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Abstract
Rhabdomyolysis (RM) is a clinical disorder characterized by the release of potentially toxic muscle cell components into the 
bloodstream, with acute kidney injury (AKI). Trans-sodium crocetinate (TSC) is derived from the carotenoid crocetin known 
for its renoprotective, anti-inflammatory, and antioxidant properties. This study aimed to assess the protective effects of TSC 
on RM-induced AKI in rats. Six groups of rats (n = 6) were used: control, AKI (50% glycerol 10 mL/kg, intramuscularly), 
AKI treated with TSC (10, 20, and 40 mg/kg, intraperitoneally), and TSC (40 mg/kg) alone groups. Two days after the initial 
injection, urine and blood samples were collected over 24 h to investigate creatine phosphokinase (CPK), kidney function 
markers, and electrolyte levels. Additionally, kidney tissue was collected to assess renal oxidative markers, histological 
alterations, and the expression of protein markers related to autophagy, apoptosis, renal injury, inflammation, and the PI3K/
AKT signaling pathway. After glycerol administration, there was an increase in oxidative stress, autophagy, apoptosis, renal 
injury, and inflammatory marker levels, accompanied by a decrease in the proteins of the PI3K/AKT signaling pathway 
in the kidney. The co-administration of TSC with glycerol resulted in the improvement of renal dysfunction and structural 
abnormalities, achieved through a reduction in oxidative stress. TSC also down-regulated autophagy, apoptotic, renal injury, 
and inflammatory markers. Furthermore, TSC treatment led to a decrease in the renal expression of PI3K/AKT signaling 
pathway proteins. In conclusion, TSC exhibited a protective effect against RM-induced AKI by modulating oxidative stress, 
autophagy, apoptosis, and the PI3K/AKT pathway.
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BUN	� Blood urea nitrogen
sCr	� Serum creatinine
CPK	� Creatine phosphokinase
Na	� Sodium
K	� Potassium
Ca	� Calcium
uCr	� Urine creatinine
sOsm	� Serum osmolality
uOsm	� Urine osmolality
GFR	� Glomerular filtration rate
MDA	� Malondialdehyde
GSH	� Glutathione
SDS-PAGE	� Sodium dodecyl sulfate polyacrylamide gel
SOD	� Superoxide dismutase
TBST	� Tris-buffered saline Tween 20
MTT	� 3-(4,5-Dimethyl-thiazol-2-yl) 2,5-diphenyl 

tetrazolium bromide
P-AKT	� Phospho-AKT
TNF-α	� Tumor necrosis factor-α
PI3K	� Phosphoinositide 3-kinases
P-PI3K	� Phospho-PI3K
H&E	� Hematoxylin and eosin
NGAL	� Neutrophil-gelatinase-associated lipocalin
IL-6	� Interleukin 6
KIM-1	� Kidney injury molecule 1
IL-1β	� Interleukin 1β

Introduction

Rhabdomyolysis (RM) is a clinical condition that occurs 
when striated skeletal muscle is extravagantly destructed 
(Zutt et al. 2014). This process results in the liberation of 
breakdown muscle cell content including, sarcoplasmic 
proteins, myoglobin (MB), and electrolytes into the plasma 
(Stahl et al. 2020). In more serious cases, potentially toxic 
compounds such as MB can adversely affect kidney func-
tion, leading to life-threatening emergencies (Scharman and 
Troutman 2013).

After RM, released muscle MB is metabolized in the kid-
ney tubule cells and promotes lipid peroxidation and free 
radical generation. MB produced a synergistic effect on 
tubular obstruction, cast formation, and renal vasoconstric-
tion leading to acute renal injury (AKI) (Panizo et al. 2015). 
Moreover, some studies showed that direct MB-induced 
cytotoxicity has a fundamental role in the progression of 
RM-induced AKI via evoking apoptotic responses, oxidative 
stress, and inflammation (Ahmad et al. 2021). Although the 
underlying mechanism of RM-induced AKI is complicated, 
well-timed therapeutic interventions can elevate recovery 
(Scharman and Troutman 2013).

The most frequently used experimental model for stud-
ying rhabdomyolysis-induced acute kidney injury (AKI) 

involves the intramuscular injection (IM) of glycerol in rats 
(Chen et al. 2018). In glycerol-induced AKI, the reabsorp-
tion of myoglobin (MB) by proximal tubule cells, coupled 
with the precipitation of MB in the distal tubules, leads to 
renal functional and structural damage (Guerrero-Hue et al. 
2019). This slight revision maintains the original meaning 
while enhancing the flow of information.

Attention to the pathogenesis of RM-induced AKI sug-
gests that therapeutic agents for RM-induced AKI treatment 
should have anti-inflammatory, antiapoptotic, and antioxi-
dant properties in kidneys, especially tubular cells (Hebert 
et al. 2023).

A large number of investigations have suggested that 
ingredients of plants downregulate diverse health disorders 
related to the kidney (Alok et al. 2013). Saffron is derived 
from the stigmas of the Crocus sativus L. plant and is a type 
of perennial plant with several medicinal functions (Guo 
et al. 2022a). Saffron and its ingredients are commonly 
used to promote health in modern and traditional medicine 
(Mzabri et al. 2019).

