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Oxidative stress and inflammation are indispensable components of ischemia-reperfusion (IR) injury. 
In this study, we investigated the effects of low and high doses of caftaric acid (CA) on reducing 
kidney and remote organ damage induced by IR. We divided Wistar rats into four groups: sham, 
IR, low (40 mg/kg body weight (BW)), and high (80 mg/kg BW) CA groups. IR (1 h ischemia, 24 h 
reperfusion) was applied to all groups, except the sham one. Following the experimental period, we 
removed kidney and lung tissues to assess biochemical, histopathological, and immunohistochemical 
parameters. In the IR group, oxidant parameters (malondialdehyde (MDA), myeloperoxidase (MPO), 
total oxidant status (TOS), oxidative stress index (OSI)) increased, and antioxidant level parameters 
(superoxide dismutase (SOD) and total antioxidant status (TAS)) diminished. In addition, Microtubule-
associated protein light chain 3 (LC3), cyclooxygenase-2 (COX-2), and caspase-3 immunopositivity 
were severe in the IR group. CA treatment improved the LC3, COX-2, and caspase-3 immunopositivity, 
lowered the oxidant level, and enhanced the antioxidant capacity. Histopathological findings were 
consistent with the data. In light of all our results, CA is effective against oxidative stress, autophagy, 
apoptosis, and inflammation in the renal IR experimental model.
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Ischemia-reperfusion (IR) injury is a complex pathological condition that occurs when blood flow and oxygen 
supply are restored to an organ after diminished circulation. While essential for tissue recovery, this restoration 
can paradoxically lead to further cellular damage due to a cascade of biochemical events triggered by the sudden 
influx of oxygen and nutrients. The initial lack of blood flow results in hypoxic tissue damage, exacerbated upon 
reperfusion due to oxidative stress, inflammation, and apoptosis1–3. Excessive reactive oxygen species (ROS) 
production can induce oxidative stress, inflammatory reactions, and apoptosis4.

The kidneys are highly vascularized organs that receive significant blood flow, making them particularly 
susceptible to IR injury. Renal IR may cause acute kidney injury (AKI), a clinical condition with morbidity 
and mortality5. AKI is strongly related to distant organ injury, including lungs6. Acute lung injury is a widely 
extrarenal condition during AKI7.

During renal IR, excessive ROS formation leads to cellular damage, inflammation, and oxidative stress8,9. 
ROS may harm lipids, proteins, and DNA10. ROS-mediated mitochondrial damage induces cellular injury 
during renal IR11. Myeloperoxidase (MPO) and malondialdehyde (MDA) are oxidant parameters, elevating 
during renal IR and indicating oxidative stress12.

ROS overproduction results in apoptosis, a programmed cell death13. Caspases, particularly caspase 3, are 
responsible for this process14. Along with ROS, the inflammatory reaction prompts the release of proinflammatory 
cytokines and cell death15. ROS induces cyclooxygenase-2 (COX-2) expression involved in inflammation. 
Autophagy plays a critical role in maintaining cellular homeostasis and supporting cell survival during IR 
injury16. Microtubule-associated protein light chain 3 (LC3) is a highly utilized marker for autophagy17.

Several studies examined various molecules to support the antioxidant defense as an exogenous agent to 
reduce the oxidative damage caused by renal IR18–20. The multiple plants are an effective source for advancing 
medical agents21. One of the most critical potential active compounds in purple cones, caffeic acid derivatives, is 
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caftaric acid (CA, Fig. 1), representing biological activities22. The medicinal benefits of CA involve antiapoptotic, 
anticholinesterase, anti-radical, anti-antioxidant, antidiuretic, and genoprotective activities23–25.

Building upon the demonstrated potential of CA, this study is designed to determine its impacts in the 
context of IR-induced organ dysfunction. We aim to investigate its role in mitigating oxidative stress, controlling 
inflammatory responses, and improving apoptosis and autophagy. Through this, we hope to enhance our 
understanding and potentially guide the development of innovative therapeutic strategies for renal IR.

