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Asperuloside attenuates 
cadmium‑induced toxicity 
by inhibiting oxidative 
stress, inflammation, fibrosis 
and apoptosis in rats
Zhiyang Kong 1, Chunhong Liu 1* & Opeyemi Joshua Olatunji 2,3*

This present study investigated the protective effects of asperuloside (ASP) against cadmium-induced 
nephrocardiac toxicity. Rats were treated with 50 mg/kg of ASP for five weeks and CdCl2 (5 mg/kg, 
p.o., once daily) during the last 4 weeks of ASP treatment. The serum levels of blood urea nitrogen 
(BUN), creatinine (Scr), aspartate transaminase (AST), creatine kinase-MB (CK-MB), troponin T (TnT) 
and lactate dehydrogenase (LDH) were evealuted. Oxido-inflammatory parameters were detected 
via malondialdehyde (MDA), reduced glutathione (GSH), catalase (CAT), superoxide dismutase 
(SOD), tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), interleukin-1beta (IL-1β) and nuclear 
factor kappa B (NF-κB). Additionally, the cardiorenal levels of caspase 3, transforming growth 
factor-β (TGF-β), α-smooth muscle actin (α-SMA), collagen IV and Bcl2 were measured by ELISA or 
immunohistochemical assays. The results indicated that ASP significantly decreased Cd-instigated 
oxidative stress, serum BUN, Scr, AST, CK-MB, TnT and LDH as well as histopathological alterations. 
Furthermore, ASP notably attenuated Cd-induced cardiorenal and apoptosis and fibrosis by reducing 
caspase 3 and TGF-β levels, as well as reducing the stain intensity of a-SMA and collagen IV, while 
increasing Bcl2 intensity. These results revealed that ASP attenuated Cd induced cardiac and renal 
toxicity which may be attributed to reducing oxidative stress, inflammation, fibrosis and apoptosis.

Cadmium (Cd), a naturally occurring heavy toxic metal is found at low concentrations in the earth crust, however 
the concentration of this carcinogenic metal has increased tremendously in the atmosphere in recent years due to 
several factors including industrial (metal alloys, nickel-Cd batteries, polluted water, food and soil), agricultural 
(fertilizers) and environmental pollution (cigarette smoke). The stable divalent cation property of Cd makes it 
non-biodegradable, and possess significant health risk to human population1,2. Accumulating evidences have 
portrayed the multiple organ damages induced by Cd toxicity. Cd has been implicated in cardiac, renal, hepatic 
and testicular injuries3,4. In addition, chronic Cd exposure can lead to osteoporosis, bone fractures and anaemia5.

Oxidative stress accrued due to excessive generation of reactive oxygen species (ROS) is the chief culprit 
implicated in the pathogenesis of Cd induced muti-organ toxicity. Oxidative stress and ROS are capable of 
stimulating inflammatory cascade via generation of proinflammatory cytokines6,7. In addition, Cd can also dis-
rupt sulfhydryl homeostasis culminating in suppression of antioxidant defense, while simultaneously promoting 
cellular apoptosis8,9. Mitigating the adverse toxicity of Cd is quite challenging due to the possible risk of toxicity 
progression involved in approaches like chelation therapy9. However, in recent years the antioxidant therapy 
has gain enormous attention in the prevention or treatment of drug/metal induced organ toxicity due to their 
inhibitory role on oxidative stress and inflammation8,10,11. Since the disruption in the oxidants and antioxidants 
balance as well as induction of inflammatory responses is a major mechanism involved in Cd-induced toxicity, 
the elimination of oxido-inflammation may be a viable therapeutic strategy to mitigate Cd toxicity.

Asperuloside (ASP) is an iridoid glycoside found in Rubiaceae plants and it has been reported to dis-
play intense anti-inflammatory, anticancer, antiobesity and antioxidant properties12,13. ASP alleviated 
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oxido-inflammatory response in DSS-induced chronic colitis14. In another study ASP inhibited NF-κB and 
MAPK inflammatory pathways in acute lung injury15. In addition, Peng et al. reported that ASP displayed uropro-
tective effects against cyclophosphamide induced urotoxicity by modulating oxidative stress and inflammation16. 
However, no investigation is available on the potentials of ASP in mitigating Cd-induced nephro-cardiac toxicity. 
In this regard, this study investigated the nephro-cardiac protective role of ASP against Cd induced toxicity in 
rats.