Among the components of saffron, crocetin is primar-
ily responsible for these therapeutic and pharmacologi-
cal effects (Wani et al. 2021). Crocetin as a main con-
stituent of saffron has a long history of useful biological 
activities such as antiapoptotic, anti-inflammatory, and 
antioxidation effects (Guo et al. 2022b). Furthermore, 
multiple reports showed that crocetin has the therapeutic 
potential for renal cell protection (Hashemi and Hossein-
zadeh 2019).

In the last years, there has been remarkable interest 
in using trans sodium crocetinate (TSC) in the treatment 
of different disorders such as cancer (Colapietro et al. 
2019), atherosclerosis (Mohler et al. 2011), and hyper-
lipidemia (Deng et al. 2015). Modern pharmacological 
investigations have reported that TSC is a bipolar salt that 
increases the bioavailability and the solubility of crocetin 
and promotes its remedial efficacy (Rajabian et al. 2023). 
Moreover, TSC as a potent antioxidant has a protective 
effect against renal injury in multiple reports (Shah et al. 
2021).

Currently, epidemiological studies show that there is 
no any specific and effective therapy for RM-induced AKI 
(Chavez et al. 2016). It is necessary to find a renoprotective 
agent with minimal adverse effects for the treatment of RM-
induced AKI (Panizo et al. 2015).

In this regard, the present research was undertaken to sur-
vey the potential nephroprotective effect of TSC against RM-
induced AKI. We determined the effect of TSC renal func-
tion, structure, and oxidative stress, in an experimental AKI 
model of RM in rats. Additionally, the underlying molecular 
mechanisms for the antiapoptotic, autophagy regulation, and 
anti-inflammatory effects of TSC on glycerol-induced AKI 
in rats were evaluated.
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Materials

The chemicals used in the current study, including thio-
barbituric acid (TBA) and potassium chloride (KCl), were 
purchased from Merck Company, Germany. Trichloroacetic 
acid (TCA), and 5,5′-dithiobis 2-nitrobenzoic acid (DTNB) 
were obtained from the Sigma Company, Germany. TSC 
was bought from Tinab Shimi, Iran. Additionally, glycerol 
was prepared by Dr. Mojallali Company in Iran. All antibod-
ies were acquired from Cell Signaling Company, while the 
polyvinylidene fluoride (PVDF) membranes were purchased 
from Bio-Rad, USA.

Experimental animals

Thirty-six male Wistar rats with background (6–8 weeks 
old and 250–270 g body weight) bred in the experimental 
animal center of the School of Pharmacy, Mashhad Univer-
sity of Medical Sciences (Mashhad, Iran), were used. The 
rats were maintained under standard and normal conditions 
with gratis access to clean water and regular rodent chow. 
The experimental protocols were conducted according to the 
guidelines of the laboratory animals’ Ethics Committee at 
the Mashhad University of Medical Sciences (Ethical Num-
ber: IR.MUMS.PHARMACY.REC.1399.033).

Experimental design

The rats were randomly distributed into six groups of six 
individuals. All groups had access to food but were water 
deprived 12 before the glycerol or saline injection as follows:

Group 1 (control group) served as a normal control refer-
ence: the rats received an intraperitoneal (IP.) administra-
tion of normal saline (0.9% NaCl) and IM. administration 
of normal saline (equivalent volume for glycerol in each 
hind leg) under anesthesia.
Group 2 (AKI group) served as an RM-induced AKI con-
trol reference: the rats received a single administration 
of 50% glycerol (10 mL/kg, IM.) with no more treatment 
(Sharawy et al. 2018).
Groups 3–5 served as treatment groups (Amin et  al. 
2015):
Group 3: injected with 50% glycerol (10 mL/kg, IM.) and 
TSC (10 mg/kg, IP.)
Group 4: injected with 50% glycerol (10 mL/kg, IM.) and 
TSC (20 mg/kg, IP.)
Group 5: injected with 50% glycerol (10 mL/kg, IM.) and 
TSC (40 mg/kg, IP.)
Group 6 (TSC group) served as the TSC control refer-
ence: the rats received a single injection of TSC (40 mg/
kg, IP.).

One day after the first injection, all the rats were sepa-
rately placed in metabolic cages for 24 h to determine urine 
output. Two days after the IM. injection, the rats were sac-
rificed. Afterward, urine and blood samples were collected 
and both of the kidneys were isolated. The left kidney was 
stored in a 10% formalin solution for the histological analy-
sis. While the right kidney was deep frozen at − 80 °C for 
western blot analysis and oxidative parameter measurement.

Biochemical analysis

The blood levels of urea nitrogen (BUN), creatinine (sCr), 
creatine phosphokinase (CPK), sodium (Na), potassium (K), 
calcium (Ca), and urine creatinine (uCr) were measured 
spectrophotometrically using the commercially standard 
kits (Parsazmoon company, Iran).

Urine osmolality (uOsm) and serum osmolality (sOsm) 
were measured by the freezing method (The Advanced 
Osmometer, Norwood, USA).