Materials and methods
Chemical materials
We used a 10% povidone-iodine solution (Batticon; Adeka) for disinfection. We preferred ketamine (Ketalar®, 
Pfizer, Istanbul) and xylazine hydrochloride (Rompun®, Bayer, Istanbul) for anesthesia. Ketamine/xylazine 
anesthesia doses (100/15 mg/kg body weight (BW), intraperitoneal (i.p.)) were inspired by another experimental 
rat model26. We purchased CA (purity ≥ 97.0%, CAS Number: 67879-58-7) from Sigma Aldrich (Germany). CA 
doses were based on previous experimental research24,27.

Ethical approval
This study was approved by the Experimental Animals Local Ethics Committee of Atatürk University 
(Date:27.04.2018/Number:100). All methods are reported in accordance with ARRIVE guidelines ​(​​​h​t​t​p​s​:​/​/​a​r​r​i​v​
e​g​u​i​d​e​l​i​n​e​s​.​o​r​g​​​​​)​. All methods were carried out in accordance with relevant guidelines and regulations.

Experimental animals
All animals were obtained from the Experimental Animal Research and Application Center of Atatürk University 
(ATADEM). Also, animal experiments were carried out in ATADEM. All animals were kept in polypropylene 
cages under standard laboratory conditions (mean humidity ~ % 55, balanced temperature ~ 22  °C, and 
controlled 12;12 light-dark). Animals were fed standard laboratory food and tap water. However, the animals 
were fasted 24 h before the experiment.

Preoperative preparation
The rats were fixed in dorsal anatomical position (Fig. 2a). The back region was shaved (Fig. 2b). Following the 
disinfection with 10% povidone-iodine solution (Fig. 2c), ketamine/xylazine (was administered for anesthesia 
(Fig. 2d).

Fig. 1.  3D chemical structure of caftaric acid (Created with Avogadro version 1.2.0., http://avogadro.cc/).
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Groups and experimental design
Weighing 210 ± 10 g, 32 Wistar Albino rats were used and divided into 4 groups (Fig. 3).

Sham Group (n = 8): The back region was opened with an incision and closed again. No additional process 
was executed (Fig. 3a).

IR Group (n = 8): After the incision, bilateral renal artery blood flow was occluded using steel clamps (Kent 
Scientific Corporation, USA) for 60 min (ischemia). Then, the blood circulation was released for 24 h (Fig. 3b). 
This method was selected according to a previous study28.

Low dose-CA-treated (40 mg/kg CA) Group (n = 8): A 40 mg/kg BW CA dose29,30 was administered i.p. just 
before reperfusion, and the IR model was performed as described in the IR group (Fig. 3c).

High dose-CA-treated (80 mg/kg CA) Group (n = 8): An 80 mg/kg BW dose30 of CA was administered i.p. 
before the reperfusion and IR model was carried out (Fig. 3d).

With the completion of the reperfusion period, all animals were sacrificed by using a high dose of 
thiopental sodium (50 mg/kg), as described in previous studies31,32, and kidney and lung tissue samples were 
collected. The tissue samples were stored under necessary conditions until biochemical, histopathological, and 
immunohistochemical analyses.

Biochemical measurements
Determination of superoxide dismutase (SOD) activity, Malondialdehyde (MDA) level, and Myeloperoxidase 
(MPO) activity is based on previous studies33–35. SOD, MPO, and MDA measurements were performed via 
Thermo Fisher Scientific, USA kits. Total antioxidant status (TAS) and total oxidant status (TOS) values were 
measured with the commercial kits (Rel Assay Diagnostics, Gaziantep, Turkey). The ratio of TOS to TAS is 
accepted as the oxidative stress index (OSI)19.

