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ABSTRACT

Objective(s): Diabetic nephropathy (DN) is the main cause of end-stage renal disease, but the current
treatment is not satisfactory. Crocin is a major bioactive compound of saffron with antioxidant
and anti-endoplasmic reticulum stress (ERS) abilities used to treat diabetes. This study specifically
investigated whether crocin has a regulatory role in renal injury in DN.

Materials and Methods: The experiment was divided into control, (db/m mice), model (db/db mice),
and experimental groups (db/db mice were intraperitoneally injected with 40 mg/kg crocin). Renal
function-related indicators (Scr, BUN, FBG, UP, TG, TC, ALT, and AST) and oxidative stress-related
indicators (ROS, MDA, GSH, SOD, and CAT) were assessed. The pathological changes of renal tissues
were confirmed by HE, Masson, PAS, and TUNEL staining. The levels of ERS-related proteins (GRP78
and CHOP), apoptosis-related proteins, and PI3K/AKT and Nrf2 pathways-related proteins in renal
tissue were detected.

Results: In db/db mice, renal function-related indicators, apoptotic cells of renal tissues, the contents
of ROS and MDA as well as the expressions of CHOP, GRP78, and Bax were increased, the degree of
renal tissue damage was aggravated, while the contents of GSH, SOD, and CAT, as well as the protein
levels of Nrf2, PARP, anti-apoptotic proteins (Mcl-1, Bcl-2, Bcl-xI) were decreased compared to the
db/m mice. However, crocin treatment reversed the above-mentioned situation. The expressions of
the PI3K/AKT and Nrf2 pathways-related proteins were also activated by crocin.

Conclusion: Crocin inhibited oxidative stress and ERS-induced kidney injury in db/db mice by

activating the PI3K/AKT and Nrf2 pathways.
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Introduction

Diabetic nephropathy (DN) is typically characterized
by glomerular sclerosis, renal vascular degeneration, and
tubulointerstitial fibrosis due to microangiopathy caused by
chronic hyperglycemia (1). The pathological changes and
mechanisms of DN are complex, and most of them show
chronic progressive development, which can eventually
progress to renal failure. At present, clinical treatment for
DN mainly focuses on the control of hyperglycemia, blood
pressure, blood lipids, inflammation, and anti-oxidants, but
unfortunately, these treatments do not significantly curb the
progression of DN (2). Therefore, finding new drugs to treat
DN is of great significance for improving the therapeutic
effect and prognosis of DN patients.

Accumulated evidence shows that endoplasmic reticulum
stress (ERS) exerts a crucial effect on the occurrence and
development of DN (3). ERS refers to the dysfunction of
the endoplasmic reticulum of stimulated cells, resulting in
hindered protein processing, and accumulation of unfolded
or misfolded protein. Moderate ERS is conducive to the
stability of the intracellular environment, but persistent
ERS will lead to impaired endoplasmic reticulum function
and thus induce apoptosis (4). It has been found that
hyperglycemia can start ERS, and ERS markers are up-

regulated in the DN animal model and cell model, while
inhibiting ERS is beneficial to improve DN (5, 6). The
PI3K/AKT pathway exerts a crucial effect in regulating
cell proliferation and survival. Study has shown that ERS
inhibits the activation of the PI3K/AKT pathway to promote
cell apoptosis, while activation of the PI3K/AKT pathway
can reverse ERS-induced cell apoptosis (7). Hyperglycemia
is a strong stimulus for oxidative stress and inflammation
and also can down-regulate the activity of Nrf2 in diabetes
(8). Studies also demonstrate that the function loss of Nrf2
can exacerbate ERS-induced cell apoptosis (9).

Crocin, the main bioactive component of saffron,
has strong anti-oxidant and anti-inflammatory abilities
and is used to treat diabetes, depression, heart disease,
neurodegenerative diseases, and other diseases (10, 11). As
an anti-oxidant fighter, crocin has been shown to inhibit
ERS in myocardial cells damaged by ischemia-reperfusion,
ovalbumin-induced mouse lung tissue, and high glucose-
induced human umbilical vein endothelial cells (12-14).
Furthermore, Abou-Hany et al. proposed that crocin can
reduce the blood glucose level and oxidative stress index
of streptozotocin-induced diabetic rats, but increase the
insulin level and anti-oxidant defense capacity at the same
time (15). However, the role of crocin as a protective agent
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against diabetic renal impairment and other diabetic
complications is unknown.

