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Abstract. The aim of the present study was to investigate 
whether the diabetic kidney is more susceptible to isch-
emia/reperfusion (I/R) injury, and identify the potential 
mechanisms involved. An animal model of type 1 diabetes was 
created by treating rats with streptozotocin (STZ). This model 
was then used, along with healthy controls, to investigate the 
effect of diabetes mellitus (DM) on renal I/R injury. After 
45 min of ischemia and 24 h of reperfusion, kidney and serum 
samples were acquired and used to evaluate function and histo-
pathological injury in the kidneys. Western blotting was also 
used to determine the expression levels of key proteins. Rats 
experiencing renal I/R exhibited significant characteristics of 
renal dysfunction, reduced levels of Sirtuin 1 (SIRT1) protein 
(a key signaling protein in the kidneys), increased endoplasmic 
reticulum stress (ERS) and pyroptosis. Furthermore, diabetic 
rats exhibited further reductions in the levels of SIRT1 in 
response to renal I/R injury and an increase in the levels of 
ERS. These effects were all alleviated by the administration 
of a SIRT1 agonist. The present analysis revealed that the 
SIRT1‑mediated activation of ER stress and pyroptosis played 
a pivotal role in diabetic rats subjected to renal I/R injury. 
Downregulation of the SIRT1 signaling pathway were exac-
erbated in response to renal I/R injury‑induced acute kidney 
injury (AKI). The present data indicated that DM enhanced 
ER stress and increased pyroptosis by downregulating the 
SIRT1 signaling pathway.

Introduction

Renal ischemia/reperfusion (I/R) injury is a leading cause 
of acute kidney injury (AKI) and is associated with severe 
morbidity and mortality in both developing and developed 
countries (1). A number of mechanisms have been reported 
to enhance the susceptibility of elderly patients to AKI (2). 
Diabetes mellitus (DM) is a metabolic disorder associated 
with a multitude of clinical syndromes, including athero-
sclerosis  (3). In addition, DM is associated with a number 
of severe pathological risks, including the development of 
AKI (3,4). Evidence has accumulated supporting the fact that 
DM aggravates renal I/R injury (5). Experimental studies have 
revealed that diabetic rats develop renal dysfunction faster 
following IR injury compared with non‑diabetic rats (6,7). 
Other research has revealed that progressive hyperglycemia 
can cause increased levels of reactive oxygen species (ROS) 
in the diabetic kidney following I/R injury (8). However, little 
is known concerning the specific mechanisms responsible for 
how diabetes can result in an increased vulnerability to I/R 
injury.

The endoplasmic reticulum (ER) is an intracellular organ-
elle that plays a key role in protein homeostasis, including 
protein folding, processing, conveyancing and degrada-
tion (9). However, the ER is also susceptible to a range of 
stressors, including hypoxia, Ca2+ overload, I/R and ROS (10). 
Stimulation of the ER by one or more of these stimuli can 
cause the production of numerous unfolded or misfolded 
proteins and the initiation of the unfolded protein response 
(UPR), eventually leading to the activation of ERS  (11). 
Three UPR pathways have been described, each named after 
a transmembrane regulator: Inositol‑requiring enzyme 1 α 
(IRE1α), protein kinase R‑like ER kinase (PERK) and acti-
vating transcription factor 6 (ATF6) (12). A large body of 
data has also demonstrated that renal I/R injury can induce 
ERS and cause AKI (13‑15). In addition, in animal models of 
diabetes, hyperglycemia can induce the glycation of proteins 
and thus impose an enormous burden on the ER with regards 
to the abnormal refolding of misfolded or unfolded proteins; 
this can result in ERS‑induced apoptosis (16). It was therefore 
hypothesized that there is a relationship between ERS and I/R 
injury in the diabetic kidney. Pyroptosis manifests as a type 
of inflammatory programmed cell death induced by inflam-
matory caspases and exhibits morphological characteristics 
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that are common to apoptosis and necrosis (17). However, 
unlike necrosis or apoptosis, pyroptosis results in the acti-
vation of pro‑inflammatory mediators that are triggered by 
the release of cytokines (18). Initially, pyroptosis activates 
caspase‑1 and then induces the production of the inflamma-
tory cytokine interleukin‑1β (IL‑1β) (19). Notably, pyroptosis 
plays a key role during renal I/R injury; the overactivation 
of ERS via the CHOP/caspase‑11 signaling pathway has also 
been revealed to produce a significant contribution to this 
process (20).