Fig. 2.  Representation of the preoperative operation, (a) Fixation of the experimental animal in dorsal 
position, (b) Shaving the back region, (c) Disinfection of the shaved area, (d) Anesthesia administration before 
the surgical process (Created with BioRender.com).
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Immunohistochemical measurements
Upon completion of the experiment, the tissue samples were retained in a 10% neutral formalin solution. 
Then, tissues were washed in tap water and embedded in paraffin blocks after tissue tracing procedures. After 
deparaffinization, it was kept in 3% H2O2 for 10 min to inactivate endogenous peroxidase activity, and then it 
was washed in phosphate buffer solution (PBS). The tissues were placed for 10 min at 500W into antigen retrieval 
solution to remove antigens and washed in PBS. A protein block solution was added to prevent nonspecific 
binding and washed in PBS. Caspase-3 (Novus Biological, Cat. No. NB600-1235, Dilution: 1/100) as primer 
anybody, LC3 (Abcam, Cat. No: ab48394 Dilution:1/200) and Cyclooxygenase 2 (COX-2) (Abcam, Cat No: 
ab15191, Dilution: 1/200) were applied to the sections washed with PBS. Finally, the procedure described 
by the exposed mouse and rabbit-specific HRP/DAB detection IHC kit (Abcam: ab80436) was followed. 
3,3'-diaminobenzidine chromogen was used, and contrast stained with hematoxylin.

Histopathological examinations
At the end of the experiment, the tissue samples were placed in a 10% buffered neutral (pH: 7.2) formalin solution 
and kept for 48 h for fixation. Then, the tissues underwent histopathological follow-up and were embedded in 
paraffin. Consecutive thin serial sections of 5 µ thickness were taken from the paraffinized tissues on standard 
slides. Sections taken from standard slides were stained with hematoxylin and eosin. Histopathological changes 
in the lungs were examined regarding hyperplasia in the lung tissue and thickening in the interalveolar septum, 
and changes in the kidney were reviewed in terms of bleeding, necrosis, and hyalinization.

Statistical analyses
All results of our experiments are presented as Mean ± Standard Error Mean (SEM). Firstly, a one-way analysis 
of variances (ANOVA) was performed, followed by post-hoc testing for inter-group comparisons using the 
Tukey test. A p-value was accepted as significant at level 0.05. The differences between the groups of obtained 
data for immunohistochemical results were analyzed by the Kruskal Wallis test and the Mann Whitney U test to 
detect the groups forming the difference.

Fig. 3.  Experimental design of the renal ischemia reperfusion rat model, (a) Sham group, back region incision 
and suturation, no additional intervention, (b) IR group, after the incision, renal arteries and veins were 
clamped for 60 min, following 24 h reperfusion, (c) 40 mg/kg CA group, 40 mg/kg CA was administered i.p. 
30 min before the IR process, (d) 80 mg/kg CA group, 80 mg/kg CA was administered i.p. 30 min before the IR 
process. CA = Caftaric acid, IR = Ischemia reperfusion, (Created with BioRender.com).
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Results
Biochemical results
CA treatment enhanced this antioxidant enzyme activity. TOS and OSI levels were significantly increased in the 
kidney and lung tissues of the IR group when compared to sham and CA treatment groups (Figs. 4b and c). In 
contrast, TAS diminished in the IR group (see Fig. 4a). TAS elevated due to low (40 mg/kg BW) and high (80 mg/
kg BW) doses of CA treatment.

MDA level and MPO activity increased in the IR group (Fig. 5a and c). MDA concentration and MPO activity 
declined in the CA treatment groups compared to the IR group (Fig. 5a and c). However, high and low doses of 
CA groups showed no significant difference, compared to each other.

SOD enzyme activity was significantly reduced in the IR group compared to the sham group (Fig. 5b). CA 
treatment greatly improved SOD activity compared to the IR group. Still, there was no significant difference 
between the high and low doses of CA groups.

Immunohistochemical results of the renal tissue
Caspase-3 immunopositivity was not observed in the sham group (Fig. 6a) and high dose CA group (Fig. 6d) 
but was detected in the tubular epithelial cells, and glomerulus of the IR group as most intense (Fig. 6b). In the 
low dose CA group, caspase-3 immunopositivity diminished in tubular epithelial cells and inflammatory cells in 
the intertubular area (Fig. 6c).