Glomerular filtration rate (GFR) was measured by calcu-
lating creatinine clearance (Ccr) (mL/min) using the follow-
ing equation (Shahbaz and Gupta 2019):

Urine flow per minute was calculated by dividing 24-h 
urine volume by 1440 (the number of minutes in a day).

Lipid peroxidation assay in the kidney

Malondialdehyde (MDA) level was determined as an indica-
tor of lipid peroxide in the kidney tissue. According to the 
procedure explained by Ohkawa et al. (1979), 10% homoge-
nates of the kidney tissue in KCl (1.15%) were mixed with 
TBA (0.6%, 1 mL) and phosphoric acid (1%, 3 mL). After 
mixing, the homogenate was heated in a water bath (95 °C) 
for 45 min. Then, n-butanol (4 mL) was added to the mix-
ture, strongly stirred for 2 min, and centrifuged for 30 min at 
3000 rpm. Finally, the absorbance of samples was measured 
spectrophotometrically at 532 nm and the MDA content in 
the kidney was reported as nmol/g tissue (Mohammadi et al. 
2018).

GSH assays in the kidney

The glutathione (GSH) content in the kidney tissue was 
determined based on the method described by Moron 
et al. (28). Kidney homogenate (10%) in phosphate buffer 
(pH = 7.4, 0.1 M) was combined with TCA (10%, 0.5 mL). 
After vortexing, the homogenate was centrifuged at 3000 

εCcr = [uCr(mg∕dL) × urineflow(mL∕min)]∕sCr(mg∕dL)ε
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g for 10 min. Then, DTNB (0.5 mL) and phosphate buffer 
(pH 8, 2.5 mL) were added to the supernatant fraction (0.5 
mL). The absorbance of the yellow product was instantly 
measured using a spectrophotometer at 412 nm. The GSH 
levels were calculated based on a standard GSH curve and 
reported as nmol/g tissue (Tabeshpour et al. 2019).

SOD assay in the kidney

The colorimetric technique uses for the determination of super-
oxide dismutase (SOD) activity by using 96-well microplates. 
This method is based on the formation of SOD by auto-oxida-
tion of pyrogallol and reliant on inhibition of the conversion 
of 3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyl tetrazolium bro-
mide (MTT) to formazan and described as follows.

At first, samples were placed in the microplate wells, 
saturated with buffer and MTT, and finally incubated for 
5 min at room temperature. Then, DMSO was added to the 
wells and the final solution was read at two wavelengths of 
570 nm and 630 nm. One unit of SOD is determined as the 
amount of protein needed to inhibit a 50% reduction of MTT. 
The data were displayed as unit/gram tissues (Ghasemzadeh 
Rahbardar et al. 2023).

Western blotting analysis

Western blotting was done according to the procedure pre-
viously explained (Tabeshpour et al. 2019). Briefly, the 
total protein concentration was determined by the Bradford 
method (Kruger 2009). Then, equal amounts of protein 
extracts from kidney tissue were subjected to sodium dode-
cyl sulfate polyacrylamide gel (12% SDS-PAGE) electropho-
resis and transferred to PVDF membranes. The membranes 
were blocked in Tris-buffered saline Tween 20 (TBST) con-
taining 5% dry skim milk or 5% bovine serum albumin for 
2 h at room temperature. After blocking, incubation of the 
membranes was performed with the primary antibodies at 
1:1000 dilutions, against beclin-1 (Cell Signaling, #3495), 
LC3 II/I (Cell Signaling, #12,741), cleaved caspase-3 (Cell 
Signaling, #9664), phospho-AKT (P-AKT) (Cell Sign-
aling, #9271), AKT (Cell Signaling, #9272), phospho-
PI3K (P-PI3K) (Cell Signaling, #9271), phosphoinositide 
3-kinases (PI3K) (Cell Signaling, #9271), tumor necrosis 
factor-α (TNF-α) (Cell Signaling, #3707), neutrophil-gelati-
nase-associated lipocalin (NGAL) (Abcam, #216,462), and 
beta-actin (Cell Signaling, #3700) overnight at 4 °C. Next, 
the membranes were incubated with anti-rabbit IgG con-
jugated with horseradish peroxidase or anti-mouse IgG 
conjugated with the enzyme at 1:3000 dilutions for 2 h at 
room temperature. Finally, visualization of protein bands 
was performed using an Alliance 4.7 Geldoc. Densitometric 
analysis for protein bands was done using UVtec software 

(UK). Protein levels in each membrane were normalized to 
the corresponding β-actin band (Tabeshpour et al. 2019).

Renal histopathological assessment

Histopathological analysis was conducted to assess tubular 
necrosis, cast formation, and glomerular atrophy. The left 
kidneys of rats from different groups were fixed in a 10% 
formalin solution and embedded in paraffin. Subsequently, 
5-μm kidney sections were stained with hematoxylin and 
eosin (H&E) and examined blindly under a light microscope. 
The extent of tissue damage was evaluated based on the per-
centage area of sections. The progression in tubular lesion 
severity was determined using scores on a scale: none (0), 
grade 1 (0–25%), grade 2 (25–50%), grade 3 (50–75%), and 
grade 4 (more than 75%) (Yang et al. 2012).