Sirtuin 1 (SIRT1) is an NAD+‑dependent histone deacety-
lase that uses deacetylating multiple factors to regulate a 
variety of biological processes, including cell metabolism, 
gene transcription, immunological response and glucose 
homeostasis (21,22). A recent study demonstrated that SIRT1 
can protect renal function by physically interacting with and 
deacetylating eIF2α at lysine (K143) residues (23). This action 
inhibits the PERK‑eIF2α‑ATF4/CHOP axis, thus attenuating 
ERS‑mediated apoptosis  (23). Furthermore, it has been 
reported that diabetic rats exhibit reduced levels of SIRT1 
signaling (7,24). Notably, research has revealed that SIRT1 
is downregulated by I/R injury and that the overactivation 
of SIRT1 attenuates I/R‑induced myocardial damage (7,25). 
However, whether SIRT1 signaling is downregulated in 
diabetes‑exacerbated renal I/R injury, and whether ERS is 
involved in this process, remains unknown.

The present study aimed to investigate the potential 
mechanisms mediating diabetes‑aggravated renal I/R injury 
with specific emphasis on SIRT1 signaling and its association 
with ERS, and the potential role of pyroptosis.

Materials and methods

Animal models. A total of 30 adult male Sprague‑Dawley (SD) 
rats, aged 6‑8 weeks, weighing 220‑250 g, were obtained from 
the Center of Experimental Animals in the Medical College 
of Wuhan University. The animals were placed in a room with 
a temperature of 23±3˚C and relative humidity of 40‑70%, 
with 12 h day/night cycles. They were provided with water and 
a standard diet ad libitum. This study was approved by the 
Ethics Committee of Renmin Hospital of Wuhan University 
and all procedures complied with the Principles of Animal 
Care of Wuhan University (Wuhan, China) and Guide for the 
Care and Use of Laboratory Animals.

Materials. Streptozotocin (STZ), dimethyl sulfoxide (DMSO) 
and resveratrol were purchased from Sigma‑Aldrich; Merck 
KGaA. Primary antibodies against SIRT1 (cat. no. DF6033), 
p‑PERK (cat.  no. D F7576), p‑eIF2α (cat.  no. A F3087), 
ATF4 (cat. no. AF5416), CHOP (cat. no. DF6025), IL‑1β 
(cat. no. DF6251), caspase‑1 (cat. no. AF5418) and IL‑18 
(cat. no. DF6252) were purchased from Affinity Biosciences. 
Primary antibody against NLRP3 (cat.  no.  19771‑1‑AP) 
was purchased from ProteinTech Group, Inc. Primary 
antibodies against PERK (cat.  no.  ab77654) and eIF2α 
(cat.  no.  ab169528) were purchased from Abcam. A 
primary antibody against caspase‑11 (cat. no. sc‑56038) was 
purchased from Santa Cruz Biotechnology, Inc. A primary 
antibody against β‑actin (cat. no. BM0627), goat anti‑mouse 
(cat.  no. BA1051) and goat anti‑rabbit (cat.  no. BA1054) 

secondary antibodies were purchased from Boster Biological 
Technology.

Type 1 diabetic rat model. STZ [60 mg/kg, dissolved in 0.1 M 
citrate buffer (pH 4.5)] was administered to each experimental 
rat by intraperitoneal (i.p.) injection (26). Prior to injection, all 
rats were fasted for 12 h. Normal rats received an i.p. injec-
tion with the same dose of citrate buffer. Commencing 72 h 
after the injection of STZ, blood glucose levels were measured 
in the tail vein of rats for 3 days in succession. Only rats 
exhibiting hyperglycemia (a fasting blood glucose level above 
16.7 mmol/l) were ultimately regarded as having diabetes (26).