Materials and methods
Chemicals and reagents
Asperuloside (purchased from Shanghai Yuanye Biotechnology Co., Ltd. Shanghai, China) was gratefully gifted 
by Professor Jian Tang, Bozhou University, China. Cadmium chloride (CdCl2)was obtained from Sigma-Aldrich 
Chemical Company, St. Louis, USA. All other chemicals used were of analytical grade.

Experimental animals
This study was performed on 24 adult male Sprague Dawley rats (180–220 g). The rats were accommodated, 
fed and treated following the guidelines of the care and use of laboratory animals of the National Institutes of 
Health (NIH Publications No. 8023, revised 1978) and approved the Institutional Animal Ethics Committee of 
the Second Peoples Hospital of Wuhu City. The study is reported in accordance with ARRIVE guidelines.

Experimental protocol
The rats were fed with a standard rodent chow (TROPHIC Animal Feed High-tech Co., Ltd. Nantong, China) and 
water ad libitum under standard animal husbandry conditions. Following seven days of acclimatization, the rats 
were divided into four groups of six rats each as follows: Normal control treated with normal saline for 5 weeks; 
ASP control group treated with 50 mg/kg ASP for 5 weeks; Cd control group treated saline for 5 weeks + 5 mg/
kg CdCl2 during the last 4 weeks of treatment; ASP + Cd group treated with 50 mg/kg ASP for 5 weeks + 5 mg/kg 
CdCl2 during the last 4 weeks ASP treatment. CdCl2 and ASP were solubilized in saline and administered to the 
animals via oral gavage. The doses of ASP and CdCl2 used in this study were adopted from earlier studies9,10. After 
the last treatment, all the animals were fasted overnight and blood samples were obtained via cardiac puncture 
under thiopental anaesthesia. The blood was centrifuged to obtain the serum which was used for biochemical 
analysis. The animals were sacrificed by cervical dislocation, the heart and kidney tissues were excised, washed 
with cold normal saline and a large portion of the excised tissues was immediately frozen with liquid nitrogen 
and stored at − 80 °C for until further analysis, while the remaining portion of the harvested tissues were fixed 
in a 10% buffered formalin solution for histopathological and immunohistochemical studies.

Estimation of serum nephrocardiac biomarkers
The serum concentrations of blood urea nitrogen (BUN), creatinine (Scr), aspartate transaminase (AST), creatine 
kinase-MB (CK-MB), troponin T (TnT) and lactate dehydrogenase (LDH) were determined using commercial 
assay kits from Jiancheng Bioengineering Institute (Nanjing, China) and Cusabio Technology (Wuhan, China) 
following the manufacturer’s protocols.

Estimation of oxidative stress biomarkers
The renal and cardiac tissues were homogenised in 0.1 M phosphate buffer (10% w/v, pH 6.8), centrifuged (6000 g 
for 30 min at 4 °C) and the supernatant obtained from both tissues were subjected to the analysis of superoxide 
dismutase (SOD), catalase (CAT), reduced glutathione (GSH) and malonaldehyde (MDA) level were measured 
with biochemical assay kits (Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer’s 
protocol.

Estimation of inflammatory and apoptosis markers
Likewise, the levels of tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), interleukin-1beta (IL-1β) and 
nuclear factor kappa B (NF-κB) in the homogenates were assayed using standard ELISA method following the 
manufacturer’s protocol in the assay kit (Abcam, Cambridge, UK). Caspase 3 and TGF-β level were determined 
with ELISA kits from Cusabio Technology (China).

Histopathological and immunohistochemical examination
The kidney and heart specimens stored in 10% buffered formalin were rinsed, dehydrated in alcohol, cleared 
using xylene and embedded in paraffin. The specimens were further sectioned and stained with eosin and hae-
matoxylin (H&E). The stained slides were examined and photographed using a light microscope.