Statistical analysis

The experimental results were analyzed using GraphPad 
Prism software version 8.0 (Software Inc., CA, USA) and 
presented as the mean ± standard deviation (SEM). To 
determine significant differences among different groups, a 
one-way analysis of variance (ANOVA) was conducted, fol-
lowed by the Tukey–Kramer post hoc test. Pathological data 

Fig. 1   Effect of TSC on CPK following glycerol-induced AKI. Data 
are presented as mean ± SD of 4–6 separate experiments. Data were 
analyzed by one-way ANOVA and the Tukey–Kramer post-test. 
###P < 0.001 vs control group and ***P < 0.001 and **P < 0.01 vs 
AKI group. AKI: acute kidney injury, TSC: trans-sodium crocetinate, 
CPK: creatine phosphokinase
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were assessed using the median (interquartile range) with 
the Kruskal–Wallis nonparametric analysis, and Dunn’s 
post hoc test was applied. P values less than 0.05 were con-
sidered statistically significant (Ghasemzadeh Rahbardar 
et al. 2023).

Results

Effect of TSC on biochemical markers 
following glycerol‑induced AKI

The data show that glycerol administration (10 mL/kg) 
significantly elevated CPK levels (P < 0.001) compared to 
the control group (Fig. 1). Furthermore, kidney function 
markers, including BUN levels (P < 0.001) and sCr levels 
(P < 0.001), were significantly increased, and GFR was sig-
nificantly reduced (P < 0.001) in the AKI group compared 
to the control rats (Fig. 2).

In Fig. 3, it is evident that serum Na levels (P < 0.001) 
significantly decreased, while K levels (P < 0.001) signifi-
cantly increased in the AKI group compared to the control. 
Additionally, AKI groups’ rats showed decreased uOsm 
(P < 0.001 vs control) and increased sOsm (P < 0.001 vs 
control) (Fig. 4). The administration of TSC (40 mg/kg) 
with glycerol (10 mL/kg) induced a remarkable decrease 
(P < 0.001) in the serum levels of BUN, Cr, K, CPK, and 
Osm, and a marked increase (P < 0.001) in GFR, Na, 
and uOsm compared to the AKI group. Furthermore, 
in the AKI + TSC (20 mg/kg) group, the values of sCr 
(P < 0.001), BUN (P < 0.001), CPK (P < 0.01), and K 
(P < 0.01) significantly decreased, while GFR (P < 0.05) 
and Na (P < 0.01) significantly increased compared to the 
AKI group. Notably, TSC administration alone (40 mg/kg) 
did not alter biochemical markers compared to the control 
group.

Effect of TSC on the oxidative status 
following glycerol‑induced AKI in the kidney

The results, as shown in Fig. 5, demonstrate an increase 
in MDA levels in the kidneys of rats that received glyc-
erol compared to the control group (P < 0.001). Simul-
taneous administration of 10, 20, and 40 mg/kg TSC 
resulted in a reduction in MDA levels compared to the 

Fig. 2   Effect of TSC on BUN (A), sCr (B), and GFR (C), follow-
ing glycerol-induced AKI. Data are presented as mean ± SD of 4–6 
separate experiments. Data were analyzed by one-way ANOVA 
and the Tukey–Kramer post-test. ###P < 0.001 vs control group and 
***P < 0.001, **P < 0.01, and *P < 0.05 vs AKI group. AKI: acute 
kidney injury, TSC: trans-sodium crocetinate, BUN: blood urea nitro-
gen, sCr: serum creatinine, GFR: glomerular filtration rate

▸
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AKI group (P < 0.01, P < 0.001, and P < 0.001, respec-
tively). Glycerol injection notably attenuated GSH levels 
and SOD activity in renal tissue compared to the control 
group (P < 0.05 and P < 0.01, respectively). The adminis-
tration of TSC at 20 and 40 mg/kg with glycerol resulted 
in a remarkable enhancement in GSH content (P < 0.001) 
and SOD activity (P < 0.01 and P < 0.001, respectively) 
compared to the AKI group (Fig. 5). Interestingly, a nota-
ble elevation in renal GSH levels was detected in the TSC 
(40 mg/kg) alone group compared to control animals.

Effect of TSC on glycerol‑induced renal 
histopathological changes

The data obtained from the histopathological experiment in 
the different groups are summarized in Table 1 and shown 
in Fig. 6. The kidney tissue sections from control rats and 
TSC (40 mg/kg) alone group did not display any morpho-
logical changes. In contrast, kidney tissue of the AKI group 
showed widespread damage, evidenced by tubular necrosis 

Fig. 3   Effect of TSC on Na (A) and K (B), following glycerol-
induced AKI. Data are presented as mean ± SD of 4–6 separate exper-
iments. Data were analyzed by one-way ANOVA and the Tukey–
Kramer post-test. ###P < 0.001 vs control group and ***P < 0.001 
and **P < 0.01 vs AKI group. AKI: acute kidney injury, TSC: trans-
sodium crocetinate, Na: sodium, K: potassium