Induction of renal ischemia/reperfusion injury. Rats were 
anaesthetized (i.p.) with pentobarbital (45 mg/kg body weight) 
and placed on a thermostat to maintain a body temperature of 
37˚C during surgery. In each rat, the kidneys were first exposed 
through a midline abdominal incision. Then, the right kidney 
was resected. Subsequently, the left renal pedicle was clamped 
for 45 min using non‑invasive vascular forceps and then the 
clamp was removed for 24 h to allow reperfusion.

Experimental groups and protocol. The diabetic model was 
established in 5 weeks. Diabetic and non‑diabetic rats were 
then randomly divided into 5 groups (6  rats per group): 
i) The non‑diabetic sham group (NS); ii) the non‑diabetic 
I/R group (NI/R); iii) the diabetic sham group (DS); iv) the 
diabetic I/R group (DI/R); v) the diabetic I/R + resveratrol 
group (DI/R+Res). In the sham groups, right nephrectomy was 
only performed. In the I/R groups, I/R injury was induced, 
as aforementioned. Resveratrol is a well‑known agonist of 
SIRT1 (27); rats in the DI/R+Res group were injected with 
resveratrol (dissolved in DMSO and delivered with saline and 
30% ethanol) at a dose of 10 mg/kg body‑weight (i.p.) per day 
for one week; 30 min before surgery, these rats were adminis-
tered an injection (i.p.) of the same dose (28). Rats in the other 
groups were injected (i.p.) with the same volume of DMSO on 
the same timescale.

Renal function and histological examination. Blood samples 
were obtained 24 h after reperfusion to allow the determination 
of serum blood urea nitrogen (BUN) and serum creatinine (Scr) 
using a spectrophotometer (Jiancheng Biotech). Calculation of 
these parameters allowed renal function to be assessed. Renal 
tissue samples were fixed in 4% paraformaldehyde at 4˚C 
for 6 h, embedded in paraffin and sectioned at a thickness of 
4 µm. Then, the sections were deparaffinized in dimethylben-
zene at 60˚C and hydrated in ethanol (100% twice, 95% twice, 
75% twice, distilled water). Following this the sections were 
stained with hematoxylin and eosin (H&E; 4 min with hema-
toxylin and 4 min with eosin at room temperature) in order to 
assess histopathological kidney injury. Two experienced renal 
pathologists then used the sections to independently assess 
morphological changes. The severity of injury to the renal 
tubules was defined with 5 grades (0‑4): 0, no evident visible 
injury; 1, injury <25%; 2, injury between 25‑50%; 3, injury 
between 50‑75%; and 4, injury >75% (29).

Western blot analysis. Samples of rat kidneys were collected 
and snap‑frozen in liquid nitrogen. Total proteins were 
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then extracted from these tissues using RIPA lysis buffer 
(Beyotime Institute of Biotechnology). The bicinchoninic acid 
(BCA) method was used to quantify protein levels prior to 
western blotting. In brief, protein samples (40 µg/lane) were 
separated on SDS‑PAGE gels (5% separating, 10% stacking 
gel) and then transferred to PVDF membranes. Subsequently, 
PVDF membranes were blocked with 5% non‑fat milk for 2 h 
and then incubated at 4˚C overnight with specific antibodies 
against SIRT1 (1:1,000), p‑PERK (1:2,000), PERK (1:2,000), 
p‑eIF2α (1:1,000), eIF2α (1:1,000), ATF4 (1:100), CHOP 
(1:1,000), IL‑1β (1:2,000), caspase‑1 (1:1,000), caspase‑11 
(1:200), IL‑18 (1:1,000), NLRP3 (1:1,000) and β‑actin (1:200). 
The next morning, the PVDF membranes were washed three 
times with TBST and then incubated with secondary anti-
bodies (horseradish peroxidase‑conjugated goat anti‑mouse 
and goat anti‑rabbit; 1:50,000) for 2 h at 37˚C. Specific bands 
were detected by ECL™ (Beijing Pierce Biotechnology) and 
band densities were quantified using ImageJ software (v1.8.0; 
National Institutes of Health).