Based on the above evidence, we speculate that crocin
may improve DN by inhibiting ERS and related PI3K/AKT/
Nrf2 pathways. Db/db mice and their control db/m mice are
widely applied for drug screening and drug therapy research
of DN (16, 17), which instigated us to study the beneficial
effects of crocin on DN in db/db mice.

Materials and Methods
Experimental Animals and ethics statement

14-week-old C57BLKS/] db/m mice (n=6) and
C57BLKS/J db/db mice (n=12) were supplied by Shanghai
Slake Animal Laboratory Co. Ltd (Certificate No. SCXK
(Hu) 2017-0005). The room temperature was maintained at
21 + 0.5 °C and humidity was maintained at 45-50% with
a normal period (12 hr light/12 hr dark). Our research was
approved by the Ethics Committee of Hangzhou Eyong
Biotechnological Co., Ltd. Animal Experiment Center
(Certificate No. SYXK (Zhe) 2020-0024), and in accordance
with the guidelines of the China Council on Animal Care
and Use.

Treatment

The experiment was divided into three groups: control
group (db/m mice), model group (db/db group), and
experimental group (db/db + crocin group). Two weeks
later, C57BLKS/] db/db mice were randomly grouped
as follows: db/db group and db/db+crocin group (6 per
group). Mice in the db/db group received intraperitoneal
injections of normal saline, while mice in the db/db+crocin
group received intraperitoneal injections of crocin (YZ-
0329, Solarbio, China) dissolved in normal saline (40 mg/
kg/d) (18). After 8 weeks of continuous drug treatment of
the mice, all mice were euthanized by overdose of sodium
pentobarbital. Kidney and blood samples were collected for
further analysis.

Evaluation of renal function

The fasting blood glucose (FBG) of each group was
determined by orbital blood sampling using a blood
glucose meter (580, Yuwell, China). Twenty-four-hour
urine sample collection was performed using a metabolism
cage, followed by urinary protein (UP) extraction by Liquid
Protein Extraction Reagent (P1255, Applygen, China) and
quantitation by the BCA kit (P1513, Applygen, China). The
collected blood samples were centrifuged at 3000 r/min for
10 min to obtain serum. The levels of serum creatinine (Scr),
blood urea nitrogen (BUN), fasting blood glucose (FBG),
urinary protein (UP), triglyceride (TG), total cholesterol
(TC), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) were detected using an automatic
biochemical analyzer (AU680, Beckman, USA).

Kidney histopathology

The collected kidney tissue was subjected to fixing with
10% neutral formalin solution (E672001, Sangon, China).
Following embedding in paraffin, the tissues were sliced
into 5-um-thick sections. . After being routinely dewaxed
and hydrated, the sections were stained with a hematoxylin
and eosin (HE) kit (G1003, servicebio, China), Masson
kit (G1006, servicebio, China), and Periodic Acid-Schiff
(PAS) stain kit (G1008, servicebio, China). The sections
were dehydrated and transparentized followed by sealing
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with neutral balsam mounting medium (G1405, servicebio,
China). The pathological changes and fibrosis degree of
mouse kidney tissue were observed under a microscope
(BX53M, Olympus, Japan, 400x).

Terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL)
staining

TUNEL staining of kidney tissue was conducted using
the TUNEL Apoptosis Detection Kit (G1507, Servicebio,
China). After being routinely dewaxed and hydrated, the
sections were subjected to proteinase K repairing followed
by cultivating with 3% hydrogen peroxide (H,O,). After
washing with PBS, the section was incubated with TdT
incubation buffer and then, reacted with Streptavidin-
HRP working solution. The sections were developed by
DAB solution, and a hematoxylin staining solution was
applied for nuclear staining. Afterwards, the sections were
dehydrated and transparentized followed by sealing. The
apoptosis cells were observed under a microscope.