Fig. 4   Effect of TSC on sOsm (A) and uOsm (B) following glycerol-
induced AKI. Data are presented as mean ± SD of 4–6 separate exper-
iments. Data were analyzed by one-way ANOVA and the Tukey–
Kramer post-test. ###P < 0.001 vs control group and ***P < 0.001 vs 
AKI group. AKI: acute kidney injury, TSC: trans-sodium crocetinate, 
uOsm: urine osmolality, sOsm: serum osmolality
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(P < 0.001 vs control) and glomerular atrophy (P < 0.01 vs 
control), and MB casts (P < 0.001 vs control). TSC (20 and 
40 mg/kg) administration with glycerol (10 mL/kg) signif-
icantly relieved the severity of tubular damage and renal 
lesions in the rat. A remarkable decrease in tubular necrosis 
(P < 0.001 vs AKI group) and glomerular atrophy (P < 0.05 
vs AKI group) in renal tissue was observed in AKI + TSC 
(40 mg/kg) group. Also, administration of TSC (20 mg/kg) 
with glycerol (10 mL/kg) reduced tubular necrosis (P < 0.05 
vs AKI group) and MB casts (P < 0.05 vs AKI group).

Effect of TSC and glycerol on PI3K/AKT signaling 
pathway proteins in kidney

We measured the level of PI3K/AKT signaling pathway pro-
teins, including P-AKT, AKT, P-PI3K, and PI3K in kidney 
samples. Western blot analysis revealed that the P-AKT/AKT 
ratio (P < 0.001 vs control) decreased meaningfully in rats 
that suffered AKI following glycerol administration. A sig-
nificant increase in the P-AKT/AKT ratio (P < 0.01 vs AKI) 
was observed in the AKI + TSC (40 mg/kg) group (Fig. 7 A 
and B).

The injection of glycerol (10 mL/kg) resulted in a reduc-
tion of the P-PI3K/PI3K ratio (P < 0.05) compared with the 
rats in the control group. Simultaneous administration of 
TSC (40 mg/kg) with glycerol (10 mL/kg) increased the 
P-PI3K/PI3K ratio (P < 0.05) in comparison with the AKI 
group (Fig. 7 C and D). As shown in Fig. 7, the levels of 
PI3K/AKT signaling pathway proteins were not statistically 
changed in the TSC (40 mg/kg) alone group compared with 
the control.

Effect of TSC and glycerol on apoptotic marker 
in kidney

The cleaved caspase-3 as apoptotic marker was measured in 
kidney tissue by western blot analysis. As shown in Fig. 8, 
the cleaved caspase-3 (P < 0.01 vs control) was enhanced in 
kidney tissues of the AKI group. Contrary, co-administration 
of TSC (40 mg/kg) with glycerol (10 mL/kg) diminished the 
cleaved caspase-3 level (P < 0.05) in the kidney compared to 
the AKI group. There was no change in cleaved caspase-3 
levels in the TSC (40 mg/kg) alone group in comparison to 
the control rats.

Fig. 5   Effect of TSC and glycerol on MDA (A), GSH (B), and SOD 
(C) in the kidney. Data are presented as mean ± SD of 4–6 sepa-
rate experiments. Data were analyzed by one-way ANOVA and the 
Tukey–Kramer post-test. ###P < 0.001 and #P < 0.05 vs control group 
and ***P < 0.001 and **P < 0.01 vs AKI group. AKI: acute kid-
ney injury, TSC: trans-sodium crocetinate, MDA: malondialdehyde, 
GSH: glutathione, SOD: superoxide dismutase

▸
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Effect of TSC and glycerol on NGAL protein level 
in kidney

Glycerol injection significantly increased renal NGAL 
values compared to the control group (P < 0.05), while IP. 
administration of TSC (40 mg/kg) with glycerol (10 mL/kg) 
led to a significant reduction of NGAL level (P < 0.001 vs 
AKI group) in the kidney. Notably, no significant change was 
observed in the TSC (40 mg/kg) alone group, in comparison 
to the control (Fig. 9).

Effect of TSC and glycerol on TNF‑α protein level 
in kidney

According to the results of Fig. 10, elevated TNF-α content 
(P < 0.001 vs control) when the animals received glycerol 
(10 mL/kg). However, co-administration of TSC (40 mg/kg) 
with glycerol (10 mL/kg) reduced TNF-α level (P < 0.01) 
in comparison to the AKI group. Administration of TSC 
(40 mg/kg) alone did not affect TNF-α level compared to 
the control group.