From the same specimens used for histological evaluation, the paraffin sections were deparaffinized and 
subjected to antigen retrieval. After blocking endogenous peroxidase with 3% H2O2, the sections were washed 
with PBS, incubated with primary antibodies (Ventana Medical Systems, Inc, USA) overnight at 4 °C followed 
by incubation with secondary antibodies for 2 h at room temperature. Thereafter, the tissue slices were stained 
with 3,3′-diaminobenzidine and counterstained with hematoxylin for 3 min. Brown granules represented immu-
nohistochemical positive staining. The microscopic images of the tissues were quantitatively evaluated using the 
ImageJ software. The mean colour percentage area of the immunostained proteins were quantitatively assessed 
using ImageJ software (NIH, USA). Briefly ten non-overlapping fields per tissue section of each sample was ran-
domly scanned to determine the relative area percentage of immunohistochemical expression levels of α-SMA, 
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collagen IV and Bcl2 in different groups. The positive areas were calculated as a percentage of positively stained 
area divided by the total tissue area.

Statistical analysis
Results were expressed as mean ± standard deviation and analyzed using GraphPad (version 9.0). Differences 
among the groups were analyzed using one-way ANOVA, followed by Newman–Keuls test for multiple com-
parisons. P < 0.05 was set as statistical significance.

Ethics approval
The animal care and experiment procedures were conducted in accordance with the National Institutes of Health 
(NIH Publications No. 8023, revised 1978) guidelines and approved the Institutional Animal Ethics Committee 
of the Second Peoples Hospital of Wuhu City.

Results
Effects of ASP biochemical parameters
The serum BUN and Scr of rats administered with Cd were significantly elevated when compared to the normal 
and ASP control groups (p < 0.05, Fig. 1). Interestingly, supplementation with ASP notably reduced the elevated 
levels of these kidney function parameters in comparison with the Cd group (P < 0.05). Meanwhile, the serum 
concentrations of AST, CK-MB, TnT and LDH were markedly higher in the Cd group, while treatment with ASP 
reversed the elevated levels of these biomarkers compared to the Cd group (Fig. 1).

Effects of ASP of oxidative stress indices
The effect of ASP on hepatic and cardiac antioxidant enzymes levels are shown in Fig. 2. The Cd rats showed 
increased oxidative stress as observed by significantly reduced levels of CAT, SOD and GSH, while MDA level 
was remarkably elevated as compared with the normal and ASP control groups (Fig. 2, p < 0.05). However, in 
the animals treated with ASP, MDA level was significantly reduced, while the activities of SOD, CAT and GSH 
were notably increased compared to the Cd group (Fig. 2).
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Figure 1.   Effects of asperuloside on serum BUN, creatinine, AST, CK-MB, TnT and LDH of cadmium 
administered rats. Histograms represent the mean ± SD (n = 6). For all panels: ##p < 0.05 compared to normal 
and ASP control groups; **p < 0.05 compared to Cd control group.
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Effects of ASP of inflammatory mediators
The exposure of rats to Cd for 4 weeks significantly increased nephro-cardiac levels of proinflammatory cytokines 
including TNF-α, IL-6 and IL-1β when compared to the control groups (Fig. 3). In contrast, the ASP treated 
rats showed significantly lowered concentrations of TNF-α, IL-6 and IL-1β when juxtaposed with the Cd group 
(Fig. 3). Furthermore, the results also showed that NF-кB level in the Cd group was markedly elevated (p < 0.05) 
when compared with that of normal and ASP control rats, while treatment with ASP significantly modulated 
NF-кB level in comparison to the Cd group (Fig. 3).

Effects of ASP of caspase 3 and TGF‑β
The administration of Cd for four weeks significantly (p < 0.01) increased cardiorenal levels of caspase 3 and 
TGF-β in the Cd group when compared to the control groups (Fig. 4). Whereas, treatment with ASP (50 mg/kg) 
significantly reduced Cd-mediated increase in caspase 3 and TGF-β when compared to the Cd group (Fig. 4).

Effects of ASP on histopathological and immunohistochemical analysis
H&E stained renal tissues of the Cd group showed gross alterations, including glomerular shrinkage and atrophy, 
mesangial expansion and inflammatory cells infiltration as well as significant renal tubule disarrangement when 
compared with the normal and ASP control groups (Fig. 5). In contrast to the Cd rats, the renal histopathological 
alterations were markedly reduced in the ASP treated groups (Fig. 5).