Immunohistochemistry and immunofluorescence

After being routinely dewaxed and hydrated, the
sections were subjected to antigen repair using citric
acid (PH6.0) antigen repair solution (G1202, Servicebio,
China). After treatment with 3% H,O,, the sections were
subjected to blocking with BSA (abs9157, absin, China).
For immunohistochemistry, the sections were probed
with primary antibodies: anti-GRP78 (AF5366, Affinity,
USA) and anti-CHOP (DF6025, Affinity, USA) followed by
reacting with HRP-labeled secondary antibodies (50001,
Affinity, USA). The sections were developed by DAB
solution and a hematoxylin staining solution was applied
for nuclear staining. For immunofluorescence, the sections
were incubated with primary antibodies: anti-GRP78
(AF5366, Affinity, USA) and anti-CHOP (DF6025, Affinity,
USA) followed by reacting with Alexa Fluor® 488-labeled
secondary antibodies (ab150077, Abcam, USA). DAPI
solution (G1012, servicebio, China) was applied for nuclear
staining. Finally, the results were observed by a microscope
(200 or 400x) or a fluorescence microscope (400x, Nikon
ECLIPSE, Nikon, Japan).

Measurement of oxidative stress-related markers

The levels of oxidative stress-related marker reactive
oxygen species (ROS), malondialdehyde (MDA), glutathione
(GSH), superoxide dismutase (SOD), and catalase (CAT) were
measured using corresponding kit (MM-043700M1, MM-
0388M1, MM-0758M1, MM-0389M1, and MM-44125M1)
based on the instructions of the manufacturer (Meimian,
China). Briefly, the kidney tissue (0.5 g) was ground in liquid
nitrogen and potassium phosphate buffer. The homogenate
was centrifuged to collect the supernatant. The supernatant
was added to the plate pre-coated with antibody followed
by reacting with enzyme-labeled antibody, chromogenic
solution, and stop solution. The wavelength at 450 nm was
measured using a microplate reader.

Western blot

Tissue lysis was conducted using RIPA buffer (PC104,
epizyme, China) to extract the total protein after the
quantification was determined using a BCA kit (Z]101,
epizyme, China). The protein extract was subjected to
SDS-PAGE electrophoresis and then, transferred to PVDF
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Table 1. Antibodies used in Western blot

Wang et al.

Name Catalog Molecular weight Manufacturer
Nrf2 ab92946 70 kDa abcam, UK
PARP ab191217 113 kDa abcam, UK
Bax ab32503 21kDa abcam, UK
Mcl-1 ab32087 37kDa abcam, UK
Bcl-2 ab182858 26 kDa abcam, UK
Bcl-xl ab32370 26 kDa abcam, UK
p-Akt AF0016 56 kDa Affinity, USA
Akt Ab8805 56 kDa abcam, UK
p-PI3K AF3242 54kDa Affinity, UK
PI3K ab86714 85 kDa abcam, UK
GAPDH ab8245 36 kDa abcam, UK
goat anti rabbit IgG

ab205718 — Abcam, UK

H&L (HRP)

p-Akt: phosphor-Akt. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

membrane (FFP24, Beyotime, China). After blocking, the
membranes were probed with primary antibodies and then
reacted with secondary antibodies. GAPDH was used as
an internal reference. The antibodies are shown in Table 1.
The intensity of band signals was visualized using an ECL
luminescence reagent (P1000, Applygen, China) equipped with
a ChemiDocTM XRS plus imaging System (Bio-Rad, USA).

Statistical analysis

The measurement data were presented as mean + standard
deviation, and one-way analysis of variance (ANOVA) was
adopted for the comparison among the multiple groups. For
pairwise comparison between groups, the Tukey test was used
for homogeneity of variance, and the Kruskal-Wallis H test
was used for heterogeneity of variance. All statistical analyses
were implemented with GraphPad 8.0 software, and P-values
less than 0.05 were considered statistically significant.

Results

Crocin alleviated renal dysfunction of db/db mice
Biochemical indicators for the three groups of mice

are depicted in Figure 1A-H. Compared with db/m mice,
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the levels of Scr, Bun, FBG, UP, TG, TC, ALT, and AST in
db/db mice were significantly increased (P<0.01), while
abnormalities of these biochemical indicators tended to be
normal after administration of crocin (P<0.01).