Table 1   Effect of TSC on glycerol-induced renal histopathological changes

The histopathologic data were described with median (interquartile range) using the Kruskal–Wallis nonparametric analysis and Dunn’s post hoc 
test. Statistical significance was considered at ###P < 0.001 and ##P < 0.01 vs the control group and **P < 0.01 and *P < 0.05 vs the AKI group

Groups Injury

TSC 40 (mg/kg) TSC 10 (mg/
kg) + AKI

TSC 20 (mg/kg) + AKI TSC 40 (mg/
kg) + AKI

AKI Control

0 (1) 2.5 (0) 1* (1) 1** (0) 3### (1) 0 (1) Tubular necrosis
0 (0.75) 2 (0) 1 (0.25) 0.5* (1) 2## (0.25) 0 (0) Glomerular atrophy
0 (0.75) 3.5 (1) 1.5* (0.25) 2.5 (0.5) 4### (0.5) 0 (0) MB cast

Fig. 6   Effect of TSC on 
glycerol-induced renal histo-
pathological changes stained 
with hematoxylin and eosin. (A) 
Control group. (B) AKI + TSC 
(40 mg/kg) group. (C, D and E) 
AKI group
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Effect of TSC and glycerol on autophagy markers 
in kidney

To appraise the role of autophagy in glycerol-induced AKI, 
the level of beclin-1 and the LC3-II/I ratio in kidney tissue 
were analyzed. A statistically remarkable increase in bec-
lin-1 level (P < 0.05 vs control) in the kidney was observed 
after glycerol injection. TSC (40 mg/kg) treatment (P < 0.05) 
diminished beclin-1 protein level in comparison to the AKI 
group (Fig. 11 A and B). Also, the renal LC3 II/I ratio was 
increased in the AKI group (P < 0.001 vs control) but in 
animals treated with TSC (40 mg/kg), this ratio was signifi-
cantly reduced (P < 0.001) (Fig. 11 C and D). On the other 
hand, the levels of autophagy markers were not statistically 

changed in the TSC (40 mg/kg) alone group compared with 
the control (Fig. 11).

Discussion

This research assessed the renoprotective effect of TSC on 
RM-induced AKI following glycerol administration in rats. 
The glycerol-induced RM model in this study was evidenced 
by increased CPK levels after glycerol injection. Moreover, 
glycerol administration can induce AKI, characterized by renal 
functional disorder and electrolyte perturbations. Our results 
also revealed that glycerol administration led to alterations in 
renal structure. The increase in MDA levels was accompanied 

Fig. 7   Effect of TSC and glycerol on PI3K/AKT signaling pathway 
proteins in the kidney. (A, B) Western blot bands of AKT, P-AKT, 
PI3K, P-PI3K, and beta-actin in the kidney. (C, D) Western blot 
analysis of P-AKT/AKT and P-PI3K/PI3K ratio in the kidney. Data 

are presented as means ± SD (n = 4). Data were analyzed by one-way 
ANOVA and the Tukey–Kramer post-test. #P < 0.05 vs control group 
and *P < 0.05 vs AKI group. AKI: acute kidney injury, TSC: trans-
sodium crocetinate
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by decreased SOD activity and GSH content in the kidney 
tissue of the AKI group, suggesting oxidative stress involve-
ment. Additionally, elevated apoptotic markers, inflammatory 
markers, renal injury markers, and autophagy markers were 
observed in the kidney of the AKI group. In contrast, there was 
a significant decrease in PI3K/AKT signaling pathway proteins 
following glycerol injection in the kidney. On the other hand, 
TSC administration biochemically, structurally, and function-
ally mitigated glycerol-induced AKI and improved the extent 
of renal injury by modulating oxidative stress, autophagy, 
apoptosis, and the PI3K/AKT pathway (Figs. 12 and 13).

RM is a syndrome characterized by the destruction of 
skeletal muscle fiber and the release of cellular contents into 
the blood eventually leading to AKI (Nance and Mammen 

2015). AKI, as a serious complication of RM, is associated 
with morbidity and high mortality (Kellum et al. 2021). 
Hence, the management of AKI with available and safe 
drugs is very necessary (Panizo et al. 2015). Recently, plants 
and their effective ingredients have been considered thera-
peutic options for AKI (Alok et al. 2013). Also, numerous 
researches indicated the potential role of plant ingredients in 
decreasing renal dysfunction and pathological damage after 
AKI (Scharman and Troutman 2013). The beneficial effects 
of saffron as a famous herb on various kidney diseases have 

Fig. 8   Effect of TSC and glycerol on the apoptotic marker in the kid-
ney. (A) Western blot bands of cleaved caspase-3 and beta-actin in 
the kidney. (B) Western blot analysis of cleaved caspase-3 in the kid-
ney. Data are presented as means ± SD (n = 4). Data were analyzed 
by one-way ANOVA and the Tukey–Kramer post-test. ##P < 0.01 vs 
control group and *P < 0.05 vs AKI group. AKI: acute kidney injury, 
TSC: trans-sodium crocetinate Fig. 9   Effect of TSC and glycerol on NGAL level in kidney. (A) 