LC3 immunopositivity was not seen in the sham group (Fig. 7a). There was intense LC3 immunoreactivity 
in the tubular epithelial cells and glomerulus of the IR and low dose of CA groups (Fig. 7b and c). On the other 
hand, LC3 immunopositivity decreased in tubular epithelial cells and inflammatory cells in the intertubular area 
of the low dose of CA group (Fig. 7c). High dose of CA treatment improved LC3 immunopositivity and created 
mild immunoreactivity in the epithelial cells forming Bowman capsule and in the inflammatory cells of the 
intertubular area (Fig. 7d).

COX-2 immunopositivity was negative in the sham group (Fig. 8a) but positive in the IR and low dose of 
CA groups’ tubular epithelial cells and glomerulus as most intense (Fig. 8b and c). Interestingly, low dose of CA 
decreased the COX-2 immunopositivity in the tubular epithelial cells and inflammatory cells of the intertubular 

Fig. 5.  Effects of CA treatment on oxidative and antioxidative parameters in kidney and lung tissues 
following IR injury (a) MDA (µmol/g protein) values of kidney and lung tissues in all groups. (b) SOD (U/g 
protein) values of kidney and lung tissues in all groups. c) MPO (U/g protein) values of kidney and lung 
tissues in all groups. Different letters indicate statistically difference (a = IR group compared to sham group 
and b = CA groups compared to IR group p < 0.05). * and # represent statistically difference (* = IR group 
compared to sham group and # = CA groups compared to IR group, p < 0.05). MPO = Myeloperoxidase, 
MDA = Malondialdehyde, SOD = Superoxide dismutase, CA = Caftaric acid, IR = Ischemia reperfusion.

 

Fig. 4.  Effects of CA treatment on oxidative and antioxidative parameters in kidney and lung tissues following 
IR injury, (a) TAS (mmol/L) values of kidney and lung tissues in all groups. (b) TOS (µmol/L) values of kidney 
and lung tissues in all groups. (c) OSI values of kidney and lung tissues in all groups. Different letters indicate 
statistically difference (a = IR group compared to sham group and b = CA groups compared to IR group, 
p < 0.05). * and # represent statistically difference (* = IR group compared to sham group and # = CA groups 
compared to IR group, p < 0.05). TAS = Total antioxidant status, TOS = Total oxidant status, OSI = Oxidative 
stress index, CA = Caftaric acid, IR = Ischemia reperfusion.
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area (Fig. 8c). The high dose CA group demonstrated a very mild LC3 immunopositivity in tubular epithelial 
cells and glomerular structure (Fig. 8d).

Immunohistochemical results of the lung tissue
Sham group did not reveal a caspase-3 immunopositivity (Fig. 9a). There was a caspase-3 immunopositivity 
in inflammatory cells of the peribronchial tissue and interalveolar area of the IR group (Fig. 9b). CA treatment 
groups improved caspase-3 immunopositivity in the inflammatory cells of the peribronchial tissue and the cells 
of the interalveolar region (Fig. 9c, d).

Immunohistochemical staining for autophagic cell death did not reveal any LC3 immunopositivity in the 
sham group (Fig. 10a). IR and low dose of CA groups exhibited intense LC3 immunopositivity in inflammatory 
cells in the peribronchial tissue and interalveolar area (Fig. 10b and c). In the high dose of the CA group, LC3 
immunopositivity decreased in inflammatory cells of the peribronchial tissue (Fig. 10d).

Fig. 6.  Immunohistochemical analysis of caspase-3 expression in kidney tissues across experimental groups, 
(a) Sham group. (b) IR group, intensive caspase-3 immunopositivity in tubule epithelium (arrowhead) 
and glomerular structure (arrow) of kidney tissue. (c) Low dose of (CA) (40 mg/kg) group mild caspase-3 
immunopositivity in inflammatory cells in intertubular area (arrow) of kidney tissue. (d) High dose of CA 
(80 mg/kg) group, nonspecific staining. CA = Caftaric acid.
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COX-2 immunopositivity was not found in the sham group (Fig. 11a). The most intense immunopositivity 
for COX-2 was in the peribronchial cells of lymphoid tissue in the IR group (Fig. 11b). In low dose of CA group, 
COX-2 immunopositivity declined in the inflammatory cells of peribronchial tissue (Fig.  11c). The mildest 
COX-2 immunopositivity was observed in the high dose CA group (Fig. 11d).