Crocin reduced kidney tissue damage and apoptosis of db/
db mice

Histopathological staining was performed to identify
renal tissue damage (Figure 2). Compared with db/m mice,
db/db mice had iglomerular hypertrophy, widespread
proliferation of glomerular mesangial cells, and swelling
of glomerular and renal tubular epithelium. However,
after administration of crocin, the glomerular volume was
significantly reduced, with a small number of mesangial cells
proliferated, and renal fibrosis was also improved. In addition,
crocin administration also reduced the apoptotic cells in the
kidney tissue of db/db mice (Figure 3A-B, P<0.01).

Crocin decreased the levels of ERS-related proteins in the
kidney of db/db mice

The levels of ERS-related proteins GRP78 and CHOP
were evaluated. As depicted in Figure 4A-B, the protein
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Figure 1. Content of serum creatinine (Scr) (A), blood urea nitrogen (BUN) (B), fasting blood glucose (FBG) (C), urinary protein (UP) (D), triglyceride
(TG) (E), total cholesterol (TC) (F), alanine aminotransferase (ALT) (G), and aspartate aminotransferase (AST) (H) was measured in db/m mice and db/db

mice treated with or without crocin

data are expressed as mean+SD, n=6). ##P<0.01 vs db/m group. **P<0.01 vs db/db group
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db/db+ crocin

»

Figure 2. Histopathological changes in mouse kidney (A) H&E staining. (B) Masson staining. (C) PAS staining

Data are expressed as mean+SD, n=3, 400x)

levels of GRP78 and CHOP in the kidney tissue of db/
db mice were higher than those of db/m mice, while the
treatment with crocin brought the elevated GRP78 and
CHOP back to normal levels (P<0.01). The results of
immunofluorescence staining were consistent with those
of immunohistochemistry, that is, crocin suppressed the
expression of GRP78 and CHOP in kidney tissue of db/db
mice (Figure 5A-B, P<0.01).
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Figure 3. Apoptosis cells of mouse kidney tissue

Crocin attenuated oxidative stress of db/db mice

The content of oxidative stress-related indicators in mouse
kidney homogenate was detected by the kit. The increased
contents of ROS and MDA, as well as the decreased contents
of GSH, SOD, and CAT, were observed in the db/db group,
while these abnormal oxidative stress-related indicators
tended to be normal after administration of crocin (Figure
6A-E, P<0.01).

db / db+ crocin

TUNEL staining. Data are expressed as mean+SD, n=3, 200 or 400x. ##P<0.01 vs db/m group. **P<0.01 vs db/db group
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Figure 4. Inmunohistochemical analysis of the expression of GRP78 (A) and CHOP (B) in mice kidney tissue
Data are expressed as mean+SD, n=6, 200 or 400x). ##P<0.01 vs db/m group. **P<0.01 vs db/db group
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Figure 5. Inmunofluorescence analysis of the expression of GRP78 (A) and CHOP (B) in mouse kidney tissue
Data are expressed as mean+SD, n=6, 400x. ##P<0.01 vs db/m group. **P<0.01 vs db/db group
Crocin activates Nrf2 and PI3K/AKT signaling pathways treatment, these expressions were reversed by crocin
and regulates the expression of apoptosis-related proteins (P<0.01).
As shown in Figure 7A-C, the db/db group showed
down-regulated expression of Nrf2, PARP, Mcl-1, Bcl-2, Discussion
Bcl-xl, p-AKT/AKT, and p-PI3K/PI3K, and up-regulated DN has been the main cause of end-stage renal disease,
expression of Bax compared to these in db/m mice. After but the current treatment is not satisfactory. Recent studies
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Figure 6. Content of reactive oxygen species (ROS) (A), malondialdehyde (MDA) (B), glutathione (GSH) (C), superoxide dismutase (SOD) (D), and catalase

(CAT) (E) in mouse kidney tissue homogenate was measured
Data are expressed as mean+SD, n=6. ##P<0.01 vs db/m group. *P<0.05, **P<0.01 vs db/db group
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Figure 7. Protein levels of mice kidney tissue were measured by western blot. (A) Protein levels of Nrf2 and PARP. (B) Protein levels of Bax, Mcl-1, Bcl-2,

and Bcl-xl. (C) Protein levels of p-Akt/Akt and p-PI3K/PI3K

Data are expressed as mean+SD, n=6. ##P<0.01 vs db/m group. *P<0.05, **P<0.01 vs db/db group

have shown that ERS plays a key role in the occurrence and
development of DN (19). Therefore, alleviating ERS in DN
has become a hot research topic in the treatment of DN.
Although crocin has the effect of inhibiting ERS, whether
it can treat DN by inhibiting ERS is not completely clear.
In this study, the function of crocin in DN was clarified
through animal experiments, providing a new direction for
the treatment of DN.