Western blot bands of NGAL and beta-actin in the kidney. (B) 
Western blot analysis of NGAL in the kidney. Data are presented as 
means ± SD (n = 4). Data were analyzed by one-way ANOVA and the 
Tukey–Kramer post-test. #P < 0.05 vs control group and ***P < 0.001 
vs AKI group. AKI: acute kidney injury, TSC: trans-sodium croceti-
nate
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been proven in animal models and clinical investigations 
(Zarei and Elyasi 2022). So, crocetin as a most effective saf-
fron constituent can be useful in the treatment of RM-induced 
AKI (Hashemi and Hosseinzadeh 2019). The rodent model of 
glycerol-induced AKI is the most usually used for studying 
AKI which produces clinical symptoms such as AKI similar 
to RM disorder (Sharawy et al. 2018). Therefore, the rat RM 
model was used in this investigation to research the renopro-
tective effects of TSC against AKI-induced glycerol injec-
tion. In the current study, CPK as a sensitive index of RM 
and skeletal muscle damage was meaningfully increased after 
glycerol administration in rats. Likewise, our study revealed 
renal function disorder indicated by remarkably elevated lev-
els of BUN, sCr, and sOsm and decreased uOsm and GFR. 
Additionally, increased potassium (K) and decreased sodium 
(Na) levels were observed in rats, confirming substantial 
toxic injury to the kidneys, consistent with earlier investiga-
tions (Rojas-Valverde et al. 2021). Chen et al. reported a nota-
ble disorder in renal function accompanied by an increase in 
CPK following glycerol injection in rats (Chen et al. 2018). 
According to the data, rats receiving TSC with glycerol 
exhibited lower sCr, BUN, uOsm, Na, and CK levels, along 
with higher GFR, sOsm, and K compared to the AKI group. 
Thus, our results indicate that TSC improved renal function 
in glycerol-induced AKI. Renoprotective effects of crocetin 
have been demonstrated previously, aligning with the current 
findings (Guo et al. 2022b). Crocetin treatment reduced BUN 
and sCr, and it restored kidney function in rats with hemor-
rhagic shock (Wang et al. 2012).

The renal histological examination of the AKI group 
revealed structural damage such as glomerular atrophy, tubu-
lar necrosis, and MB cast which these results were in accord-
ance with previous studies (Ahmad et al. 2021). It has been 
reported that glycerol administration caused different forms of 
renal lesions such as lumina dilatation, tubular ischemia, and 
glomerular injury, leading to their pursuant tubular necrosis 
(Mousleh et al. 2018). Notably, the morphological injuries 
in the rats’ kidneys were improved when TSC was adminis-
tered. This protection has been indicated in previous reports 
and other models of renal injury induced by metabolic syn-
drome (Razavi and Hosseinzadeh 2017), cisplatin (Mohajeri 
and Doustar 2012), and cyclosporine (Pradhan et al. 2019). 
In support, Liu et al. showed that crocetin was able to dimin-
ish renal histological alterations in arsenic trioxide-induced 
nephrotoxicity (Liu et al. 2020).

Several mechanisms, such as the induction of oxidative 
stress, have been implicated in the pathogenesis of RM-
induced AKI (Ahmad et al. 2021). To appraise the anti-
oxidant capacity of the kidney, this research quantitated 
the activity of SOD and the contents of GSH and MDA. 
Enhanced lipid peroxidation and decreased levels of SOD 
and GSH occurred in the kidney after glycerol injection. In 
previous studies, renal oxidative stress induced by glycerol 

injection led to an imbalance between oxidants and anti-
oxidants, subsequently aggravating tubular damage (Hebert 
et al. 2023). Gu et al. confirmed the participation of oxida-
tive stress and kidney injury following glycerol injection in 
rats (Gu et al. 2014). Interestingly, in our study, these oxida-
tive/antioxidative markers were reversed by TSC adminis-
tration, which refers to its powerful antioxidative capacity 
and its suppression effect on lipid peroxidation (Guo et al. 

Fig. 10   Effect of TSC and glycerol on TNF-α level in kidney. 
(A) Western blot bands of TNF-α and beta-actin in the kidney. (B) 
Western blot analysis of TNF-α in the kidney. Data are presented as 
means ± SD (n = 4). Data were analyzed by one-way ANOVA and the 
Tukey–Kramer post-test. ##P < 0.01 vs control group and **P < 0.01 
vs AKI group. AKI: acute kidney injury, TSC: trans-sodium croceti-
nate
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Fig. 11   Effect of TSC and glycerol on autophagy marker in the kid-
ney. (A, B) Western blot bands of beclin-1, LC3 I, LC3 II, and beta-
actin in the kidney. (C, D) Western blot analysis of beclin-1 and LC3 
II/I ratio in the kidney. Data are presented as means ± SD (n = 4). 

Data were analyzed by one-way ANOVA and the Tukey–Kramer 
post-test. ###P < 0.001 vs control group and ***P < 0.001 vs AKI 
group. AKI: acute kidney injury, TSC: trans-sodium crocetinate

Fig. 12   Protective effect of TSC 
on glycerol-induced AKI via 
oxidative stress, PI3K/AKT, 
autophagy, and apoptosis sign-
aling pathways
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2022b). This data is concordant with former investigations, 
suggesting that crocetin can diminish renal oxidative stress 
by improving several antioxidant enzymes in arsenic triox-
ide-induced nephrotoxicity (Liu et al. 2020).