Statistical analysis. All data are expressed as the mean ± SEM. 
Statistical analyses involved one‑way ANOVA and Tukey's 
multiple comparisons tests. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Body weight and fasting blood glucose levels of normal 
and diabetic rats prior to renal IR injury. Five weeks after 
establishing the diabetic model, the diabetic rats exhibited 
characteristic symptoms of hyperglycemia, including poly-
dipsia, polyphagia, polyuria and weight loss, compared with 
non‑diabetic rats (Fig. 1). The blood glucose level of diabetic 
rats was significantly higher than that in non‑diabetic rats, 
and the body weight of diabetic rats was significantly reduced 
(P<0.05).

Analyses of histopathology and renal function indicates 
that DM significantly aggravates renal I/R injury. The 
rats in each group underwent either a sham operation or 
experienced ischemia for 45 min followed by reperfusion 
for 24 h. As revealed in Fig. 2A and B, I/R injury signifi-
cantly increased the tubular injury score which was used to 
evaluate the degree of kidney injury in both NI/R and DI/R 
groups (P<0.05, compared with the NS group). Notably, 
renal pathological changes in the NI/R, DS, and DI/R 
groups exhibited significant damage in the renal tubules, as 
evidenced by the loss of brush border, swelling in the tubular 
epithelial cells and expansion of the interstitium (P<0.05). 
Most importantly, the DI/R group exhibited significantly 
more aggravated tissue damage than the NI/R group 
(P<0.05). As revealed in Fig. 2C and D, I/R injury‑induced 
renal dysfunction led to a significant increase in the levels 
of Scr and BUN (P<0.05); these are parameters that are 
normally used to reflect renal function. Significantly higher 
levels of BUN and serum creatinine were observed in the 
DI/R group than the NI/R group (P<0.05), demonstrating 
that the damage caused by IR was more severe in the DI/R 
group. These results illustrated that DM further aggravated 
I/R‑induced damage in the kidney.

DM exacerbates renal I/R injury by enhancing ERS. The ERS 
response in diabetic and non‑diabetic rats when subjected 
to renal I/R injury was next investigated by assessing 
PERK/eIF2α/ATF4‑mediated renal ERS. As revealed in 
Fig. 3A‑E, the expression levels of p‑PERK, p‑eIF2α, ATF4, 
and CHOP were significantly higher in the diabetic kidney 
compared with the NS group (P<0.05). The DI/R group 
exhibited further exacerbation in terms of the ERS response 
compared with the NI/R group (P<0.05). These data indi-
cated that an enhancement in ERS may be involved in the 
aggravation of renal I/R injury in DM rats.

Renal SIRT1 signaling is impaired in DM and pyroptosis is 
a crucial event during renal IR injury. The expression levels 
of SIRT1 and pyroptosis‑related proteins were assessed in all 
experimental and control rats. As revealed in Fig. 4A and B, 
SIRT1 expression was significantly downregulated in the 
kidney following ischemia reperfusion injury in the DI/R 
group compared with the NS group (P<0.05). Furthermore, 
the expression levels of SIRT1 were significantly lower in 
the DI/R group compared with the NI/R group (P<0.05). As 
shown in Fig. 4A and C‑H), pyroptosis‑associated proteins, 
including caspase‑1, caspase‑11, NLRP3, IL‑18, and IL‑1β, 
were markedly increased by I/R injury in the NI/R and DI/R 
groups compared with the NS group (P<0.05). In addition, 
following renal I/R, the levels of proteins related to pyroptosis 
were significantly higher in the diabetic group than those in 
the NI/R group (P<0.05). These data demonstrated that DM 
impaired renal SIRT1 signaling. Following renal I/R, the levels 
of SIRT1 were further reduced, thus triggering pyroptosis and 
resulting in AKI.

