Please cite the Published Version

Alruhaimi, RS, Hassanein, EHM, Ahmeda, AF, Alnasser, SM, Atwa, AM, Sabry, M, Alzoghaibi,
MA and Mahmoud, Ayman M © (2024) Attenuation of inflammation, oxidative stress and TGF-
1/Smad3 signaling and upregulation of Nrf2/HO-1 signaling mediate the protective effect of diallyl
disulfide against cadmium nephrotoxicity. Tissue and Cell, 91. 102576 ISSN 0040-8166

DOI: https://doi.org/10.1016/j.tice.2024.102576
Publisher: Elsevier

Version: Accepted Version

Downloaded from: https://e-space.mmu.ac.uk/636110/

Usage rights: E Creative Commons: Attribution 4.0

Additional Information: This is an author accepted manuscript of an article published in Tissue
and Cell, by Elsevier.

Data Access Statement: The manuscript contains all data supporting the reported results.

Enquiries:

If you have questions about this document, contact openresearch@mmu.ac.uk. Please in-
clude the URL of the record in e-space. If you believe that your, or a third party’s rights have
been compromised through this document please see our Take Down policy (available from
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines)



https://orcid.org/0000-0003-0279-6500
https://doi.org/10.1016/j.tice.2024.102576
https://e-space.mmu.ac.uk/636110/
https://creativecommons.org/licenses/by/4.0/
mailto:openresearch@mmu.ac.uk
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines

Title:

Attenuation of inflammation, oxidative stress and TGF-p1/Smad3 signaling and upregulation
of Nrf2/HO-1 signaling mediate the protective effect of diallyl disulfide against cadmium
nephrotoxicity

Authors and affiliations:

Reem S. Alruhaimi®, Emad H.M. Hassanein?, Ahmad F. Ahmeda®#, Sulaiman M. Alnasser®,
Ahmed M. Atwa®, Mostafa Sabry’, Mohammed A. Alzoghaibi®, Ayman M. Mahmoud®*

!Department of Biology, College of Science, Princess Nourah bint Abdulrahman University,
Riyadh 11671, Saudi Arabia.

2Department of Pharmacology & Toxicology, Faculty of Pharmacy, Al-Azhar University-
Assiut Branch, Egypt.

3Department of Basic Medical Sciences, College of Medicine, Ajman University, Ajman 346,
United Arab Emirates.

“Center of Medical and Bio-allied Health Sciences Research, Ajman University, Ajman 346,
United Arab Emirates.

°Department of Pharmacology and Toxicology, College of Pharmacy, Qassim University,
Qassim 51452, Saudi Arabia.

®Department of Pharmacology and Toxicology, Faculty of Pharmacy, Egyptian Russian
University, Cairo 11829, Egypt.

"Department of Biochemistry, Faculty of Pharmacy, Al-Azhar University, Assiut, 71524,
Egypt.

8Physiology Department, College of Medicine, King Saud University, Riyadh, 11461, Saudi
Arabia.

Department of Life Sciences, Faculty of Science and Engineering, Manchester Metropolitan
University, Manchester M1 5GD, UK.

*Corresponding author:

Ayman M. Mahmoud

Department of Life Sciences, Faculty of Science and Engineering, Manchester Metropolitan
University, Manchester M1 5GD, UK

ORCID ID: 0000-0003-0279-6500
E-mail: a.mahmoud@mmu.ac.uk



mailto:a.mahmoud@mmu.ac.uk

Abstract:

Heavy metals are toxic environmental pollutants with serious health effects on humans and
animals. Cadmium (Cd) is known for its serious nephrotoxic effect and its toxicity involves
oxidative stress (OS) and inflammation. Diallyl disulfide (DADS), a main constituent of garlic,
exhibited cytoprotective and antioxidant activities. This study investigated the effect of DADS
on OS, inflammation, and fibrosis induced by Cd in rat kidney, pointing to the involvement of
transforming growth factor-p (TGF-f)/Smad3 and nuclear factor erythroid 2-related factor 2
(Nrf2)/heme oxygenase-1 (HO-1) signaling, and peroxisome proliferator-activated receptor
gamma (PPARy). Rats received DADS for 14 days and Cd on day 7 and blood and kidney
samples were collected. Cd elevated serum creatinine, urea and uric acid, provoked kidney
histopathological alterations and collagen deposition, increased kidney malondialdehyde
(MDA) level, and decreased glutathione (GSH) and antioxidant enzymes. Nuclear factor-
kappaB (NF-kB) p65, interleukin (IL)-6, tumor necrosis factor (TNF)-a, IL-1p, and CD68 were
upregulated in Cd-administered rat kidney. DADS prevented kidney injury, mitigated OS,
suppressed NF-kB, CD68 and pro-inflammatory mediators, and boosted antioxidants. DADS
downregulated TGF-B1, Smad3 phosphorylation and Kelch-like ECH-associated protein-1
(Keapl), and increased Nrf2, HO-1, cytoglobin, and PPARy. In conclusion, DADS protects the
kidney against Cd toxicity by attenuating OS, inflammation, and TGF-f1/Smad3 signaling,
and enhancement of Nrf2/HO-1 signaling, antioxidants, and PPARYy.
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1. Introduction

Cadmium (Cd) is a common environmental heavy metal (HM) contaminant in developing
countries, posing a significant risk to both humans and animals [1]. The primary sources of Cd
exposure include food, cigarette smoke, contaminated water, and occupational exposure [2, 3].

Cd accumulation, particularly in the kidneys, can lead to organ and systemic damage over time.



Given its extended biological half-life, Cd tends to accumulate in the liver, kidney, and bone,
which in turn promotes the development of chronic diseases such as renal disease,
cardiovascular disease, cancer, and others [4]. Kidney damage is one of the toxic consequences
of exposure to Cd and the association between occupational and environmental exposure and
kidney injury is well-acknowledged [5]. Several factors, such as duration of exposure, dose,
age, sex and route of exposure are involved in Cd nephrotoxicity [6]. Following its pulmonary
or intestinal cells-mediated absorption, Cd is mainly deposited in the liver and kidney following
its entry to the systemic circulation [7, 8], making the kidneys a target of toxicity [9]. Cd
accumulation predominantly occurs in the kidney, particularly in the proximal convoluted
tubules (PCT), and has been related to renal dysfunction and damage, culminating in polyuria
and proteinuria [10]. This is attributed to proximal tubular epithelial cell hypertrophy and the

subsequent accumulation and destruction of Cd at the site [11].