Histopathological results of kidney and lung tissue
In general, the renal parenchymal and stromal regions had a normal histological appearance in the sham group 
(Fig. 12a). Severe tissue damage was detected in the kidney tissues of the IR group (Fig. 12b). This damage was 
mainly in the form of congestion, bleeding, necrotic tubular, and hyalinization. Still, necrotic changes decreased 
in the low dose of the CA group (Fig. 12c). Mild bleeding and necrotic changes were observed in the high-dose 
CA group (Fig. 12d).

Fig. 7.  Immunohistochemical analysis of LC3 expression in kidney tissues across experimental groups, 
(a) Sham group. (b) IR group, intensive LC3 immunopositivity in epithelium of tubule (arrowhead) and 
glomerulus (arrow) of kidney tissue. (c) Low dose of CA (40 mg/kg) group, intense LC3 immunopositivity in 
tubule epithelial cells (arrow) and glomerulus (arrowhead) of kidney tissue. (d) High dose of CA (80 mg/kg) 
group, mild LC3 immunopositivity in tubule epithelial cells (arrowhead) and epithelial portion of bowman 
capsule (arrow) of kidney tissue. CA = Caftaric acid, IR = Ischemia reperfusion.
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In the histopathological examination of the lung tissue, the alveolar parenchyma had a normal histological 
appearance in the sham group (Fig. 13a). There was a severe lung tissue hyperplasia in the lung tissues of the 
IR group (Fig. 13b). Additionally, thickening was detected in the interalveolar area. Although lung hyperplasia 
decreased in the low-dose CA group, the thickening in the interalveolar area was similar to the IR group 
(Fig. 13c). Lung tissue hyperplasia decreased, and the interalveolar septum appeared slightly thickened in the 
high-dose CA group (Fig. 13d).

Discussion
This study demonstrated that CA treatment, at both low (40  mg/kg) and high (80  mg/kg) doses, effectively 
mitigated renal and lung damage caused by IR injury. CA administration significantly reduced oxidative 

Fig. 8.  Immunohistochemical analysis of COX2 expression in kidney tissues across experimental groups, 
(a) Sham group. (b) IR group, intensive COX2 immunopositivity in epithelium of tubule (arrowhead) and 
glomerulus (arrow) of kidney tissue. (c) Low dose of CA (40 mg/kg) group, intense COX2 immunopositivity 
in tubule epithelial cells (arrowhead) and glomerulus (arrow) of kidney tissue. (d) High dose of CA (80 mg/kg) 
group, mild COX2 immunopositivity in tubule epithelial cells (arrowhead) and mild COX2 immunopositivity 
in glomerular structure of kidney tissue. CA = Caftaric acid, IR = Ischemia reperfusion.
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stress markers (MDA, MPO, TOS, OSI) and increased antioxidant levels (SOD, TAS) in kidney and lung 
tissues. Immunohistochemical analysis revealed diminished caspase-3, COX-2, and LC3 immunopositivity 
with CA treatment, particularly at higher doses, indicating reduced apoptosis, inflammation, and autophagy. 
Histopathological findings supported these biochemical results.

In the evolving field of renal research, renal IR injury has garnered significant attention due to its role in AKI 
and subsequent systemic complications. Renal IR injury is characterized by oxidative stress, inflammation, and 
cellular apoptosis, leading to renal dysfunction. CA has been widely examined for its potent antioxidant and anti-
inflammatory properties. Its efficacy in reducing oxidative stress and inflammation has been demonstrated36. 
Similarly, renal IR injury, characterized by oxidative damage and tissue inflammation, presents a critical 
challenge in AKI37. What remains novel in this context is the investigation of CA as a therapeutic intervention 
for renal IR injury.