Analysis of histopathology and renal function reveals 
that resveratrol, an established agonist of SIRT1, protects 
against renal I/R injury in diabetic rats. In order to further 
evaluate the effect of SIRT1 signaling on renal I/R injury in 
the animal model of type 1 DM, rats were pretreated with 
resveratrol, an established agonist of SIRT1, for 7 consecu-
tive days prior to surgery. As revealed in Fig. 5A and B, I/R 
significantly increased the renal tubular injury scores related 
to pathological changes in the DI/R group compared with the 
DS group (P<0.05), while resveratrol pre‑treatment effectively 
ameliorated renal injury in the DI/R+Res group compared 
with the DI/R group (P<0.05). As revealed in Fig. 5C and D, 
significantly aggravated kidney dysfunction was evident in the 
DI/R group compared with the DS group (P<0.05). However, 
resveratrol significantly reduced the levels of BUN and serum 
creatinine in the DI/R+Res group compared with the DI/R 
group (P<0.05). Collectively, these data indicated that the 
re‑activation of SIRT1 partially protected against renal I/R 
injury in diabetic rats.

Resveratrol supplementation markedly increases SIRT1 
expression thus reducing the levels of ERS and alleviating 
renal pyroptosis. Next, the relationship between SIRT1 expres-
sion and ERS‑mediated pyroptosis was explored in diabetic 
animals subjected to I/R injury. As revealed in Fig. 6F and G, 
I/R injury resulted in an evident reduction in the expression 
of SIRT1 compared with the DS group (P<0.05). Moreover, 
resveratrol treatment led to a signif﻿icantly higher level of SIRT1 
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in the DI/R+Res group than those in the DI/R group (P<0.05). 
As revealed in Fig. 6A‑E, the activation of SIRT1 significantly 
reduced the expression of p‑PERK, p‑eIF2α, ATF4, and CHOP 
in the group treated with resveratrol (P<0.05). Furthermore, 
as revealed in Fig. 6F and H‑M, the expression of caspase‑1, 
caspase‑11, IL‑1β, NLRP3, and IL‑18 (which reflected the 
level of pyroptosis) was significantly reduced in the DI/R+Res 
group compared with the DI/R group (P<0.05). Collectively, 
these data further indicated that resveratrol suppressed renal 
ERS levels by upregulating SIRT1 signaling in diabetic rats. 

Furthermore, the enhancement of SIRT1 resulted in the 
alleviation of renal pyroptosis.

Discussion

The present analysis indicated that SIRT1 signaling was 
impaired in type 1 diabetic rats. Following renal I/R injury, 
the levels of SIRT1 expression were further attenuated. 
Notably, resveratrol, a known agonist of SIRT1 signaling, 
alleviated ERS‑mediated pyroptosis, resulting in the 

Figure 2. Rats were subjected to sham surgery or renal I/R injury. Twenty‑four hours after reperfusion, serum and kidneys were collected for urea and creatinine 
testing and H&E staining. (A) H&E staining of kidney sections (magnification, x400); ‘*’ symbol in the images of this part represents the pathological changes 
in the kidney, including tubular epithelial cell swelling, interstitial expansion, intertubular hemorrhaging and necrotic tubules. (B) Histopathological scoring. 
(C) Serum BUN concentration. (D) Serum creatinine concentration. Data are presented as the mean ± SEM, n=6. *P<0.05 vs. NS group; #P<0.05 vs. DS group; 
&P<0.05 vs. NI/R group. The groups assessed were as follows: NS, the non‑diabetic sham group; NI/R, the non‑diabetic I/R group; DS, the diabetic sham 
group; DI/R, the diabetic I/R group. I/R, ischemia/reperfusion; H&E, hematoxylin and eosin; BUN, blood urea nitrogen; SEM, standard error of the mean.