The toxicity of HMs, including Cd is associated with oxidative stress (OS), a status results from
the excess levels of reactive oxygen species (ROS) that damage cell macromolecules and
suppress the cell intrinsic ability to counteract xenobiotic exposure [12-14]. This condition
leads to lipid peroxidation (LPO), damage to membrane proteins, modifications in the
antioxidant system, DNA damage, and apoptosis [15, 16]. Cd causes renal injury through
diverse mechanisms, including the generation of ROS, inflammation, and apoptosis [11, 17].
It is widely acknowledged that Cd induces OS in animal tissues by altering the balance between
pro-oxidants and antioxidants. Cd can cause OS through its ability to diminish intracellular
reduced glutathione (GSH) levels or inhibit antioxidant enzymes such as glutathione
peroxidase (GPx) through thiol group interaction [18]. Excess ROS can activate inflammatory
pathways, resulting in inflammation and together can provoke cell death. In accordance,
exposure to Cd was associated with antioxidant depletion and inflammation [19-21]. Fibrosis

could also be a consequence of OS and inflammation [22]. ROS can activate transforming



growth factor-p1 (TGF-B1) that activates Smads and subsequently increase the production of
extracellular matrix (ECM). TGF-B1 promotes renal fibrosis by provoking epithelial-

mesenchymal transition (EMT) [23].

Nuclear factor erythroid 2—related factor 2 (Nrf-2), a cytosolic transcription factor negatively
regulated by the Kelch-like ECH-associated protein-1 (Keapl), plays a key role in
counteracting OS [24]. In response to electrophiles or increased ROS, Nrf2 dissociates from
Keapl, enters the nucleus, and transactivates a variety of cytoprotective genes [24]. Nrf2
regulates the production of antioxidant and cytoprotective genes, therefore minimizing both
inflammation and oxidative damage in the kidney [25]. Heme oxygenase-1 (HO-1) is a Nrf2-
controlled enzyme that is widely recognized for its antioxidative characteristics, which help to
regulate OS [24]. Hence, Nrf2/HO-1 signaling activation and suppression of OS and
inflammation represent an effective strategy for the prevention or attenuation of Cd

nephrotoxicity.

Previous studies have proven epidemiologically, clinically, and in laboratory that garlic
possesses important biological and pharmacological properties against several diseases as it
contains essential compounds such as diallyl disulfide (DADS) [26]. Given its rich content of
organic sulfur compounds, garlic exhibits beneficial effects against different toxic agents and
diseases associated with OS [26, 27]. DADS is a main constituent of garlic known for its
cytoprotective effects against carcinogenesis and chemically induced cellular toxicity [28, 29].
Increasing number of studies have shown that DADS exhibits anticancer properties against
different tumors including lung and breast cancers [29]. The anticancer properties of DADS
involve activation of antioxidant enzymes, attenuation of ROS generation, and suppression of
DNA damage [30]. In addition to these benefits, DADS attenuated inflammation in murine
pancreatitis and lung injury [31], and lipopolysaccharide (LPS)-challenged microglia [32] and
macrophages [33]. However, the mechanisms by which DADS confers protection against Cd-
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induced OS, inflammation and nephrotoxicity are not elucidated. The present study was
performed to evaluate the potential protective effects of DADS on Cd nephrotoxicity, pointing

to its effect on OS, inflammation, and TGF-$1/Smad3 and Nrf2/HO-1 signaling.

2. Materials and Methods

2.1. Animals and treatments

Male Wistar rats (Rattus norvegicus) (190 + 10 g) were included to investigate the effect of
DADS against Cd nephrotoxicity. The animals were kept under standard temperature (22 £
1°C) and humidity (50-60%) on a 12 h dark light cycle and given water and food ad libitum.
Four experimental groups (n = 6, randomly allocated) were assigned to this study. Cadmium
chloride (CdCly; 1.2 mg/kg) [34] (Sigma, USA; Cat. no. 202908) was administered via
intraperitoneal route to groups Il and 1V whereas groups | and Il received 0.9% saline. Ten
mg/kg DADS (Sigma, USA,; Cat. no. SMB00378) was supplemented to groups Il and IV via
oral gavage [35]. DADS was supplemented for 14 days and CdCl, was injected on day 7. No
animals were excluded from the study.

DADS and CdCl, were dissolved in 0.5% carboxymethyl cellulose (CMC) and 0.9% saline,
respectively. Following treatments, blood was collected under ketamine/xylazine anesthesia,
and the animals were then sacrificed. Samples from the liver were collected on 10% neutral
buffered formalin (NBF) and others were kept at -80°C. Another set of samples was
homogenized in cold Tris-HCI buffer (10 mM, pH = 7.4) and the supernatant was collected
following centrifugation and stored at -80°C.

2.2. Biochemical assays

Serum levels of creatinine, urea and uric acid, and kidney GSH, catalase (CAT), MDA, and
superoxide dismutase (SOD) were assayed using Bio-diagnostic (Egypt) kits (Cat. no.:

CR1250; UR2110, UA2120, TA2511, CA2517, MD2528, and SD2521, respectively). Kidney



IL-1pB, IL-6, and TNF-a were measured using ELabscience (China) ELISA kits (Cat. no.: E-
EL-R0012, E-EL-R0015, and E-EL-R2856, respectively).

2.3. Histopathology and immunohistochemistry

Kidney samples were fixed in 10% NBF for 24 h and then dehydrated in ethanol series, cleared
in xylene, and embedded in paraffin. Using a microtome, 5-um sections were prepared and
stained with hematoxylin and eosin (H&E) and Sirius red. Histopathological quantitative
scoring was evaluated in kidney tissue for the number of degenerated renal corpuscles, number
of degenerated renal tubules with cellular necrosis, number of inflammatory cells, amount of
collagen fibers, number of congested blood vessels and area of interstitial hemorrhage per
cross-sectional area using the image analysis system Leica QWin DW3000 (LEICA Imaging
Systems Ltd., Cambridge, England). The most representative six fields were assessed for each
section in all groups using 100x magnification via light microscopy transferred to the screen.
Other sections were processed for staining with antibodies against PPARy (Cat. no. YPA2204),
inducible nitric oxide synthase (iNOS) (Cat. no. YPA1072) (Biospes, China), NF-kB p65,
CD68, and cytoglobin (Santa Cruz Biotechnology, USA; Cat. no.: sc-8008, and sc-20060,
respectively). The slides were dewaxed, renydrated and then treated with 0.05 M citrate buffer
(pH 6.8) and 0.3% hydrogen peroxide (H202). The sections were blocked and incubated
overnight at 4°C with the primary antibodies, washed and then incubated with secondary
antibodies (Biospes, China), followed by 3,3'-diaminobenzidine (DAB) in H>02. Hematoxylin
was employed for counterstaining, and ImageJ (NIH, USA) was used to measure color intensity
(6/rat).

2.4. Western blotting

Frozen samples were homogenized in RIPA buffer with proteinase-phosphatase inhibitors and
protein was assayed using Bradford reagent. Forty pg protein was electrophoresed on SDS-

PAGE followed by transfer onto PVDF membranes (Millipore, Merck, Germany). 5% bovine



serum albumin (BSA) was added for blocking the membranes followed by antibodies for p-
Smad3, Smad3, HO-1, Keapl (Santa Cruz Biotechnology, USA; Cat. no.: sc-517575, sc-
101154, sc-390991, and sc-514914, respectively), TGF-B1, Nrf2, and p-actin (Biospes, China;
Cat. no.: YPA1196, YPA1865, and BPA1012, respectively). Following overnight incubation
at 4 °C, secondary antibodies were added, and the bands were developed. The band intensity
was determined using ImageJ (NIH, USA).