We first determined crocin’s effect on renal function
in db/db mice by measuring the renal function-related
indicators (Scr, BUN, FBG, UP, TG, TC, ALT, and AST).
Scr and BUN are specific indicators for clinical judgment
of renal function. When the kidney is damaged or the
glomerular filtration capacity is decreased, the exclusion of
BUN and Scr is decreased, and the content of BUN and Scr
in the blood is increased. The most basic mechanism of DN
is renal hemodynamic changes caused by abnormal glucose
metabolism. Therefore, stabilizing blood glucose (FBG) is
the key to the prevention and treatment of DN (20). With
the progression of DN, albumin can be excreted in the urine
of patients with DN, so the content of UP is closely related
to the progression of DN (21). In addition, patients with DN
often have lipid metabolism disorders (TG and TC are lipid
metabolism indicators), excessive lipids can be deposited
on the glomerular basement membrane, stimulating the
proliferation of mesangial cells damage the kidney (22). AST
and ALT are transaminases in the liver and kidney, which
are released intracellularly when tissues are damaged (23).
In our study, the elevated renal function-related indexes
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(Scr, Bun, FBG, UP, TG, TC, ALT, and AST) in db/db mice
were all reduced after crocin administration, indicating that
crocin can improve the renal function of db/db mice, which
is also consistent with the previous report that crocin can
improve the indexes of liver and kidney damage (24, 25).
Renal pathomorphological detection can directly
reflect the degree of pathological damage of the disease
and is an important indicator for evaluating the treatment
effect. Pathological manifestations of DN are glomerular
hypertrophy, widened mesangial area, basement membrane
thickening, matrix hyperplasia, tubular atrophy, and renal
interstitial fibrosis with inflammatory cell infiltration (26).
Moreover, more apoptotic cells will appear in the kidneys
of DN mice (27). Previous studies have proposed the renal
protective function of crocin, including reducing ischemia-
reperfusion-mediated apoptosis of kidney tissue, improving
high glucose-induced renal fibrosis, and protecting
gentamicin-induced glomerular atrophy (28-30). Consistent
with previous studies, we found that the kidney injury of
db/db mice was improved after crocin administration.
GRP78 is a chaperone on the ER membrane. When
unfolded or misfolded proteins aggregate in the ER, GRP78
is dissociated from the transmembrane receptor protein to
initiate the ERS signal transduction pathway. ERS mainly
induces apoptosis by increasing the transcription level of
CHORP. A large number of animal experiments proved the
up-regulation of GRP78 and CHOP in renal tissue of the
DN animal model (31, 32). Of note, crocin can inhibit
the expression of GRP78 and CHOP in both Alzheimer’s
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disease rat model and myocardial ischemia-reperfusion
model mice (12, 33). To determine the regulatory effect of
crocin on ERS in DN, we detected the expression of GRP78
and CHOP, two signature proteins of ERS in db/db mice.
Similarly, we found that crocin inhibits the expression of
GRP78 and CHOP in the kidney of db/db mice, suggesting
that crocin plays a renal protective role by inhibiting ERS.

ERS can interact with oxidative stress to mediate DN
hemodynamic disorders and renal metabolic disorders
(34). In addition, the potent anti-oxidant properties of
crocin have been well documented. To this end, we tested
the biochemical indicators of oxidative stress, ROS, anti-
oxidant enzymes (GSH, SOD, and CAT), and the end
product of lipid peroxidation (MDA). In our study, the
down-regulated expression of anti-oxidant enzymes and
the increased ROS and MDA contents in db/db mice were
both reversed by crocin, which is also consistent with the
previously reported effect of crocin on reducing lipid
peroxidation and increasing the expression of anti-oxidant
enzymes under anti-oxidant stress (35). Of note, ROS is
also the upstream signal molecule that triggers the ERS-
mediated apoptosis pathway (36). Therefore, our results
may indicate that crocin played a renal protective role by
resisting oxidative stress to inhibit ERS.

