, Shindo M, Kobayashi K, Sato A, Yamamoto Y, Akasaki Y, et al. 
Anticancer effects of a non-narcotic opium alkaloid medicine, papaverine, 
in human glioblastoma cells. PLoS One 2019;14:e0216358. [CrossRef ]

42. Solmaz V, Kaya M, Uslu FB, Atasoy O, Erbaş O. Papaverine has thera-
peutic potential for sepsis-induced neuropathy in rats, possibly via the 
modulation of HMGB1-RAGE axis and its antioxidant prosperities. J 

Invest Surg. 2020 Aug 25:1-7. doi: 10.1080/08941939.2020.1809751. 
[Epub ahead of print]. [CrossRef ]

43. Simon BA, Christensen GE, Low DA, Reinhardt JM. Computed tomog-
raphy studies of lung mechanics. Proc Am Thorac Soc 2005;2:517–21, 
506–7. [CrossRef ]

44. Charlton M, Sims M, Coats T, Thompson JP. The microcirculation and its 
measurement in sepsis. J Intensive Care Soc 2017;18:221–7. [CrossRef ]

45. Tyagi A, Sethi AK, Girotra G, Mohta M. The microcirculation in sepsis. 
Indian J Anaesth 2009;53:281–93.

46. Li H, Zhu X, Yao G, Wang Z. Papaverine improves sublingual blood flow 
in patients with septic shock. J Surg Res 2015;195:271–6. [CrossRef ]

47. Chandra R, Aneja R, Rewal C, Konduri R, Dass SK, Agarwal S. An 
opium alkaloid-papaverine ameliorates ethanol-induced hepatotoxicity: 
Diminution of oxidative stress. Indian J Clin Biochem 2000;15:155–60.

Papaverinin sepsis kaynaklı akut akciğer hasarında iyileştirici etkisinin sıçan modelinde 
radyoloji ve histoloji yoluyla gösterilmesi
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AMAÇ: High mobility group box-1/receptor for advanced glycation end products (HMGB-1/RAGE) etkileşiminin, periton içine feces enjekte 
edilerek (FIP) indüklenen akut akciğer hasarındaki (AAH) rolünün gösterilmesi, çözülebilir RAGE (sRAGE) ve HMGB-1 seviyelerinin tespit edilerek 
papaverinin RAGE ilişkili NF-κB yolağı üzerindeki etkisinin araştırılması ve bu etkilerin enflamatuvar ve oksidatif  stres biyobelirteçlerin, toraks BT’de 
Hounsfield Unit (HU) değerlerinin ve histopatolojik sonuçların incelenerek desteklenmesi çalışmamızın hedefleridir.
GEREÇ VE YÖNTEM: Sepsisle indüklenen AAH modeli oluşturmak üzere 37 Wistar sıçana FIP uygulandı. Hayvanlar aşağıdaki gibi dört gruba 
ayrıldı: Kontrol grubu (tedavi almayan), plasebo grubu (FIP ve 1 saat sonra salin uygulanan), FIP ve 1 saat sonra 20 mg/kg/gün ve 40 mg/kg/gün 
papaverin uygulanan gruplar. FIP uygulanmasından 20 saat sonra tüm hayvanlara BT çekildi ve akciğer parankiminde HU değerleri ölçüldü. Tümör 
nekrosis faktör (TNF)-, HMGB1, sRAGE, C- reaktif  protein (CRP), malondialdehit (MDA) ve laktik asit (LA) plazma değerleri belirlendi ve arteryel 
kan gazından PaO2 and PaCO2 ölçüldü. Akciğer hasarı histopatolojik olarak değerlendirildi.
BULGULAR: TNF-, IL-6, CRP, HMGB1, MDA, LA seviyeleri, histopatoloji skorları ve BT’den elde edilen HU değerleri normal gruba göre plasebo 
grubunda anlamlı derecede artmış ve sRAGE seviyeleri düşmüştü (Tüm bulgularda p<0.05). Papaverine uygulanan dozdan bağımsız olarak tüm 
bulguları anlamlı olarak tersine çevirmiş ve sRAGE seviyelerini artırarak ve proinflamatuvar sitokinleri baskılayarak HMGB1/RAGE etkileşiminin 
inhibisyonunu göstermiştir.
SONUÇ: AAH sıçan modelinde papaverinin iyileştirici etkileri olduğu sonucuna vardık.

Anahtar sözcükler: Akut akciğer hasarı; enflamasyon; HMGB-1; papaverin; RAGE; sepsis.
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