2.5. Statistical analysis

The results are expressed as mean * standard deviation (SD). Comparisons between groups
were performed using one-way ANOVA and Tukey’s tests on GraphPad 8. A P value <0.05
was considered significant.

3. Results

3.1. DADS prevents kidney injury induced by Cd

Cd caused dysfunction and injury of the kidney as shown by the significant increase in serum
creatinine (Fig. 1A), urea (Fig. 1B), and uric acid (Fig. 1C) in rats (P<0.001). DADS
remarkably decreased the levels of these parameters in Cd-intoxicated rats (P<0.001).
Examination of tissue section showed normal renal corpuscles and tubules in groups I and Il
(Fig. 1D). Cd provoked vacuolations of the glomeruli, dilation of interglomerular space, tubular
degeneration with desquamation and pyknotic nuclei, noticeable increase in fibers along with
infiltration of inflammatory cells, vascular congestion, and interstitial hemorrhage (Fig. 1D and
Table 1). DADS significantly prevented tissue injury as revealed by nearly normal corpuscles
with mild vacuolations, renal tubules with intact lining epithelium, obvious decline in fiber
deposition and inflammatory cells (Fig. 1D and Table 1). However, slight interstitial edema
was noticed (Fig. 1D).

3.2. DADS mitigates kidney OS and inflammation induced by Cd



Cd exposure increased MDA (Fig. 2A) and suppressed GSH, SOD, and CAT (Fig. 2B-D) in
rat kidney (P<0.001). These effects were reversed by DADS where MDA was decreased, and
antioxidants were enhanced (P<0.001). NF-kB p65, iNOS, CD68 and pro-inflammatory
cytokines were assayed to determine the beneficial role of DADS on Cd-induced inflammation.
Data represented in Figure 3A-C revealed upregulated NF-xB p65 and iNOS in Cd-challenged
rats (P<0.001). Likewise, TNF-o (Fig. 4A), IL-1p (Fig. 4B), IL-6 (Fig. 4C), and CD68
immunostaining (Fig. 4D-E) were increased following Cd exposure. DADS effectively
downregulated NF-kB p65, iNOS, cytokines, and CD68 in Cd-administered rats.

3.3. DADS suppresses TGF-1/Smad3 and fibrosis in Cd-administered rats

TGF-p1 and Smad3 phosphorylation (Fig. 5A-C) were elevated and increased collagen
disposition was observed in the kidney of Cd-intoxicated animals (Fig. 5D). Both control and
DADS-treated animals exhibited normal collagen amounts (Fig. 5D). DADS suppressed TGF-
B1 and Smad3 phosphorylation, an effect that was associated with attenuated collagen
deposition.

3.4. DADS upregulates kidney and Nrf2/HO-1 signaling, cytoglobin and PPARy in Cd-
administered rats

Keapl (Fig. 6A-B) was upregulated whereas Nrf2 and HO-1 (Fig. 6A, C, D) were declined in
Cd-treated rat kidney (P<0.001) that also showed suppressed cytoglobin (Fig. 7A) and PPARy
(Fig. 7B). DADS upregulated kidney Nrf2, HO-1, PPARy and cytoglobin and decreased Keapl
in Cd-intoxicated rats. Of note, DADS had no effect on normal rats.

4. Discussion

Exposure to chemical agents and pollutants that endanger human health represents a global
concern. Cd is a HM with serious health consequences that affect different organs, including
the kidneys [5]. Humans and animals exposure to Cd occurs via ingestion of contaminated

water or food, smoking, inhalation of polluted air, and different industries such as oil extraction,



mining, and stone quarrying [36-38]. The role of OS in Cd nephrotoxicity has been reported to
be central in the toxicity mechanism which is not fully understood [39]. Given its promising
cytoprotective properties, this study investigated the effect of DADS on kidney OS,
inflammation and fibrogenesis associated with Cd exposure in rats, pointing to the involvement
of TGF-B1/Smad3 and Nrf2/HO-1 signaling and PPARY.

In current study, administration of Cd resulted in remarkable increase in serum creatinine, urea,
and uric acid, demonstrating kidney dysfunction and injury. Increased creatinine indicates
disruption of glomerular filtration which can result in accumulation of various toxicants and
xenobiotics in the kidneys [40]. Elevated blood levels of these biochemical parameters has
been previously reported [41]. These data were supported by microscopic findings which
revealed severe renal damage comprising vacuolated glomeruli, dilated interglomerular space,
tubular degeneration and pyknosis, noticeable increase in fibers quantity along with infiltration
of inflammatory cells, vascular congestion, and interstitial hemorrhage. The reported kidney
injury is a direct result of Cd accumulation because approximately 50% of Cd found in the
body accumulates in the PCTs resulting in dysregulated reabsorption and subsequently
proteinuria [10, 11]. Cd enters the PCT cells following reabsorption via several transporters
and channels, including organic cation transporter and voltage-dependent Ca?* channels [39].
In addition, Cd absorbed by the intestinal and pulmonary cells enters the circulation and
induces metallothionein (MT) synthesis within hepatocytes and Cd-MT complexes generation
[42]. The formed complexes reach the kidney and the release of Cd facilitates the formation of
additional Cd-MT complexes and Cd accumulation within the PCTs [42]. In alignment with
these findings, PCTs in Cd-administered animals in this study revealed tubular degeneration
with desquamation. Moreover, Cd-mediated inhibition of the proteins responsible for
elimination of cationic drugs and toxins contributes to Cd accumulation and kidney dysfunction

and injury [43]. DADS prevented tissue damage and ameliorated circulating creatinine, urea



and uric acid. These findings pinpointed its protective efficacy against Cd nephrotoxicity and
added support to previous studies revealing its nephroprotective effects. In this context, Sharma
et al [44] reported the efficacy of DADS in preventing kidney tissue injury induced by glycerol
in rats and Ko et al [45] reported similar findings in the kidney of rats challenged with
acetaminophen (APAP). Moreover, in animal models of nephrotoxicity induced by cisplatin
(CIS) [46], gentamicin (GM) [47], and trichloromethane (CHCIs) [48], DADS showed
protective effects against tissue injury. Our study provided new information that DADS can

protect the kidney against damage induced by Cd.