In addition, we characterized the effect of crocin on
DN at the molecular level. Nrf2’s primary function is to
coordinate the intracellular oxidative stress response, and
its activation has been shown to protect DN, while PARP
recognizes DNA damage to promote DNA repair (37-
39). Anti-apoptotic proteins (Mcl-1, Bcl-2, and Bcl-xl)
can bind to pro-apoptotic protein (Bax) to promote cell
survival (40). It was reported that ROS in DN can inactivate
PI3K/AKT and promote the pathogenesis of DN (41).
Importantly, crocin has been shown to activate the Nrf2
pathway and PI3K/AKT pathway to inhibit apoptosis and
ERS for neuroprotective and cardioprotective purposes
(12, 42). Consistently, we found that crocin also plays a
renal protection role by activating the Nrf2 and PI3K/
AKT pathways to inhibit apoptosis. It has been proved that
ERS can mediate apoptosis of podocytes through CHOP
(43). Therefore, we speculate that crocin may inhibit ERS-
mediated apoptosis by inhibiting the Nrf2 pathway and
PI3K/AKT pathway, thereby improving kidney injury.

Conclusion

In summary, this study showed that crocin inhibited
oxidative stress and ERS-induced kidney injury in db/db
mice, the activation of the PI3K/AKT and Nrf2 pathways
was related to the underlying mechanism of crocin. This
study hopes to provide a clue for developing a novel strategy
for the treatment of DN.

Acknowledgment
Not applicable.

Authors’ Contributions

G W and Z H designed the experiments; ] D performed
experiments and collected data; G W discussed the results
and strategy; Z H supervised, directed, and managed the
study; G W drafted the manuscript; Z H critically revised
and edited the article; G W, ] D, and Z H approved the final
version to be published.

Iran J Basic Med Sci, 2024, Vol. 27, No. 4

MS

Wang et al.

Funding
Not applicable.

Conflicts of Interest
The authors declare that they have no competing interests.

References

1. Rayego-Mateos S, Morgado-Pascual JL, Opazo-Rios L, Guerrero-
Hue M, Garcia-Caballero C, Vazquez-Carballo C, et al. Pathogenic
pathways and therapeutic approaches targeting inflammation in
diabetic nephropathy. Int ] Mol Sci 2020; 21:3798-3841.

2. Afkarian M, Zelnick LR, Hall YN, Heagerty PJ, Tuttle K, Weiss
NS, et al. Clinical manifestations of kidney disease among US
adults with diabetes, 1988-2014. JAMA 2016; 316:602-610.
3.FanY, Lee K, Wang N, He JC. The role of endoplasmic reticulum
stress in diabetic nephropathy. Curr Diab Rep 2017; 17:17-24.

4. Spencer BG, Finnie JW. The role of endoplasmic reticulum stress
in cell survival and death. ] Comp Pathol 2020; 181:86-91.

5. Xiong S, Han Y, Gao P, Zhao H, Jiang N, Sun L. AdipoRon
protects against tubular injury in diabetic nephropathy by
inhibiting endoplasmic reticulum stress. Oxid Med Cell Longev
2020; 2020:1-15.

6. Fan Y, Zhang ], Xiao W, Lee K, Li Z, Wen ], et al. Rtnla-mediated
endoplasmic reticulum stress in podocyte injury and diabetic
nephropathy. Sci Rep 2017; 7:323-736.

7.Zhang C, Wang H, Chan GCF, Zhou Y, Lai X, Lian M. Extracellular
vesicles derived from human umbilical cord mesenchymal stromal
cells protect cardiac cells against hypoxia/reoxygenation injury by
inhibiting endoplasmic reticulum stress via activation of the PI3K/
Akt pathway. Cell Transplant 2020; 29:1-8.

8. Kumar A, Mittal R. Nrf2: a potential therapeutic target for
diabetic neuropathy. Inflammopharmacology 2017; 25:393-402.

9. Sun G, Zhao Z, Lang ], Sun B, Zhao Q. Nrf2 loss of function
exacerbates endoplasmic reticulum stress-induced apoptosis in
TBI mice. Neurosci lett 2022; 770:136400.