Figure 1. Comparison of fasting blood glucose levels and body weights between diabetic and non‑diabetic rats. Five weeks after establishing the diabetic 
model, (A) fasting blood glucose levels and (B) body weights of diabetic and non‑diabetic rats were assessed. The results are expressed as the mean ± SEM, 
n=6. *P<0.05 vs. NS group and NI/R group. NS and DS groups received a sham operation. The left renal pedicles of rats in the NI/R and DI/R groups were 
clamped for 45 min with non‑invasive vascular forceps followed by 24 h of unclamping for reperfusion. Rats in the DI/R+Res group received daily i.p. injec-
tions of resveratrol (10 mg/kg of body weight dissolved in DMSO and delivered with saline and 30% ethanol.) for one week followed by another injection 
(i.p.) of the same dose 30 min before surgery. The groups assessed were as follows: NS, the non‑diabetic sham group; NI/R, the non‑diabetic I/R group; 
DS, the diabetic sham group; DI/R, the diabetic I/R group; DI/R+Res, the diabetic I/R + resveratrol group. I/R, ischemia/reperfusion; i.p., intraperitoneal; 
SEM, standard error of the mean.
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amelioration of I/R‑induced kidney injury. Fig. 7 outlines 
the proposed induction of pyroptosis. In the diagram renal 
injury in patients with DM induces hyperglycemia, while 
also initiating ROS and an inflammatory response, as well 
as downregulating the expression of SIRT1 (a protein that 
normally protects the ER from stress). This results in ER stress 
via the PERK/eIF2α/ATF4/CHOP pathways, thus triggering 
pyroptosis. The present data therefore revealed a potential 
mechanism for the exacerbation of renal injury following I/R 
in diabetics.

Renal I/R injury can induce dysfunction in a range of 
organs, including AKI (30). Furthermore, clinical trials have 
demonstrated that AKI is associated with high morbidity 
rates (31). It is well known that DM is a serious risk factor 
for renal disease (32) and that renal I/R injury, accompanied 
by diabetes, can aggravate AKI; this condition has a poor 

prognosis (33). Previous studies have reported that the accu-
mulation of ROS plays a significant role in I/R‑induced kidney 
injury in diabetic patients  (34). A previous study reported 
increased levels of BUN, serum creatinine and proinflam-
matory cytokines in diabetic rats that had experienced I/R 
injury (6). In the present study, it was observed that diabetes 
aggravated renal I/R injury through acute tubular damage and 
exacerbated kidney dysfunction; these effects were reflected by 
the higher levels of BUN and serum creatinine. These results 
were in line with those reported by previous publications.

SIRT1, an NAD+‑dependent deacetylase, can exert a 
marked effect in a number of cellular functions, including 
transcriptional reprogramming, DNA repair, stress resistance 
and apoptosis (35). In a recent study, Li et al (21) demonstrated 
that SIRT1 is a significant age‑related protective factor against 
renal I/R‑induced injury. Moreover, several studies have 

Figure 3. DM enhances endoplasmic reticulum stress. Western blot analysis was performed after 24 h of reperfusion. (A) Representative blots and histograms 
showing (B) p‑PERK/PERK ratio; (C) p‑eIF2α/eIF2α ratio; (D) ATF4 expression; and (E) CHOP expression. The results are expressed as the mean ± SEM, 
n=6. *P<0.05 vs. NS group; #P<0.05 vs. DS group; &P<0.05 vs. NI/R group. The groups assessed were as follows: NS, the non‑diabetic sham group; NI/R, 
the non‑diabetic I/R group; DS, the diabetic sham group; DI/R, the diabetic I/R group. DM, diabetes mellitus; SEM, standard error of the mean; I/R, isch-
emia/reperfusion; p-, phosphorylated; eIF2α, eukaryotic translation initiation factor 2 subunit α; ATF4, activating transcription factor 4; CHOP, C/EBP 
homologous protein.
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Figure 5. Resveratrol pre‑treatment significantly attenuates kidney dysfunction in terms of the serum levels of creatine, BUN and histopathological scoring. 
(A) H&E staining of kidney sections (magnification, x400); ‘*’ symbol represents the pathological changes in the kidney, including tubular epithelial cell 
swelling, interstitial expansion, intertubular hemorrhaging and necrotic tubules. (B) Histopathological scoring. (C) Serum creatinine concentration. (D) Serum 
BUN concentration. Data are presented as the mean ± SEM. *P<0.05 vs. the DS group; #P<0.05 vs. the DI/R group. The groups assessed were as follows: DS, 
the diabetic sham group; DI/R, the diabetic I/R group; DI/R+Res, the diabetic I/R + resveratrol group. BUN, blood urea nitrogen; I/R, ischemia/reperfusion; 
SEM, standard error of the mean.