There is a growing evidence on the role of OS and inflammation in mediating the toxic
mechanism of Cd [11]. Therefore, it is noteworthy assuming that the observed nephroprotective
efficacy of DADS in this study is a result of its antioxidant and anti-inflammatory efficacies.
Exposure to Cd can increase ROS generation, but indirectly through Fenton-type reactions and
other reactions provoked via free iron [49]. Mitochondrial dysfunction and enhanced ROS
generation are also effects of Cd [11]. Cd-mediated ROS generation includes H.O,, and
hydroxyl and superoxide radicals. Superoxide can react with NO to produce peroxynitrite that
increases ROS and damage DNA [50]. ROS can damage cellular lipids via peroxidation, and
oxidative damage of proteins and DNA. LPO is one of the main indicators of tissue damage
and OS and has been clearly implicated in Cd toxicity. We showed that Cd intoxication
significantly increased LPO indicated by elevated MDA levels and decreased GSH, SOD, and
CAT. These findings align with our previous research as well as other literature on Cd-induced
OS in different tissues [19, 41, 51, 52]. The diminished kidney antioxidants is attributed to Cd
binding to the sulfhydryl groups on GSH and other proteins [53], disruption of the catalytic
function of SOD [54] and interaction of Cd with the catalytic center of CAT [55]. Another
consequence of ROS in the promotion of inflammatory responses via activation of NF-xB and

expression of pro-inflammatory mediators.
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Cytokines and other inflammatory mediators are essential tissue markers of inflammatory
responses inflicted by Cd and other environmental toxicant [56, 57]. Here, administration of
Cd significantly upregulated kidney NF-xB p65, IL-6, TNF-a, IL-1p, and iNOS, demonstrating
an inflammatory response. Upon its ROS- and tissue damage-mediated activation, NF-xB
promotes inflammation in different tissues by controlling large number of important pro-
inflammatory mediators such as TNF-a, IL-1p, IL-6 and iINOS [58]. TNF-a, IL-6, and IL-1p
promote inflammatory responses and in combination with ROS inhibit mitochondrial function
and initiate cellular apoptosis [59]. Our findings are in consistent with previous studies on Cd-
induced inflammatory responses in murine hepatocytes [56], human hepatoma cell line HepG2
[60], and rat kidney [41, 61]. Additionally, the kidney of Cd-administered rats showed high
levels of CD68, the most reliable marker for macrophages [62] and this aligned with the
infiltration of inflammatory cells observed in the microscopic examination. Within the
inflammatory environment, cytokines could promote the polarization of macrophage towards
a profibrotic phenotype [63]. This polarization contributes to the secretion of fibrogenesis
mediators and lead to renal fibrosis [63]. The association between CD68 and TGF-B1 as
diagnostic markers for renal disease has been demonstrated [64]. Accordingly, the current study
revealed significant upregulation of TGF-B1 and Smad3 phosphorylation associated with
collagen deposition and interstitial fibrosis. TGF-B1 is a pleiotropic cytokine that promotes
renal fibrosis by provoking EMT, activating Smads and increasing the production of ECM
[23]. The binding of TGF-B1 to its receptor promotes the phosphorylation of Smad2 and Smad3
and form a complex with Smad4. Upon nuclear translocation, this complex promotes the
transcription of several genes involved in fibrogenesis [65]. TGF-B1 could be activated by ROS
and Smads act as signal integrators that interact with NF-xB signaling [65]. Therefore, OS,

inflammation and fibrogenesis are interconnected pathological processes. While chronic Cd
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exposure for 24 weeks is associated with renal fibrosis in mice [66], our study provided

evidence that fibrosis in the kidney could be a consequence of acute exposure.

DADS prevented OS, inflammatory mediators and fibrosis in the kidney of animals subjected
to Cd. DADS suppressed LPO, NF-«xB, iNOS, inflammatory cytokines, leukocyte infiltration
and TGF-B1/Smad3 signaling, and enhanced antioxidants. These findings demonstrated the
protective efficacy of DADS against Cd nephrotoxicity and added support to previous studies
revealing its beneficial effect against kidney injury induced by different chemicals and drugs.
For instance, DADS ameliorated LPO and enhanced GSH in the kidney of rats challenged with
glycerol [44]. In APAP-induced rats, DADS decreased kidney MDA, suppressed NF-xB and
TNF-a, and enhanced GSH, SOD and CAT [45]. In a rat model of CIS nephrotoxicity [46],
high doses of DADS decreased MDA and pro-inflammatory and boosted antioxidant enzymes.
In addition, DADS attenuated kidney OS and inflammation associated with GM [47] and
CHCI3 [48] in experimental animals. These investigations along with the findings of this study
demonstrated the involvement of OS and inflammation suppression in the nephroprotective
mechanism of DADS. Owing to the role of OS and inflammation in provoking fibrosis via
activation of TGF-B1/Smad3 signaling, the anti-fibrosis efficacy of DADS reported in this

study is directly connected to its dual antioxidant and anti-inflammatory effect.

To further explore the underlying mechanism(s), the effects of Cd and/or DADS on Nrf2/HO-
1 signaling, cytoglobin and PPARy were investigated. Kidney injury induced by Cd was
associated with upregulated Keapl and suppression of Nrf2, HO-1, cytoglobin, and PPARYy.
Interestingly, DADS showed a preventive effect on the negative impact of Cd on Nrf2/HO-1
signaling, cytoglobin and PPARYy in rat kidney. DADS downregulated kidney Keapl and
increased Nrf2 and HO-1 in Cd-administered rats. Nrf2 activation elicits the expression of
cytodefensive genes, including HO-1, SOD and CAT to counteract elevated ROS levels and
OS [24]. This explained, at least in part, the suppressed OS and enhanced antioxidant enzymes
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following treatment with DADS. Upregulation of Nrf2 can suppress inflammation by binding
to the proximity of IL-6 and IL-1B genes and preventing their transcription. Additionally,
upregulation of antioxidant defenses eliminates ROS and contributes to the anti-inflammatory
consequence of Nrf2 activation [67]. Upregulation of Nrf2 participated in the anti-fibrosis
efficacy of DADS. Accordingly, Che et al [66] demonstrated that mice lacking Nrf2 were more
prone to develop kidney fibrosis following chronic exposure to Cd. This enhanced
susceptibility was attributed to suppressed antioxidant and detoxification capacities [66]. The
antioxidant efficacy of DADS was associated with increased cytoglobin in rat kidney. The
cytodefensive function of cytoglobin is mediated via its ROS-scavenging ability and
maintaining redox balance [68]. The suppression of cytoglobin leads to cell damage mediated
via oxidative DNA damage, and cells and organs lacking cytoglobin are more prone to
radiation-induced fibrogenesis and inflammation [68]. In contrast, upregulation of cytoglobin
suppressed ROS and cell death [69], and ability to suppress superoxide and peroxynitrite
generation was reported by Zweier et al [70]. Besides Nrf2/HO-1 signaling and cytoglobin, the
antioxidant, anti-inflammatory and anti-fibrosis efficacies of DADS could be connected to
PPARy upregulation. PPARy belongs to the nuclear receptor superfamily that prevents
inflammation, OS and fibrosis upon activation [71]. PPARYy activation attenuates inflammation
by suppressing NF-xB and upregulates antioxidant enzymes. It inhibits IxBao degradation and
p65 nuclear translocation, leading to suppression of NF-xB transcriptional activity [72, 73].
Furthermore, PPARY activation mitigated fibrosis in different organs by suppressing TGF-
B/Smad signaling [74]. Previous studies have shown the positive effect of DADS on PPARYy in
a mouse model of acute pancreatitis [75]. The role of PPARy in DADS-mediated protection
against lung cancer [76] and the upregulation of PPARy gene in mice with hepatic steatosis
following treatment with DADS [77] have been reported. The role of PPARy in the

nephroprotective mechanism of DADS was supported by the study of Sharma et al [44] where
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pretreatment of the rats with PPARy antagonist abolished DADS renoprotection. Our findings
supported the beneficial effect of DADS on PPARy and pinpointed its involvement in the
conferred protection against Cd nephrotoxicity. However, the lack of data showing the use
PPARy and Nrf2 agonists/antagonists and different doses of DADS could be considered as

limitations of this study.