10. Hashemzaei M, Mamoulakis C, Tsarouhas K, Georgiadis
G, Lazopoulos G, Tsatsakis A, et al. Crocin: a fighter against
inflammation and pain. Food Chem Toxicol 2020; 143:1-84.

11. Pashirzad M, Shafiee M, Avan A, Ryzhikov M, Fiuji H,
Bahreyni A, et al. Therapeutic potency of crocin in the treatment
of inflammatory diseases: current status and perspective. J Cell
Physiol 2019; 234:14601-14611.

12. Wang X, Yuan B, Cheng B, Liu Y, Zhang B, Wang X, et al. Crocin
alleviates myocardial ischemia/reperfusion-induced endoplasmic
reticulum stress via regulation of miR-34a/Sirtl/Nrf2 pathway.
Shock 2019; 51:123-130.

13. Aslani MR, Amani M, Masrori N, Boskabady MH, Ebrahimi
HA, Chodari L. Crocin attenuates inflammation of lung tissue in
ovalbumin-sensitized mice by altering the expression of endoplasmic
reticulum stress markers. Biofactors 2021; 48:204-215.

14. Zhang H, Wu S, Yang Y, Su R, Wen ], Ke X, et al. Crocin protects
human umbilical vein endothelial cells from high glucose-induced
injury via inhibiting the endoplasmic reticulum stress response.
Curr Mol Med 2018; 18:166-177.

15. Abou-Hany HO, Atef H, Said E, Elkashef HA, Salem HA. Crocin
mediated amelioration of oxidative burden and inflammatory
cascade suppresses diabetic nephropathy progression in diabetic
rats. Chem Biol Interact 2018; 284:90-100.

16. Kim Y, Lim JH, Kim MY, Kim EN, Yoon HE, Shin §J, et al.
The adiponectin receptor agonist adipoRon ameliorates diabetic
nephropathy in a model of type 2 diabetes. ] Am Soc Nephrol 2018;
29:1108-1127.

17. Cai TT, Ye XL, Li RR, Chen H, Wang YY, Yong H]J, et al.
Resveratrol modulates the gut microbiota and inflammation to
protect against diabetic nephropathy in mice. Front Pharmacol
2020; 11:1-13.

445



Wang et al.

18. Yaribeygi H, Mohammadi MT, Rezaee R, Sahebkar A.
Crocin improves renal function by declining Nox-4, IL-18,
and p53 expression levels in an experimental model of diabetic
nephropathy. J Cell Biochem 2018; 119:6080-6093.

19. Sankrityayan H, Oza M]J, Kulkarni YA, Mulay SR, Gaikwad AB.
ER stress response mediates diabetic microvascular complications.
Drug Discov Today 2019; 24:2247-2257.

20. Mather A, Pollock C. Glucose handling by the kidney. Kidney
Int Suppl 2011; 120:1-6.

21. Chebotareva N, Vinogradov A, McDonnell V, Zakharova
NV, Indeykina MI, Moiseev S, et al. Urinary protein and peptide
markers in chronic kidney disease. Int ] Mol Sci 2021; 22:1-20.

22. Gai Z, Wang T, Visentin M, Kullak-Ublick GA, Fu X, Wang Z.
Lipid accumulation and chronic kidney disease. Nutrients 2019;
11:1-21.

23.QuJ, Zhu HH, Huang XJ, He GF, Liu JY, Huang JJ, et al. Abnormal
indexes of liver and kidney injury markers predict severity in
COVID-19 patients. Infect Drug Resist 2021; 14:3029-3040.

24. Margaritis I, Angelopoulou K, Lavrentiadou S, Mavrovouniotis
IC, Tsantarliotou M, Taitzoglou I, et al. Effect of crocin on
antioxidant gene expression, fibrinolytic parameters, redox status
and blood biochemistry in nicotinamide-streptozotocin-induced
diabetic rats. ] Biol Res (Thessalon) 2020; 27:4-19.

25. Algandaby MM. Antifibrotic effects of crocin on thioacetamide-
induced liver fibrosis in mice. Saudi J Biol Sci 2018; 25:747-754.
26. Qi C, Mao X, Zhang Z, Wu H. Classification and differential
diagnosis of diabetic nephropathy. ] Diabetes Res 2017; 2017:1-7.
27.Hou S, Zhang T, Li Y, Guo E, Jin X. Glycyrrhizic acid prevents
diabetic nephropathy by activating AMPK/SIRT1/PGC-1a
signaling in db/db mice. ] Diabetes Res 2017; 2017:1-10.