Figure 4. DM impairs myocardial SIRT1 signaling and aggravates pyroptosis in both renal I/R‑injured and control rats. Western blot analysis was performed 
after 24 h of reperfusion. (A) Representative blots and histograms showing expression of (B) SIRT1; (C) active caspase‑1; (D) active caspase‑11; and (E) IL‑1β. 
(F) Representative blots. Histograms showing expression of (G) NLRP3 and (H) IL‑18. The results are expressed as the mean ± SEM, n=6. *P<0.05 vs. NS 
group; #P<0.05 vs. DS group; &P<0.05 vs. NI/R group. The groups assessed were as follows: NS, the non‑diabetic sham group; NI/R, the non‑diabetic I/R 
group; DS, the diabetic sham group; DI/R, the diabetic I/R group. DM, diabetes mellitus; SIRT1, sirtuin 1; I/R, ischemia/reperfusion; SEM, standard error of 
the mean; IL, interleukin; NLRP3, NLR family pyrin domain containing 3.
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Figure 6. Resveratrol pre‑treatment upregulates SIRT1 expression, reduces endoplasmic reticulum stress and attenuates pyroptosis induced by I/R injury in 
diabetic rats. Western blotting was performed, (A) representative blots and histograms showing (B) p‑PERK/PERK ratio; (C) p‑eIF2α/eIF2α ratio; (D) ATF4 
expression; and (E) CHOP expression. (F) Representative blots and histograms showing expression of (G) SIRT1; (H) active caspase‑1; (I) active caspase‑11; 
and (J) IL‑1β. (K) Representative blots and histograms showing expression of (L) IL‑18 and (M) NLRP3. Date are expressed as the mean ± SEM, n=6. *P<0.05 
vs. DS group; #P<0.05 vs. DI/R group. The groups assessed were as follows: DS, the diabetic sham group; DI/R, the diabetic I/R group; DI/R+Res, the diabetic 
I/R + resveratrol group. SIRT1, sirtuin 1; I/R, ischemia/reperfusion; SEM, standard error of the mean; p, phosphorylated; eIF2α, eukaryotic translation 
initiation factor 2 subunit α; ATF4, activating transcription factor 4; CHOP, C/EBP homologous protein; IL, interleukin; NLRP3, NLR family pyrin domain 
containing 3.
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demonstrated that SIRT1 may represent an effective therapeutic 
option for diabetes by controlling insulin secretion, regulating 
fatty acid oxidation  (36,37) and defending against cellular 
oxidative damage and inflammation (38). Notably, Yu et al (39) 
demonstrated that DM downregulated SIRT1 signaling, and it 
has been shown that this effect was further impaired by I/R 
injury in cardiomyocytes (39). In accordance with previous 
research, in the present study it was observed that the expres-
sion of SIRT1 was decreased in both I/R groups, especially in 
the DI/R group. These results indicated that diabetes leads to 
a reduction in SIRT1 signaling, thus exacerbating the damage 
caused by renal I/R injury‑induced oxidative stress. It was 
revealed that IR injury‑induced kidney dysfunction and tissue 
damage in diabetic rats was markedly alleviated by treatment 
with resveratrol, a known agonist of SIRT1. Collectively, 
this data supported the hypothesis that SIRT1 was notably 
attenuated in diabetic rats and was further impaired by I/R 
injury. However, the reason that I/R treatment downregulates 
the expression of SIRT1 may be due to the overactivation of 
oxidative stress or other factors, and the underlying mechanism 
requires further exploration in a future study.