5. Conclusion

These findings introduced new information that DADS prevented Cd nephrotoxicity and the
possible underlying mechanism. Cd caused kidney dysfunction, injury, inflammation, OS, and
fibrosis. This nephrotoxic effect was accompanied with upregulated TGF-B1/Smad3 signaling,
and suppressed Nrf2/HO-1 pathway, PPARy and cytoglobin. DADS mitigated kidney damage
by preventing OS, inflammation, and TGF-1/Smad3 signaling, and enhancement Nrf2/HO-1
pathway, PPARYy and antioxidants. Therefore, DADS can afford protection against Cd toxicity
by modulating redox homeostasis and inflammatory response. DADS could be valuable to
protect the kidney of individuals at risk of Cd exposure and toxicity. However, further

investigations to elucidate other underlying mechanism(s) and clinical trials are needed.

Acknowledgment

Princess Nourah bint Abdulrahman University Researchers Supporting Project Number
(PNURSP2024R381), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.
Declaration of Competing Interest

All authors declare no conflict of interests in relation to the manuscript.

Ethics declarations:

All animal experiments comply with the National Institutes of Health guide for the care and
use of Laboratory animals (NIH Publications No. 8523, revised 1996). The study was approved

by the ethics committee of Al-Azhar University (AZ-AS/PH-REC/42/2024).

14



Availability of data and materials

The manuscript contains all data supporting the reported results.

References:

[1] H. Zhang, M. Reynolds, Cadmium exposure in living organisms: A short review, Science of
the Total Environment 678 (2019) 761-767.

[2] O. Faroon, A. Ashizawa, S. Wright, P. Tucker, K. Jenkins, L. Ingerman, C. Rudisill, Toxicological
Profile for Cadmium (Atlanta (GA): Agency for Toxic Substances and Disease Registry (US)),
2012.

[3] T.S. Nawrot, J.A. Staessen, H.A. Roels, E. Munters, A. Cuypers, T. Richart, A. Ruttens, K.
Smeets, H. Clijsters, J. Vangronsveld, Cadmium exposure in the population: from health risks to
strategies of prevention, Biometals 23 (2010) 769-782.

[4] A.E. Charkiewicz, W.J. Omeljaniuk, K. Nowak, M. Garley, J. Niklinski, Cadmium toxicity and
health effects—a brief summary, Molecules 28(18) (2023) 6620.

[5] E.C. Moody, S.G. Coca, A.P. Sanders, Toxic Metals and Chronic Kidney Disease: a Systematic
Review of Recent Literature, Curr Environ Health Rep 5(4) (2018) 453-463.

[6] S. Satarug, Dietary Cadmium Intake and Its Effects on Kidneys, Toxics 6(1) (2018).

[7] A.E. Egger, G. Grabmann, C. Gollmann-Tepekdylu, E.J. Pechriggl, C. Artner, A. Turkcan, C.G.
Hartinger, H. Fritsch, B.K. Keppler, E. Brenner, M. Grimm, B. Messner, D. Bernhard, Chemical
imaging and assessment of cadmium distribution in the human body, Metallomics 11(12) (2019)
2010-2019.

[8]J.L. Young, X. Yan, J. Xu, X. Yin, X. Zhang, G.E. Arteel, G.N. Barnes, J.C. States, W.H. Watson,
M. Kong, L. Cai, J.H. Freedman, Cadmium and High-Fat Diet Disrupt Renal, Cardiac and Hepatic
Essential Metals, Sci Rep 9(1) (2019) 14675.

[9] P. Lentini, L. Zanoli, A. Granata, S.S. Signorelli, P. Castellino, R. Dell'’Aquila, Kidney and heavy
metals - The role of environmental exposure (Review), Mol Med Rep 15(5) (2017) 3413-3419.
[10] N. Johri, G. Jacquillet, R. Unwin, Heavy metal poisoning: the effects of cadmium on the
kidney, Biometals : an international journal on the role of metal ions in biology, biochemistry,
and medicine 23(5) (2010) 783-92.

[11] L.-J. Yan, D.C. Allen, Cadmium-induced kidney injury: Oxidative damage as a unifying
mechanism, Biomolecules 11(11) (2021) 1575.

[12] S. Derouiche, T. Cheradid, M. Guessoum, Heavy metals, oxidative stress and inflammation
in pathophysiology of chronic kidney disease-a review, Asian journal of pharmacy and
technology 10(3) (2020) 202-206.

[13]Y.Li, H. Cui, D. Li, H.-Y. Fu, J.-Z. Li, W.-X. Xu, R.-F. Fan, Selenium alleviates pancreatic
fibrosis in chickens caused by mercuric chloride: Involvement of the MAPK signaling pathway
and selenoproteins, Environmental Pollution 357 (2024) 124448.

[14] Y. Li, H. Cui, W.X. Xu, H.. Fu, J.Z. Li, R.F. Fan, Selenium represses microRNA-202-5p/MICU1
aixs to attenuate mercuric chloride-induced kidney ferroptosis, Poult Sci 103(8) (2024) 103891.
[15] Y. Fujiwara, J.-Y. Lee, M. Tokumoto, M. Satoh, Cadmium renal toxicity via apoptotic
pathways, Biological and pharmaceutical bulletin 35(11) (2012) 1892-1897.

[16] J.G. Paithankar, S. Saini, S. Dwivedi, A. Sharma, D.K. Chowdhuri, Heavy metal associated
health hazards: An interplay of oxidative stress and signal transduction, Chemosphere 262
(2021) 128350.

[17] E.H. Hassanein, W.R. Mohamed, O.S. Ahmed, M.M. Abdel-Daim, A.M. Sayed, The role of
inflammation in cadmium nephrotoxicity: NF-kB comes into view, Life Sciences 308 (2022)
120971.

15



[18] S. Nemmiche, Oxidative signaling response to cadmium exposure, Toxicological sciences
156(1) (2017) 4-10.

[19] R.S. Alruhaimi, E.H. Hassanein, M.N. Bin-Jumah, A.M. Mahmoud, Cadmium cardiotoxicity
is associated with oxidative stress and upregulated TLR-4/NF-kB pathway in rats; protective role
of agomelatine, Food and Chemical Toxicology 180 (2023) 114055.

[20] N. Hossein-Khannazer, G. Azizi, S. Eslami, H. Alhassan Mohammed, F. Fayyaz, R.
Hosseinzadeh, A.B. Usman, A.N. Kamali, H. Mohammadi, F. Jadidi-Niaragh, E. Dehghanifard, M.
Noorisepehr, The effects of cadmium exposure in the induction of inflammation,
Immunopharmacol Immunotoxicol 42(1) (2020) 1-8.