Fig. 9.  Immunohistochemical analysis of caspase-3 expression in lung tissues across experimental groups, 
(a) Sham group. (b) IR group, intensive caspase-3 immunopositivity in interalveolar area (arrowhead) and 
inflammatory cells in peribronchial tissue (arrow). (c) low dose of CA (40 mg/kg) group, moderate-intensity 
caspase-3 in inflammatory cells in the peribronchial tissue. (d) High dose of CA (80 mg/kg) group, mild 
caspase-3 immunopositivity in interalveolar area (arrowhead) and inflammatory cells (arrow) in peribronchial 
tissue. CA = Caftaric acid, IR = Ischemia reperfusion.
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We conducted this study to estimate the lung as a remote organ, assess the renoprotective effects of different 
doses of CA in an experimental model of kidney IR, and determine whether the antioxidative, antiapoptotic, 
and antiautophagic effects were closely associated with kidney and lung protection by CA. The results indicated 
that the low and high doses of CA attenuated the IR-induced renal and lung injury. Histopathological results 
substantiated these findings. Besides, Immunopositivity was mild for caspase-3, LC3, and COX-2 at high doses 
of CA. The more protective effect of the higher dose of CA is limited to its antiapoptotic and anti-inflammatory 
effects. These results suggest that CA may maintain the physiological structure of lung and renal tissue by 
reducing oxidative stress, autophagic responses, and apoptotic responses during the IR process.

Renal IR damage is a common cause of AKI. IR damage concerns oxidative stress, apoptosis, autophagy, 
and renal inflammation19,38. Oxidative stress has been known for a long time to play an essential role in the 
pathophysiology of cancer, aging, obesity, and cardiovascular diseases39,40. ROS are products of normal 

Fig. 10.  Immunohistochemical analysis of LC3 expression in lung tissues across experimental groups, (a) 
Sham group. (b) IR group, intensive LC3 immunopositivity in interalveolar area (arrow) and inflammatory 
cells in peribronchial tissue (star). (c) Low dose of CA (40 mg/kg) group, moderate-intensity LC3 in 
inflammatory cells in the peribronchial tissue (star). (d) High dose of CA (80 mg/kg) group, mild LC3 
immunopositivity in inflammatory cells (star) in peribronchial tissue. CA = Caftaric acid, IR = Ischemia 
reperfusion.
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physiologic metabolism in cells, but their excessive production seriously threatens cellular homeostasis and 
leads to oxidative tissue damage41,42. ROS-generating chemical reactions are catalyzed by enzymes such as COX, 
MPO, and peroxidases43. As an inflammatory parameter, MPO can be used to measure the oxidative stress 
level44. COX is the rate-limiting enzyme in converting arachidonic acid to prostaglandin and thromboxane. 
COX-2 is directly associated with inflammation and is stimulated by many pro-inflammatory markers, including 
ROS and cytokines. COX-2 is an inducible enzyme overexpressed in human and animal cancer types43,45. COX-2 
expression is strongly related to various types of I/R injuries via exacerbating inflammation43,46,47. The current 
study showed that COX-2 expression and MPO activity were high in renal and lung tissues due to renal IR. 
Conversely, CA treatment attenuated COX-2 expression and MPO activity. In addition, the high dose of CA was 
more effective.

Fig. 11.  Immunohistochemical analysis of COX2 expression in lung tissues across experimental groups, (a) 
Sham group. b) IR group, intensive COX2 immunopositivity in inflammatory cells in peribronchial tissue 
(star). (c) Low dose of CA (40 mg/kg) group, mild COX2 in inflammatory cells in the peribronchial tissue 
(star). (d) High dose of CA (80 mg/kg) group, mild COX2 immunopositivity in inflammatory cells (arrow) in 
peribronchial tissue. CA = Caftaric acid, IR = Ischemia reperfusion.
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TOS measurement is a precision indicator of lipid peroxidation and oxidative stress20. SOD and TAS 
protect tissues from IR-induced oxidative damage by scavenging the ROS. The TOS/TAS ratio is called OSI, an 
oxidative stress level index48,49. In this study, we determined whether the two doses of CA protect the kidney 
and lung tissues suffering IR injury by inhibiting oxidative stress. Here, the renal IR injury experimental model 
investigated the change of SOD activities, TAS, TOS, OSI, and MDA levels in the kidney and lung tissues of all 
groups. MDA, TOS, and OSI elevated, and SOD activity and TAS declined in kidney and lung tissues.