Different markers such as NGAL, cystatin C, and kid-
ney injury molecule 1 (KIM-1) relate to the AKI patho-
physiological process that under normal conditions, have 
lower expression levels in the kidney (Kellum et al. 2021). 
These indicators are important and necessary in develop-
ing targeted treatment and designing in vivo studies for 
AKI (Panizo et al. 2015). In our research, NGAL, a sensi-
tive and localized marker in the kidney, was used to assess 
renal injury and repair after AKI. Glycerol administration 
led to an enhancement in renal NGAL level confirming 
AKI. This result is in agreement with other publications in 
which glycerol-induced renal damage by increasing NGAL 
content (Sharawy et al. 2018). On the other hand, we also 
observed that TSC decreases the level of NGAL supporting 
its renoprotective property. Furthermore, other ingredients of 
saffron that possess antioxidant effects can reduce the renal 
NGAL concentration after insult (Esfandiary et al. 2022). For 
example, renal expression of NGAL was diminished during 
cadmium exposure by crocin treatment in the Omidali et al. 
study (Omidali and Korani 2021).

Numerous investigations have demonstrated that oxi-
dative injury can stimulate the production of inflamma-
tory cytokines such as TNF-α, which in conjunction with 

reactive oxygen species (ROS) generation promote AKI 
progression (Kellum et al. 2021). Interestingly, in this study, 
we observed a rise in TNF-α expression following glycerol 
injection. It is well known that inflammation plays a fun-
damental role in RM-induced AKI (Panizo et al. 2015). 
It was reported that glycerol induced inflammation by up-
regulating the expressions of TNF-α, interleukin 1β (IL-1β), 
and interleukin 6 (IL-6) in rat kidney tissues (Huang et al. 
2017). In the current research, TSC was able to attenuate 
the TNF-α level in the kidney under conditions of glycerol-
induced AKI.

Glycerol injection disrupted the permeability of the 
mitochondrial membrane in the renal cell and triggered the 
tubular apoptotic process (Chang et al. 2022). Caspase-3 is 
a significant marker of the start of the apoptotic signaling 
pathway (Dolka et al. 2016). The markable enhancement in 
cleaved caspase-3 level, as an important marker of apoptosis, 
was observed in rat kidneys that supported the induction 
of renal cell apoptosis. Another study has also shown that 
glycerol administration led to renal injury mainly through 
the apoptosis pathway (Chang et al. 2022). In our study, TSC 
administration decreased glycerol-induced apoptosis. Like-
wise, the antiapoptotic effect of crocetin was demonstrated 
in a rat model of ischemic myocardial damage (Wang et al. 
2014). Therefore, using antioxidant agents has been sug-
gested as a means of treatment or minimizing renal damage 
(Zarei and Elyasi 2022).

Fig. 13   Effects of trans sodium crocetinate on acute kidney injury induced by rhabdomyolysis in rats
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According to the previous investigation, the PI3K/AKT 
signal cascade mediates the expressions of different apoptosis-
related factors, that lead to cell apoptosis and subsequently 
renal injury (Margaria et al. 2020). So, we evaluated the role 
of glycerol and TSC in the activation of the PI3K/AKT signal 
pathway. Our results indicated that this signaling cascade is 
inhibited in glycerol-induced AKI in renal, which suggested 
that released MB can manipulate the PI3K/AKT pathway to 
induce renal cell apoptosis. However, western blotting results 
indicate that TSC meaningfully increased the P-AKT/AKT 
and P-PI3K/PI3K ratio in this study. Similarly, the crocetin-
mediated elevation of PI3K/AKT pathway protein levels was 
verified in Panpan et al., investigation (Liu et al. 2020).

Autophagy is an important degradation phenomenon in 
which damaged organelles and dysfunctional proteins are 
delivered to lysosomes to maintain normal cell function 
(Noda and Inagaki 2015). According to a previous pub-
lication, in acute kidney injury (AKI), autophagy plays a 
protective role in renal tissue (Ichimiya et al. 2020). Our 
results show that glycerol-induced renal autophagy is medi-
ated through the upregulation of the LC3-II/I ratio and bec-
lin-1 expression. Consistent with the current data, it has 
been reported that cisplatin increases the autophagy marker 
in rat renal cells (Liu et al. 2016). On the other hand, the 
administration of TSC (add what TSC stands for) decreased 
the autophagy response in renal tissue after glycerol injec-
tion. In line with this, several studies have reported that 
under autophagy-inducing conditions, crocetin regulates 
autophagy marker levels (49–50).

Conclusion

In this investigation, we assessed RM-induced acute kid-
ney injury (AKI) and the potential renoprotective effects 
of TSC against this disorder through various signaling 
pathways in the AKI rat model induced by glycerol. Our 
results reveal alterations in renal morphology, RM-related 
markers, kidney function indices, and electrolyte levels 
following glycerol injection. Additionally, an imbalance 
between antioxidant and oxidant contents is observed. Fur-
thermore, glycerol injection induces renal damage, char-
acterized by increased inflammation, renal injury mark-
ers, autophagy-related proteins, and apoptotic events. In 
contrast, TSC administration along with glycerol reverses 
these changes through its anti-inflammatory, antiapoptotic, 
and autophagy-regulating activities, as well as its potent 
antioxidant capacity. In summary, our data confirm that 
TSC deserves significant attention as a promising thera-
peutic agent for the treatment of AKI.
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