[21]1Z. Wang, Y. Sun, W. Yao, Q. Ba, H. Wang, Effects of Cadmium Exposure on the Immune
System and Immunoregulation, Front Immunol 12 (2021) 695484.

[22] J. Krsti¢, D. Trivanovié, S. Mojsilovi¢, J.F. Santibanez, Transforming Growth Factor-Beta and
Oxidative Stress Interplay: Implications in Tumorigenesis and Cancer Progression, Oxid Med
Cell Longev 2015 (2015) 654594.

[23] G. Vega, S. Alarcén, R. San Martin, The cellular and signalling alterations conducted by TGF-
B contributing to renal fibrosis, Cytokine 88 (2016) 115-125.

[24] S. Satta, A.M. Mahmoud, F.L. Wilkinson, M. Yvonne Alexander, S.J. White, The Role of Nrf2 in
Cardiovascular Function and Disease, Oxid Med Cell Longev 2017 (2017) 9237263.

[25] M. Nezu, N. Suzuki, Roles of Nrf2 in protecting the kidney from oxidative damage,
International journal of molecular sciences 21(8) (2020) 2951.

[26] M. Dorrigiv, A. Zareiyan, H. Hosseinzadeh, Garlic (Allium sativum) as an antidote or a
protective agent against natural or chemical toxicities: A comprehensive update review,
Phytother Res 34(8) (2020) 1770-1797.

[27] P.Z. Trio, S. You, X. He, J. He, K. Sakao, D.X. Hou, Chemopreventive functions and molecular
mechanisms of garlic organosulfur compounds, Food Funct 5(5) (2014) 833-44.

[28] L.-Y. Sheen, C.-C. Wu, C.-K. Lii, S.-J. Tsai, Effect of diallyl sulfide and diallyl disulfide, the
active principles of garlic, on the aflatoxin B1-induced DNA damage in primary rat hepatocytes,
Toxicology Letters 122(1) (2001) 45-52.

[29] K. Gunasekaran, B.M.K. Vasamsetti, P. Thangavelu, K. Natesan, B. Mujyambere, V.
Sundaram, R. Jayaraj, Y.-J. Kim, S. Samiappan, J.-W. Choi, Cytotoxic Effects of Nanoliposomal
Cisplatin and Diallyl Disulfide on Breast Cancer and Lung Cancer Cell Lines, Biomedicines 11(4)
(2023) 1021.

[30] S. Mitra, R. Das, T.B. Emran, R.K. Labib, F. Islam, R. Sharma, |I. Ahmad, F. Nainu, K.
Chidambaram, F.A. Alhumaydhi, Diallyl disulfide: a bioactive garlic compound with anticancer
potential, Frontiers in Pharmacology 13 (2022) 943967.

[31] M. Mathan Kumar, R. Tamizhselvi, Protective effect of diallyl disulfide against cerulein-
induced acute pancreatitis and associated lung injury in mice, Int Immunopharmacol 80 (2020)
106136.

[82] H.Y. Park, N.D. Kim, G.. Kim, H.J. Hwang, B.W. Kim, W.J. Kim, Y.H. Choi, Inhibitory effects of
diallyl disulfide on the production of inflammatory mediators and cytokines in
lipopolysaccharide-activated BV2 microglia, Toxicol Appl Pharmacol 262(2) (2012) 177-84.

[33] C.C. Chu, W.S. Wu, J.P. Shieh, H.L. Chu, C.P. Lee, P.D. Duh, The Anti-Inflammatory and
Vasodilating Effects of Three Selected Dietary Organic Sulfur Compounds from Allium Species,
JFunct Biomater 8(1) (2017).

[34] E.C. de Lima, C.F.G. de Moura, M.J.D. Silva, W. Vilegas, A.B. Santamarina, L.P. Pisani, F. de
Oliveira, D.A. Ribeiro, Therapeutical properties of Mimosa caesalpiniifoliain rat liver intoxicated
with cadmium, Environmental science and pollution research international 27(10) (2020)
10981-10989.

[35] Y. Hashizume, K. Shirato, I. Abe, A. Kobayashi, R. Mitsuhashi, C. Shiono, S. Sato, K.
Tachiyashiki, K. Imaizumi, Diallyl disulfide reduced dose-dependently the number of
lymphocyte subsets and monocytes in rats, J Nutr Sci Vitaminol (Tokyo) 58(4) (2012) 292-6.

16



[36] L. Jarup, A. Akesson, Current status of cadmium as an environmental health problem,
Toxicology and applied pharmacology 238(3) (2009) 201-208.

[37] F.S. Al-Otaibi, J.S. Ajarem, M.A. Abdel-Maksoud, S. Maodaa, A.A. Allam, G.1. Al-Basher, A.M.
Mahmoud, Stone quarrying induces organ dysfunction and oxidative stress in Meriones libycus,
Toxicol Ind Health 34(10) (2018) 679-692.

[38] A. Almalki, J. Ajarem, A.A. A, A.E.-S. H, N.M. S, M.M. A, Use of Spilopelia senegalensis as a
Biomonitor of Heavy Metal Contamination from Mining Activities in Riyadh (Saudi Arabia),
Animals (Basel) 9(12) (2019).

[39] EY. Hernandez-Cruz, I. Amador-Martinez, A.K. Aranda-Rivera, A. Cruz-Gregorio, J. Pedraza
Chaverri, Renal damage induced by cadmium and its possible therapy by mitochondrial
transplantation, Chemico-Biological Interactions 361 (2022) 109961.

[40] S.E. Orr, C.C. Bridges, Chronic Kidney Disease and Exposure to Nephrotoxic Metals, IntJ
Mol Sci 18(5) (2017).

[41] M. Umar ljaz, M. Batool, A. Batool, K.A. Al-Ghanimd, S. Zafar, A. Ashraf, F. Al-Misned, Z.
Ahmed, S. Shahzadi, A. Samad, U. Atique, N. Al-Mulhm, S. Mahboob, Protective effects of
vitexin on cadmium-induced renal toxicity in rats, Saudi J Biol Sci 28(10) (2021) 5860-5864.
[42] 1. Saboli¢, D. Breljak, M. Skarica, C.M. Herak-Kramberger, Role of metallothionein in
cadmium traffic and toxicity in kidneys and other mammalian organs, BioMetals 23(5) (2010)
897-926.

[43] H. Yang, S. Zhou, D. Guo, O.N. Obianom, Q. Li, Y. Shu, Divergent Regulation of OCT and
MATE Drug Transporters by Cadmium Exposure, Pharmaceutics 13(4) (2021).

[44] A.K. Sharma, A. Kaur, J. Kaur, G. Kaur, A. Chawla, M. Khanna, H. Kaur, H. Kaur, T. Kaur, A.P.
Singh, Ameliorative Role of Diallyl Disulfide Against Glycerol-induced Nephrotoxicity in Rats, J
Pharm Bioallied Sci 13(1) (2021) 129-135.

[45]J.-W. Ko, J.-Y. Shin, J.-W. Kim, S.-H. Park, N.-R. Shin, I.-C. Lee, |.-S. Shin, C. Moon, S.-H. Kim,
S.-H. Kim, J.-C. Kim, Protective effects of diallyl disulfide against acetaminophen-induced
nephrotoxicity: A possible role of CYP2E1 and NF-«kB, Food and Chemical Toxicology 102 (2017)
156-165.