The apoptotic balance between cell viability and death determines the cell's fate. This shifting balance 
between cell death and pro-cell viability signaling elicits apoptotic consequences in different physiological and 
pathological conditions50,51. Also, apoptosis is an essential physiologic and pathologic mechanism in acute 
kidney injury renal IR-induced52. Apoptotic cell death is the most well-known of the caspase-mediated apoptosis 
pathways. Moreover, apoptosis is the first mechanism of cell death during renal IR injury53. A family of cysteine 

Fig. 12.  Histopathological analysis of kidney tissues in experimental groups, (a) Sham group (b) IR group, 
necrosis (arrowhead) in the tubule epithelium and bleeding in the intertubular area (thin arrow) and 
hyalinization in the tubules (thick arrow) (c) Low dose of CA (40 mg/kg) group, moderate necrosis in the 
tubule epithelium (arrowhead) and bleeding in the intertubular area (thin arrow) and hyalinization in the 
tubules (thick arrow) (d) high dose of CA (80 mg/kg) group, mild necrosis in tubular epithelium (arrowhead), 
H&amp;Ex10. CA = Caftaric acid, IR = Ischemia reperfusion.
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proteases carries out this process called caspases54. Caspase-3, a biomarker identifying cellular apoptosis, is one 
of the most important apoptotic pathways55. Some studies represented caspase-3 expression at severe levels in 
renal IR injury56,57. In our study, we exposed the expression of caspase-3 as a pro-apoptotic protein. We found 
that the expression level caspase-3 was high in renal IR injury, and the expression of caspase-3 attenuated owing 
to different doses of CA. Just as apoptotic mechanisms affect the prognosis of autophagy, the autophagy process 
also involves the prognosis of apoptosis. Autophagy is primarily considered a pro-survival mechanism for the 
cell and is triggered in response to various stimuli that threaten homeostasis58.

Autophagy and apoptosis are interlocked in extensive cross-talk59. Autophagy exerts a renoprotective effect in 
models of acute kidney injury (AKI), with its pathways presenting promising targets for therapeutic intervention. 
Enhanced autophagy in renal IR injury appears to act as a compensatory mechanism to mitigate the damaging 
consequences of IR injury and the progression to AKI60. The ratio of LC3 I to LC3 II is closely associated with the 

Fig. 13.  Histopathological analysis of lung tissues in experimental groups, (a) Sham group (b) IR group, 
intense hyperplasia (asterix) in the lung tissue and thickening in the interalveolar area (arrowhead) (c) low 
dose 40 mg/kg CA group, interalveolar thickening of the area (arrowhead) and a decrease in hyperplasia of the 
lung tissue (asterix). (d) High dose 80 mg/kg CA group, slight thickening of the interalveolar area (arrowhead) 
and a decrease in hyperplasia of the lung tissue (asterix), H&amp;Ex10. CA = Caftaric acid, IR = Ischemia 
reperfusion.
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extent of autophagosome formation, so LC3 II was thought to be an indicator of autophagic activity61. Studies 
have shown that cerebral IR injury triggers autophagic activity by increasing the expression of LC362. Similar to 
a previous study63, our results showed that LC3 expression indicated that autophagy was enhanced in kidney 
and lung tissues induced by renal IR. The lower expression of LC3 was seen due to treatments with CA. The 
reduction in LC3 levels following CA treatment is not a direct effect of the compound itself but rather a result 
of diminished autophagic demand due to the improvement of metabolic disturbances post-CA administration.

Conclusion
In the direction of all our findings, this study would be the first to indicate that two doses of CA protect kidney 
and lung tissues against IR-induced renal injury. Possible physiopathological mechanisms include alleviating 
oxidative stress/apoptosis/autophagy and modulating the TOS/TAS level with caspase-3, COX-2, and LC3 
expressions.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon 
reasonable request.
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