Furthermore, the cardiac tissues of the Cd group showed disordered cardiac myofibers, congestion of blood 
vessels in the myocardium with significant inflammatory cells infiltration and necrotic myocyte when compared 
to the normal groups with distinctly arranged and structured myocardial fibers and cardiomyocytes (Fig. 5). On 
the other hand, the H&E section of the heart tissues from the ASP treated rats showed significant attenuation of 
the histopathological damages observed in Cd alone administered group (Fig. 5).

The immunohistochemical protein expression of Bcl2, α-SMA and collagen IV in the renal and cardiac tissues 
are displayed in Fig. 6. When compared to the normal and ASP control groups, there were significant increases 
in the stain intensities of α-SMA and collagen IV, while the stain intensity of Bcl2 was markedly reduced in the 
Cd group. Whereas, ASP treatment notably increased the Bcl2 stain intensity and subsequent decrease in the 
α-SMA and collagen IV accumulation when compared to the Cd group (Fig. 6).

Figure 2.   Effects of asperuloside on kidney and heart CAT, SOD, GSH and MDA levels of cadmium 
administered rats. Histograms represent the mean ± SD (n = 6). For all panels: ##p < 0.05 compared to normal 
and ASP control groups; **p < 0.05 compared to Cd control group. 
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Discussion
Renal and cardiac toxicities are two of the most frequently encountered negative health impact associated with 
cadmium exposure. Cd is a toxic heavy metal that is widely spread in the environment owing to numerous human 
activities, including industrial and agricultural pollutions. The existence of this metal in the environment is very 
harmful to living organisms such as plants, animals and human beings17,18. Cd can be found in the soil, vegeta-
bles, fruits as well as in contaminated water, and the inhalation/ingestion of these contaminated food or water 
samples results in various organ toxicities, especially when consumed over a long period of time17,19. Multiple 
studies have shown that the heart, liver, kidney and testes are major target organs of Cd toxicity20–22. Hence, this 
study investigated the role of ASP in ameliorating Cd induced nephro-cardiac toxicity in rats.

The findings from this study indicated that Cd-intoxication led to significant increases in the serum levels of 
BUN and creatinine. These kidney biochemical parameters are considered as standard biomarkers implicated 
in renal damage. In the event of kidney damage, these markers are leaked into the blood stream leading to their 
elevated levels17,23. Treatment with ASP significantly decreased the levels of these renal damage indicators. Mean-
while, significant increases were observed in the serum levels of TnT, LDH, CM-KB and AST after Cd intoxi-
cation. Generally, TnT, LDH, CM-KB and AST are domiciled in the cardiomyocytes cytoplasm under normal 
physiological conditions. However, in the evident of cardiac damage or insult, these enzymes are also released 
into the blood stream leading to their elevated levels in the serum. As such, these biomarkers are considered 
as an indicator of myocardial damage24,25. The co-administration of ASP with Cd notably reduced the levels of 
these cardiac biomarkers. These results were further validated by histopathological analysis of the nephro-cardiac 
tissues of the animals exposed to Cd toxicity which revealed severe pathological defects including necrosis, infil-
tration of inflammatory cells and disordered structural architecture, while treatment of Cd intoxicated animals 
with ASP reduced these alterations to near normal.

The main pathophysiological mechanism mediating Cd toxicity has been hinged on reactive oxygen species 
and oxidative stress mediated damages. It is well known that prolonged exposure to toxicants like heavy metals 
such as Cd strikes an avalanche of ROS production in the mitochondria which triggers series of pathways linked 
to oxidative stress26–28. Cd indirectly induces the formation of ROS including superoxide, hydrogen peroxide, 
nitric oxide and hydroxyl radicals, leading to electron transport chain inhibition in the mitochondria, depletion 