[46] A. Elkhoely, R. Kamel, Diallyl sulfide alleviates cisplatin-induced nephrotoxicity in rats via
suppressing NF-kB downstream inflammatory proteins and p53/Puma signalling pathway,
Clinical and Experimental Pharmacology and Physiology 45(6) (2018) 591-601.

[47] C. Pedraza, x, José, A.E. Gonzéalez-Orozco, P.D. Maldonado, D. Barrera, O.N. Medina-
Campos, R. Hernandez-Pando, Diallyl disulfide ameliorates gentamicin-induced oxidative
stress and nephropathy in rats, European Journal of Pharmacology 473(1) (2003) 71-78.

[48] O.T. Somade, A.H. Adedokun, |.K. Adeleke, M.A. Taiwo, M.O. Oyeniran, Diallyl disulfide, a
garlic-rich compound ameliorates trichloromethane-induced renal oxidative stress,

NFKB activation and apoptosis in rats, Clinical Nutrition Experimental 23 (2019) 44-59.

[49] A. Cuypers, M. Plusquin, T. Remans, M. Jozefczak, E. Keunen, H. Gielen, K. Opdenakker,
A.R. Nair, E. Munters, T.J. Artois, Cadmium stress: an oxidative challenge, Biometals 23 (2010)
927-940.

[50] P. Pacher, J.S. Beckman, L. Liaudet, Nitric Oxide and Peroxynitrite in Health and Disease,
Physiol Rev. 87(1) (2007) 315-424.

[51] E. Beytut, M. Aksakal, The effect of long-term supplemental dietary cadmium on lipid
peroxidation and the antioxidant system in the liver and kidneys of rabbits, Turkish Journal of
Veterinary & Animal Sciences 26(5) (2002) 1055-1060.

[52] J. Liu, W. Qu, M.B. Kadiiska, Role of oxidative stress in cadmium toxicity and
carcinogenesis, Toxicology and applied pharmacology 238(3) (2009) 209-214.

[53] K. Renu, R. Chakraborty, H. Myakala, R. Koti, A.C. Famurewa, H. Madhyastha, B. Vellingiri,
A. George, A. Valsala Gopalakrishnan, Molecular mechanism of heavy metals (Lead,
Chromium, Arsenic, Mercury, Nickel and Cadmium) - induced hepatotoxicity — A review,
Chemosphere 271 (2021) 129735.

17



[54] E. Casalino, G. Calzaretti, C. Sblano, C. Landriscina, Molecular inhibitory mechanisms of
antioxidant enzymes in rat liver and kidney by cadmium, Toxicology 179(1-2) (2002) 37-50.

[55] T. Wroriska-Nofer, J. Wisniewska-Knypl, E. Dziubaltowska, K. Wyszyfiska, Prooxidative and
genotoxic effect of transition metals (cadmium, nickel, chromium, and vanadium) in mice,
Trace Elements and Electrocytes 16(2) (1999) 87-92.

[56] L. Liu, R. Tao, J. Huang, X. He, L. Qu, Y.Jin, S. Zhang, Z. Fu, Hepatic oxidative stress and
inflammatory responses with cadmium exposure in male mice, Environmental Toxicology and
Pharmacology 39(1) (2015) 229-236.

[57] R.S. Alruhaimi, M.F. Alotaibi, S.M. Alnasser, M.A. Alzoghaibi, M.O. Germoush, M. Alotaibi,
E.H.M. Hassanein, A.M. Mahmoud, Farnesol prevents chlorpyrifos nephrotoxicity by modulating
inflammatory mediators, Nrf2 and FXR and attenuating oxidative stress, Food Chem Toxicol 190
(2024) 114788.

[58] J.P. Mitchell, R.J. Carmody, Chapter Two - NF-kB and the Transcriptional Control of
Inflammation, in: F. Loos (Ed.), International Review of Cell and Molecular Biology, Academic
Press2018, pp. 41-84.

[59]Y. Shi, J. Chen, C. Weng, R. Chen, Y. Zheng, Q. Chen, H. Tang, Identification of the protein-
protein contact site and interaction mode of human VDAC1 with Bcl-2 family proteins,
Biochemical and Biophysical Research Communications 305(4) (2003) 989-996.

[60] V. Souza, M. del Carmen Escobar, L. Gdmez-Quiroz, L. Bucio, E. Hernandez, E.C. Cossio,
M.C. Gutiérrez-Ruiz, Acute cadmium exposure enhances AP-1 DNA binding and induces
cytokines expression and heat shock protein 70 in HepG2 cells, Toxicology 197(3) (2004) 213-
228.

[61] S. Das, S. Dewanjee, T.K. Dua, S. Joardar, P. Chakraborty, S. Bhowmick, A. Saha, S.
Bhattacharjee, V. De Feo, Carnosic Acid Attenuates Cadmium Induced Nephrotoxicity by
Inhibiting Oxidative Stress, Promoting Nrf2/HO-1 Signalling and Impairing TGF-
B1/Smad/Collagen IV Signalling, Molecules 24(22) (2019).

[62] D.A. Chistiakov, M.C. Killingsworth, V.A. Myasoedova, A.N. Orekhov, Y.V. Bobryshey,
CD68/macrosialin: not just a histochemical marker, Lab Invest 97(1) (2017) 4-13.

[63] H.J. Anders, M. Ryu, Renal microenvironments and macrophage phenotypes determine
progression or resolution of renal inflammation and fibrosis, Kidney Int 80(9) (2011) 915-925.
[64]J. Sun, L. Hao, H. Shi, Associations between the concentrations of CD68, TGF-B1, renal
injury index and prognosis in glomerular diseases, Exp Ther Med 20(5) (2020) 56.

[65] F. Xie, Z. Zhang, H. van Dam, L. Zhang, F. Zhou, Regulation of TGF-B Superfamily Signaling by
SMAD Mono-Ubiquitination, Cells 3(4) (2014) 981-93.

[66] C. Chen, Z. Zhou, S. Yu, Y. Ma, G. Wang, X. Han, C. Jiao, J. Luan, Z. Liu, Y. Xu, H. Wang, Q.
Zhang, J. Fu, H. Zhou, J. Pi, Nrf2 protects against renal fibrosis induced by chronic cadmium
exposure in mice, Food and Chemical Toxicology 178 (2023) 113875.

[67] E.H. Kobayashi, T. Suzuki, R. Funayama, T. Nagashima, M. Hayashi, H. Sekine, N. Tanaka, T.
Moriguchi, H. Motohashi, K. Nakayama, M. Yamamoto, Nrf2 suppresses macrophage
inflammatory response by blocking proinflammatory cytokine transcription, Nature
Communications 7(1) (2016) 11624.

[68] F.E. McRonald, J.M. Risk, N.J. Hodges, Protection from intracellular oxidative stress by
cytoglobin in normal and cancerous oesophageal cells, PloS one 7(2) (2012) e30587.