28. Adali E Gonul Y, Aldemir M, Hazman O, Ahsen A, Bozkurt
MEF, et al. Investigation of the effect of crocin pretreatment on renal
injury induced by infrarenal aortic occlusion. ] Surg Res 2016;
203:145-153.

29. Zhang L, Jing M, Liu Q. Crocin alleviates the inflammation and
oxidative stress responses associated with diabetic nephropathy in
rats via NLRP3 inflammasomes. Life Sci 2021; 278:1-9.

30. Yarijani ZM, Najafi H, Hamid Madani S. Protective effect of
crocin on gentamicin-induced nephrotoxicity in rats. Iran ] Basic
Med Sci 2016; 19:337-343.

31.Xu S, He L, Ding K, Zhang L, Xu X, Wang S, et al. Tanshinone
ITA ameliorates streptozotocin-induced diabetic nephropathy,

446

N=MS

Crocin protects against diabetic nephropathy

partly by attenuating PERK pathway-induced fibrosis. Drug Des
Devel Ther 2020; 14:5773-5782.

32. Yuan D, Liu XM, Fang Z, Du LL, Chang J, Lin SH. Protective
effect of resveratrol on kidney in rats with diabetic nephropathy
and its effect on endoplasmic reticulum stress. Eur Rev Med
Pharmacol Sci 2018; 22:1485-1493.

33. Lin L, Liu G, Yang L. Crocin improves cognitive behavior in
rats with alzheimer’s disease by regulating endoplasmic reticulum
stress and apoptosis. Biomed Res Int 2019; 2019:1-9.

34. Tha JC, Banal C, Chow BS, Cooper ME, Jandeleit-Dahm K.
Diabetes and kidney disease: role of oxidative stress. Antioxid
Redox Signal 2016; 25:657-684.

35. Cerdé-Bernad D, Valero-Cases E, Pastor JJ, Frutos MJ. Saffron
bioactives crocin, crocetin and safranal: effect on oxidative stress and
mechanisms of action. Crit Rev Food Sci Nutr 2020; 62:3232-3249.
36. Victor P, Umapathy D, George L, Juttada U, Ganesh GV, Amin
KN, et al. Crosstalk between endoplasmic reticulum stress and
oxidative stress in the progression of diabetic nephropathy. Cell
Stress Chaperones 2021; 26:311-321.

37. He E, Ru X, Wen T. NRF2, a transcription factor for stress
response and beyond. Int ] Mol Sci 2020; 21:4777-4800.

38. Xing L, Guo H, Meng S, Zhu B, Fang J, Huang J, et al. Klotho
ameliorates diabetic nephropathy by activating Nrf2 signaling
pathway in podocytes. Biochem Biophys Res Commun 2021;
534:450-456.

39. Wang Y, Luo W, Wang Y. PARP-1 and its associated nucleases
in DNA damage response. DNA Repair (Amst) 2019; 81:1-18.

40. Czabotar PE, Lessene G, Strasser A, Adams JM. Control of
apoptosis by the BCL-2 protein family: implications for physiology
and therapy. Nat Rev Mol Cell Biol 2014; 15:49-63.

41. Cui FQ, Wang YE, Gao YB, Meng Y, Cai Z, Shen C, et al. Effects
of BSF on podocyte apoptosis via regulating the ROS-mediated
PI3K/AKT pathway in DN. J Diabetes Res 2019; 2019:1-10.

42. Qi Y, Chen L, Zhang L, Liu WB, Chen XY, Yang XG. Crocin
prevents retinal ischaemia/reperfusion injury-induced apoptosis
in retinal ganglion cells through the PI3K/AKT signalling pathway.
Exp Eye Res 2013; 107:44-51.

43. Shen H, Ming Y, Xu C, Xu Y, Zhao S, Zhang Q. Deregulation
of long noncoding RNA (TUGI) contributes to excessive
podocytes apoptosis by activating endoplasmic reticulum stress
in the development of diabetic nephropathy. J Cell Physiol 2019;
234:15123-15133.

Iran ] Basic Med Sci, 2024, Vol. 27, No. 4