Figure 3.   Effects of asperuloside on kidney and heart TNF-α, IL-6, IL-1β and NF-кB of cadmium administered 
rats. Histograms represent the mean ± SD (n = 6). For all panels: ##p < 0.05 compared to normal and ASP control 
groups; **p < 0.05 compared to Cd control group. 
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of intracellular GSH and lipid peroxide generation4. Much of the reported toxicity mediated by Cd is due to redox 
imbalance especially decreased GSH levels, antioxidant enzymes activities and increased lipid peroxidation. In 
fact, lipid peroxidation is thought to be a major hallmark of Cd-induced oxidative stress, which has been shown 
to be directly proportional to the extent or period of exposure4,29. In a recent study, Cd toxicity magnified protein 
oxidation and lipid peroxidation, while concurrently reducing antioxidant enzymes activities (SOD, CAT and 
GPx) in rats kidney30. Elmallah et al. also reported increased levels of MDA, with corresponding suppression of 
antioxidant enzymes in the testes of rats exposed to Cd toxicity31. In consonance with these reports, Cd intoxica-
tion led to drastic reduction in GSH level and the activities of SOD and CAT, while MDA was markedly increased. 
Interestingly, ASP played potent antioxidant effects by reducing lipid peroxidation (MDA) and increasing the 
activities of SOD, CAT, as well as GSH level in the treated rats.

The cordial relationship that exist between inflammation and oxidative stress has been a driving force in the 
pathophysiological outcomes mediated by these two events. Often times ROS induced oxidative stress has been 
shown to initiate series of pathways liked to inflammation. These inflammatory responses can further accrue 
additional ROS generation, leading to a viscous oxido-inflammatory cycle32,33. Specifically, Cd toxicity has been 
widely reported to be associated with inflammatory responses in immune cells through the activation of nuclear 
factor kappa B (NF-κB), which subsequently results in the elevated levels proinflammatory cytokines particularly 
TNF-α, IL-6 and IL-1β, culminating in acute/chronic inflammation and tissue damage34,35. In this study, the levels 
of proinflammatory cytokines including TNF-α, IL-1β and IL-6, as well as NF-κB were significantly elevated 
levels in the cardiac and renal tissues after exposure to cd toxicity. Whereas, ASP abrogated Cd-induced inflam-
matory response and prevented cardiorenal damage by reducing the levels of these inflammatory mediators.

Figure 4.   Effects of asperuloside on kidney and heart caspase 3 and TGF-β of cadmium administered rats. 
Histograms represent the mean ± SD (n = 6). For all panels: ##p < 0.05 compared to normal and ASP control 
groups; **p < 0.05 compared to Cd control group. 
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Cd has also been shown to enhance ROS/oxidative stress mediated apoptosis, leading to tissue damages. 
Specifically, Cd targets the mitochondria through the activation of several intrinsic and extrinsic apoptotic 
pathways including caspases and proapoptotic proteins. Earlier studies have indicated that p53, caspase 3 and 
Bax are upregulated in response to Cd toxicity, while antiapoptotic Bcl-2 protein is downregulated36,37. In this 
study, it was observed that Cd-induced toxicity increased the level of caspase 3, while the expression of Bcl-2 
protein was significantly reduced. ASP notably reversed these changes in the treated rats.

In this study, the level of TGF-β1 was significantly increased as well as the immuno-stained expression of 
α-SMA and collagen IV were dramatically increased in Cd-exposed rats, whereas coadministration with ASP 
remarkably ameliorated these markers of cardiorenal fibrosis. Accumulating evidences have shown that fibrosis 
and the deposition of extracellular matrix (ECM) plays a vital role in Cd induced cardiorenal toxicity27,38. TGF-β 
pathway is critically involved in interstitial fibrosis progression and it accelerates the onset and progression of 
glomerulosclerosis, tubulointerstitial and cardiomyocytes fibrosis via differentiation of myofibroblast and ECM 
deposit, resulting in accelerated collagen and α-SMA accumulation27,38. In addition, TGF-β1 can also induce 
increased production of ROS and inflammation39. Interestingly, treatment with ASP inhibited cardiorenal fibrosis 
in rats through the suppression of TGF-β level as well as α-SMA and collagen IV expression.