[69] N.J. Hodges, N. Innocent, S. Dhanda, M. Graham, Cellular protection from oxidative DNA
damage by over-expression of the novel globin cytoglobin in vitro, Mutagenesis 23(4) (2008) 293-
8.

[70]J.L. Zweier, C. Hemann, T. Kundu, M.G. Ewees, S.A. Khaleel, A. Samouilov, G. llangovan,
M.A. EI-Mahdy, Cytoglobin has potent superoxide dismutase function, Proceedings of the
National Academy of Sciences 118(52) (2021) e2105053118.

18



[71] A.M. Mahmoud, M.Y. Alexander, Y. Tutar, F.L. Wilkinson, A. Venditti, Oxidative Stress in
Metabolic Disorders and Drug-Induced Injury: The Potential Role of Nrf2 and PPARs Activators,
Oxid Med Cell Longev 2017 (2017) 2508909.

[72] S. Kersten, B. Desvergne, W. Wahli, Roles of PPARs in health and disease, Nature 405(6785)
(2000) 421-424.

[73] A.H. Remels, R.C. Langen, H.R. Gosker, A.P. Russell, F. Spaapen, J.W. Voncken, P.
Schrauwen, A.M. Schols, PPARgamma inhibits NF-kappaB-dependent transcriptional activation
in skeletal muscle, Am J Physiol Endocrinol Metab. 297(1) (2009) E174-E183.

[74] A.M. Mahmoud, W.G. Hozayen, |.H. Hasan, E. Shaban, M. Bin-Jumah, Umbelliferone
Ameliorates CCl4-Induced Liver Fibrosis in Rats by Upregulating PPARy and Attenuating
Oxidative Stress, Inflammation, and TGF-B1/Smad3 Signaling, Inflammation 42(3) (2019) 1103-
1116.

[75] M.K. Marimuthu, A. Moorthy, T. Ramasamy, Diallyl Disulfide Attenuates STAT3 and NF-kB
Pathway Through PPAR-y Activation in Cerulein-Induced Acute Pancreatitis and Associated
Lung Injury in Mice, Inflammation 45(1) (2022) 45-58.

[76] Z. Qu, J. Tian, J. Sun, Y. Shi, J. Yu, W. Zhang, C. Zhuang, Diallyl trisulfide inhibits 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced lung cancer via modulating gut
microbiota and the PPARy/NF-kB pathway, Food Funct 15(1) (2024) 158-171.

[771Y.Yang, F. Yang, M. Huang, H. Wu, C. Yang, X. Zhang, L. Yang, G. Chen, S. Li, Q. Wang, S. Liu,
Y. Liu, Y. Lei, Z. Lei, J. Guo, Fatty liver and alteration of the gut microbiome induced by diallyl
disulfide, Int J Mol Med 44(5) (2019) 1908-1920.

19



Tables:

Table 1. Histopathological lesions scoring.

Control DADS Cd DADS + Cd
Number of degenerated renal Ak .
corpuscles 050+£034 0.33+£0.21 11.50+1.87 3.16 £ 117 *###
Number of inflammatory cells 550+1.88 7.00+141 104.5%8.57*** 47.50 + 6.44***#i##
Number of degenerated renal Sk ——
tubules with cellular necrosis 250+£1.04 3.16+1.74 56.67 £4.46 15.00 + 4.69***###
\'je‘;gﬁ’ser of congested blood 0.83+071 100+063 0.84+248%* 200+ LAL###H
%“ount of collagen fibers (area 1 651 68 135+0.54 13.32+219%%% 2,57+ .65k
Area of interstitial hemorthage 4 g7 091 1.7+ 080 2087 +2.80%  7.27 + 1.75% s

(%)

Data are mean = SD. **P<0.01 and ***P<0.001 versus Control. ###P<0.001 versus Cd.
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Figure 1. DADS attenuated Cd-induced kidney injury. DADS ameliorated serum creatinine
(A), urea (B), and uric acid (C) in Cd-administered rats. Data are mean = SD, (n = 6). *P<0.05,
**P<(.01, and ***P<0.001 versus Control. ###P<0.001 versus Cd. (D) Photomicrographs of
H&E-stained kidney sections showing the protective effect of DADS against
histopathological alterations induced by Cd. Control and DADS-treated rats showing normal
renal corpuscles (rectangle), Bowman’s capsule (arrow), glomeruli (curve arrow), and
proximal (wave arrow) as well as distal (arrowhead) convoluted tubules; Cd-administered
group showing vacuolated glomerulus (curvy arrow), dilated interglomerular space
(rectangle), tubular degeneration with desquamation of epithelial lining and pyknotic nuclei
of lining epithelium (arrowhead), fiber deposition, infiltration of inflammatory cells (wave
arrow), vascular congestion (star) and interstitial hemorrhage (arrow); and Cd-administered
rats treated with DADS showing normal renal corpuscle (rectangle) with mild vacuolations
(circle), renal tubules with intact lining epithelium (arrowhead), decrease in fibers amount and
inflammatory cells (arrow), and slight interstitial edema (wave arrow). (x400, Scale bar= 50
pm).
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Figure 2. DADS suppressed kidney MDA (A), and increased GSH (B), SOD (C), and CAT
(D) in Cd-administered rats. Data are mean = SD, (n = 6). **P<0.01, and ***P<0.001 versus
Control. ###P<0.001 versus Cd.
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Figure 3. DADS downregulated NF-xB p65 (A,B) and iNOS (A,C) in kidney of Cd-
administered rats. Data are mean + SD, (n = 6). **P<0.01 and ***P<0.001 versus Control.
###P<0.001 versus Cd.
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Figure 4. DADS decreased kidney TNF-a (A), IL-1B (B), IL-6 (C), and CD68 (D-E) in Cd-
administered rats. Data are mean + SD, (n = 6). *P<0.05 and ***P<0.001 versus Control.
###P<0.001 versus Cd.
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Figure 5. DADS suppressed TGF-B1/Smad3 and fibrosis in Cd-induced rats. (A-C) DADS
downregulated kidney TGF-B1 and Smad3 phosphorylation in Cd-administered rats. Data are
mean £ SD, (n = 6). **P<0.01 and ***P<0.001 versus Control. ###P<0.001 versus Cd. (D)
Sirius red-stained kidney sections from control and DADS-treated rats showing little collagen
fibers between renal tubules and encircling renal corpuscle (arrows); Cd-challenged group
showing high amount of collagen (arrow) and interstitial fibrosis; and Cd-administered rats
treated with DADS showing noticeable decline in collagen fibers (arrow). (x200, Scale bar=
100 pm).
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Figure 6. DADS decreased kidney Keapl (A,B), and upregulated Nrf2 and HO-1 (A, C-D) in
Cd-administered rats. Data are mean + SD, (n = 6). ***P<0.001 versus Control. ###P<0.001

versus Cd.
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Figure 7. DADS increased kidney cytoglobin (A) and PPARy (B) in Cd-administered rats.
Data are mean = SD, (n = 6). ***P<0.001 versus Control. ###P<0.001 versus Cd.
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