Numerous research studies have verified the relevance of 
ERS in the pathophysiological process of diabetic I/R injury 
in cardiomyocytes (40,41). For example, Yu et al (39) revealed 
that the inhibition of oxidative stress, and the attenuation of 
SIRT1‑mediated ERS, could improve myocardial I/R‑induced 
damage in diabetic state. More recently, Guo et al (42) revealed 
that ERS levels were downregulated by SIRT1 in diabetic 
rats. However, very little is known about kidney injury. In the 
present study, it was observed that the upregulation of ERS was 
mediated by the PERK/eIF2α/ATF4 pathway in both of the I/R 
groups but especially in the DI/R group. In addition, resveratrol 
was used in the DI/R groups to further confirm the effects of 
SIRT1. As anticipated, the SIRT1 agonist attenuated the ERS 

levels. To the best of our knowledge, there is no previous 
research describing the fact that DM exacerbates renal I/R 
injury by enhancing SIRT1‑mediated levels of ERS. In addition, 
the specific mechanisms responsible for the effect of SIRT1 on 
ERS in cases of I/R injury in the diabetic kidney have yet to 
be fully elucidated. Previous studies highlighted the potential 
role of SIRT1, predominantly because this protein is associated 
with the circulatory system and has the ability to regulate anti-
oxidative stress (43,44). It was speculated in the present study 
that DM impaired SIRT1 signaling and that the increased levels 
of oxidative stress in diabetic rats may contribute to enhanced 
ERS via the PERK/eIF2α/ATF4 pathway, thus leading to the 
aggravation of I/R injury‑induced kidney damage.

A previous study has demonstrated that via the activation 
ERS, I/R injury can induce several types of cell death, including 
autophagy, apoptosis, and necroptosis (20). Pyroptosis, which 
is dependent upon the levels of caspase‑1, can cause the plasma 
membrane to burst and the activation of a range of inflam-
matory mediators; this results in a form of inflammatory cell 
death that differs from apoptosis (20,45). Furthermore, the 
activation of caspase‑1 can result in the separate conversion 
of pro‑inflammatory forms of IL‑1β and IL‑18 into mature 
IL‑1β and IL‑18 (46). Subsequently, these active inflammatory 
cytokines are delivered to the internal environment to promote 
inflammation (47). Qiu et al (48) further demonstrated that the 
activation of inflammatory mediators, including caspase‑1, 
IL‑1β and IL‑18 was elevated in a diabetic animal model. 
Furthermore, this study showed that when these diabetic rats 
were subjected to myocardial I/R insult, there were further 
increases in the levels of NLRP3 inflammasomes, activated 
caspase‑1 and IL‑1β. In another study, Wang et al (49) revealed 
that pyroptosis was associated with the development of I/R in 
renal tubular cells. The present study revealed that diabetes 
and ischemia both significantly induce cellular pyroptosis and 
that this effect was exacerbated in diabetic states. It was also 
revealed that resveratrol ameliorated pyroptosis‑mediated 
renal damage. Previous studies reported that ERS is an essen-
tial pathway in pyroptosis (50,20). The present data concurred 
with these previous findings in that the increased expression 
of caspase‑1, caspase‑11 and IL‑1β was observed in the NI/R 
group, especially in the DI/R group. In addition, resveratrol 
ameliorated this effect. Collectively, the data generated during 
this study indicated that DM aggravates renal I/R injury by 
downregulating the SIRT1 pathway. However, diabetes is 
a complex metabolic disease involving aberrant levels of 
glucose, lipids and inflammation (3,7). As for the specific 
factors of diabetes that may be associated with the SIRT1 
pathway and ERS, further research is required.

The experimental data of the present study revealed that 
SIRT1 signaling was impaired in diabetic rats, thus aggra-
vating ERS. This induced cellular pyroptosis following renal 
I/R injury, which ultimately led to AKI. The present research 
enhanced our understanding of why the diabetic kidney is 
susceptible to I/R injury. In addition, SIRT1 appears to repre-
sent a promising therapeutic target for diabetic patients with 
renal I/R injury.
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