Figure 5.   Histopathological changes in the kidney and heart tissues of cadmium administered rats. Black 
arrows: renal tubule and aggregates of inflammatory cells. X 400. Bar = 100 µm.
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Conclusions
In conclusion, this study portrayed that Cd toxicity enhanced in the production of oxidative stress, apoptosis 
and inflammation in the cardio-renal tissues of the rats. In addition, Cd also induced cardiorenal fibrosis by 
enhancing TGF-β/α-SMA/collagen IV expression. Whereas, ASP treatment alleviated Cd-triggered cardiac/
nephrotoxicity by modulating oxidative stress, inflammation, apoptosis and fibrosis. Therefore, ASP may be 
considered as a potential agent to prevention of Cd-mediated toxicity.
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Figure 6.   Immunohistochemical staining of (A) Bcl2, collagen IV and α-SMA, (B) quantitative levels of Bcl2, 
collagen IV and α-SMA in the kidney tissues of cadmium administered rats. Immunohistochemical staining of 
(C) Bcl2, collagen IV and α-SMA, (D) quantitative levels of Bcl2, collagen IV and α-SMA in the heart tissues of 
cadmium administered rats Data were presented as the mean ± SD (n = 4). ##p < 0.05 compared to normal and 
ASP control groups; **p < 0.05 compared to Cd control group.
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Data availability
The data are available from the corresponding author on reasonable request.

Received: 7 December 2022; Accepted: 6 February 2023

References
	 1.	 Matović, V., Buha, A., Dukić-Ćosić, D. & Bulat, Z. Insight into the oxidative stress induced by lead and/or cadmium in blood, liver 

and kidneys. Food Chem. Toxicol. 78, 130–140 (2015).
	 2.	 Jahan, S., Zahra, A., Irum, U., Iftikhar, N. & Ullah, H. Protective effects of different antioxidants against cadmium induced oxida-

tive damage in rat testis and prostate tissues. Syst. Biol. Reprod. Med. 60, 199–205 (2014).
	 3.	 Luo, T. et al. Treatment of cadmium-induced renal oxidative damage in rats by administration of alpha-lipoic acid. Environ. Sci. 

Pollut. Res. Int. 24, 1832–1844 (2017).
	 4.	 Branca, J. J. V. et al. Cadmium-induced cytotoxicity: Effects on mitochondrial electron transport chain. Front. Cell Dev. Biol. 8, 

604377 (2020).
	 5.	 Dastan, D., Karimi, S., Larki-Harchegani, A. & Nili-Ahmadabadi, A. Protective effects of Allium hirtifolium Boiss extract on 

cadmium-induced renal failure in rats. Environ. Sci. Pollut. Res. Int. 26, 18886–18892 (2019).
	 6.	 Ansari, M. N. et al. Protective role of Roflumilast against cadmium-induced cardiotoxicity through inhibition of oxidative stress 

and NF-κB signaling in rats. Saudi Pharm. J. 27, 673–681 (2019).

Figure 6.   (continued)



10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:5698  | https://doi.org/10.1038/s41598-023-29504-0

www.nature.com/scientificreports/

	 7.	 Han, C. et al. Protective effect of Polygonatum sibiricum against cadmium-induced testicular injury in mice through inhibiting 
oxidative stress and mitochondria-mediated apoptosis. J Ethnopharmacology 261, 113060 (2020).

	 8.	 Ferlazzo, N. et al. A flavonoid-rich extract from bergamot juice, alone or in association with curcumin and resveratrol, shows 
protective effects in a murine model of cadmium-induced testicular injury. Pharmaceuticals (Basel) 14, 386 (2021).

	 9.	 Famurewa, A. C., Ejezie, A. J., Ugwu-Ejezie, C. S., Ikekpeazu, E. J. & Ejezie, F. E. Antioxidant and anti-inflammatory mechanisms 
of polyphenols isolated from virgin coconut oil attenuate cadmium-induced oxidative stress-mediated nephrotoxicity and inflam-
mation in rats. J. Appl. Biomed. 16, 281–288 (2018).

	10.	 Gabr, S. A., Alghadir, A. H. & Ghoniem, G. A. Biological activities of ginger against cadmium-induced renal toxicity. Saudi J. Biol. 
Sci. 26, 382–389 (2019).

	11.	 Wang, Y., Zou, Z., Jaisi, A. & Olatunji, O. J. Unravelling the protective effects of emodin against cyclophosphamide induced gon-
adotoxicity in male Wistar rats. Drug Des. Dev. Ther. 15, 4403–4411 (2021).

	12.	 Chan, Y. et al. Emerging therapeutic potential of the iridoid molecule, asperuloside: A snapshot of its underlying molecular 
mechanisms. Chem. Biol. Interact. 315, 108911 (2020).

	13.	 Manzione, M. G. et al. Phytochemical and pharmacological properties of asperuloside, a systematic review. Eur. J. Pharmacol. 883, 
173344 (2020).

	14.	 Chen YE, Xu SJ, Lu YY, Chen SX, Du XH, Hou SZ, Huang HY, Liang J (2021) Asperuloside suppressing oxidative stress and inflam-
mation in DSS-induced chronic colitis and RAW 264.7 macrophages via Nrf2/HO-1 and NF-κB pathways. Chem Biol Interact 
344: 109512.

	15.	 Qiu, J. et al. Pretreatment with the compound asperuloside decreases acute lung injury via inhibiting MAPK and NF-κB signaling 
in a murine model. Int. Immunopharmacol. 31, 109–115 (2016).

	16.	 Peng, X., Zhang, X., Wang, C. & Olatunji, O. J. Protective effects of asperuloside against cyclophosphamide-induced urotoxicity 
and hematotoxicity in rats. Open Chem. 20, 1444–1450 (2022).

	17.	 Li, X., Ren, M., Zhang, X. & Wang, L. Insoluble dietary fiber (non-starch polysaccharides) from rice bran attenuates cadmium-
induced toxicity in mice by modulating the gut microbiota and alleviating liver and kidney injury. Food Biosci. 48, 101807 (2022).

	18.	 Pérez-Alvarez, I., Islas-Flores, H., Gómez-Oliván, L. M., Sánchez-Aceves, L. M. & Chamorro-Cevallos, G. Protective effects of 
Spirulina (Arthrospira maxima) against toxicity induced by cadmium in Xenopus laevis. Comp. Biochem. Physiol. C Toxicol. Phar-
macol. 248, 109099 (2021).

	19.	 Hao, R. et al. Caffeic acid phenethyl ester against cadmium induced toxicity mediated by CircRNA modulates autophagy in HepG2 
cells. Ecotoxicol. Environ. Saf. 197, 110610 (2020).

	20.	 Bin-Jumah, M. N. et al. Novelkaraya gum micro-particles loaded Ganoderma lucidum polysaccharide regulate sex hormones, 
oxidative stress and inflammatory cytokine levels in cadmium induced testicular toxicity in experimental animals. Int. J. Biol. 
Macromol. 194, 338–346 (2022).

	21.	 Umar Ijaz, M. et al. Protective effects of vitexin on cadmium-induced renal toxicity in rats. Saudi J. Biol. Sci. 28, 5860–5864 (2021).
	22.	 Fan, R. et al. Betulinic acid protects mice from cadmium chloride-induced toxicity by inhibiting cadmium-induced apoptosis in 

kidney and liver. Toxicol. Lett. 299, 56–66 (2018).
	23.	 Song, P. et al. Tiliacora triandra extract and its major constituent attenuates diabetic kidney and testicular impairment by modulat-

ing redox imbalance and pro-inflammatory responses in rats. J. Sci. Food Agric. 101, 1598–1608 (2021).
	24.	 Ibrahim Fouad, G. & Ahmed, K. A. Curcumin ameliorates doxorubicin-induced cardiotoxicity and hepatotoxicity via suppressing 

oxidative stress and modulating iNOS, NF-κB, and TNF-α in rats. Cardiovasc. Toxicol. 22, 152–166 (2022).
	25.	 Ye, B., Ling, W., Wang, Y., Jaisi, A. & Olatunji, O. J. Protective effects of chrysin against cyclophosphamide-induced cardiotoxicity 

in rats: A biochemical and histopathological approach. Chem. Biodivers. 19, e202100886 (2022).
	26.	 Wang, S. et al. Cadmium-induced apoptosis through reactive oxygen species-mediated mitochondrial oxidative stress and the 

JNK signaling pathway in TM3 cells, a model of mouse Leydig cells. Toxicol. Appl. Pharmacol. 368, 37–48 (2019).
	27.	 Joardar, S. et al. Rosmarinic acid attenuates cadmium-induced nephrotoxicity via inhibition of oxidative stress, apoptosis, inflam-

mation and fibrosis. Int. J. Mol. Sci. 20, 2027 (2019).
	28.	 Dewanjee, S., Gangopadhyay, M., Sahu, R. & Karmakar, S. Cadmium induced pathophysiology: Prophylactic role of edible jute 

(Corchorus olitorius) leaves with special emphasis on oxidative stress and mitochondrial involvement. Food Chem. Toxicol. 60, 
188–198 (2013).

	29.	 Valko, M., Rhodes, C. J., Moncol, J., Izakovic, M. & Mazur, M. Free radicals, metals and antioxidants in oxidative stress-induced 
cancer. Chem. Biol. Interact. 160, 1–40 (2006).

	30.	 Athmouni, K. et al. Characterization of polysaccharides isolated from Periploca angustifolia and its antioxidant activity and reno-
protective potential against cadmium induced toxicity in HEK293 cells and rat kidney. Int. J. Biol. Macromol. 125, 730–742 (2019).

	31.	 Elmallah, M., Elkhadragy, M., Al-Olayan, E. & Abdel Moneim, A. Protective effect of Fragaria ananassa crude extract on cadmium-
induced lipid peroxidation, antioxidant enzymes suppression, and apoptosis in rat testes. Int. J. Mol. Sci. 18, 957 (2017).

	32.	 Fan, S. R., Ren, T. T., Yun, M. Y., Lan, R. & Qin, X. Y. Edaravone attenuates cadmium-induced toxicity by inhibiting oxidative stress 
and inflammation in ICR mice. Neurotoxicology 86, 1–9 (2021).

	33.	 Kumar, A. et al. Protective effect of eugenol on hepatic inflammation and oxidative stress induced by cadmium in male rats. Biomed. 
Pharmacother. 139, 111588 (2021).

	34.	 Wang, Z., Sun, Y., Yao, W., Ba, Q. & Wang, H. Effects of cadmium exposure on the immune system and immunoregulation. Front. 
Immunol. 12, 695484 (2021).

	35.	 Hossein-Khannazer, N. et al. The effects of cadmium exposure in the induction of inflammation. Immunopharmacol. Immuno-
toxicol. 42, 1–8 (2020).

	36.	 Cirmi, S. et al. Cadmium-induced kidney injury in mice Is counteracted by a flavonoid-rich extract of bergamot juice, alone or in 
association with curcumin and resveratrol, via the enhancement of different defense mechanisms. Biomedicines 9, 1797 (2021).

	37.	 Wang, J. et al. Alleviating effect of quercetin on cadmium-induced oxidative damage and apoptosis by activating the Nrf2-keap1 
pathway in BRL-3A cells. Front. Pharmacol. 13, 969892 (2022).

	38.	 Chen, J., Du, L., Li, J. & Song, H. Epigallocatechin-3-gallate attenuates cadmium-induced chronic renal injury and fibrosis. Food 
Chem. Toxicol. 96, 70–78 (2016).

	39.	 Park, S. A. et al. EW-7197 inhibits hepatic, renal, and pulmonary fibrosis by blocking TGF-β/Smad and ROS signaling. Cell Mol. 
Life Sci. 72, 2023–2039 (2015).

Author contributions
K.Z.: Conceptualization, Methodology, Data curation; C.L.: Data curation, Visualization, Supervision and 
Resources; O.O.J.: Conceptualization, Methodology, Writing-Original draft preparation, writing-reviewing and 
editing manuscript. All authors reviewed and approved the manuscript.

Competing interests 
The authors declare no competing interests.



11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5698  | https://doi.org/10.1038/s41598-023-29504-0

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to C.L. or O.J.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023, corrected publication 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Asperuloside attenuates cadmium-induced toxicity by inhibiting oxidative stress, inflammation, fibrosis and apoptosis in rats
	Materials and methods
	Chemicals and reagents
	Experimental animals
	Experimental protocol
	Estimation of serum nephrocardiac biomarkers
	Estimation of oxidative stress biomarkers
	Estimation of inflammatory and apoptosis markers
	Histopathological and immunohistochemical examination
	Statistical analysis
	Ethics approval

	Results
	Effects of ASP biochemical parameters
	Effects of ASP of oxidative stress indices
	Effects of ASP of inflammatory mediators
	Effects of ASP of caspase 3 and TGF-β
	Effects of ASP on histopathological and immunohistochemical analysis

	Discussion
	Conclusions
	References


