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Editorial on the Research Topic
Toxicity mechanisms, exposure, toxicokinetic and risk assessment aspects of
metals, toxic for animals and humans, Volume II

Pollutants such as copper (Cu), cadmium (Cd), iron oxide nanoparticles (IONPs), and
cyclophosphamide (CTX) exert toxicity on all animal species in the ecosystem (Gioia et al.,
2011). Cu is an essential trace element in various cellular processes, but excessive levels of Cu are
markedly harmful. Cd can exert toxic effects on various microorganisms, plants, and animals in
very low quantities. As the first generation of nanomaterials, IONPs can cure iron deficiency in
chronic kidney disease. CTX induces immunosuppression; however, the underlying
mechanisms of these pollutants need to be further explored.

Quercetin (Que), Panax ginseng C. A. Meyer (PG), Tamarindus indica (TM), coenzyme
Q10 (CoQ), strontium (Sr), and selenium-enriched yeast (SeY) have the potential to be used in
the treatment of the toxicity. Que is a special subclass of flavonoid and a powerful antioxidant.
PG has a variety of ginsenosides that show diverse biological effects on various diseases. As a
traditional medicine, TM has anti-inflammatory and analgesic effects. CoQ10 plays a key role in
mitochondrial bioenergetics and exerts a natural antioxidant effect. Selenium is a micronutrient
that is essential for the proper functioning of all organisms. High doses of Sr induce alterations
in mineralization.

Many researchers have focused on this field and have obtained important findings.
Habotta et al. reported that SeY reduces the hepatic and renal damage induced by Cu in
broiler chickens, and it can be used as a potential feed supplement (Wang et al.). Wang et al.
found that ginsenosides alleviate exogenous toxicity and reduce drug toxicities and they
could potentially be used as a treatment for toxicity (Han et al.). Han et al. revealed that
IONPs accumulated in the macrophage lysosomes and the spleen eliminate the IONPs in
the systemic circulation (Attia et al.). Attia et al. found that Cd damages the adipocyte
function (Huang et al.). Attia et al. found that Que could alleviate kidney damage and renal-
cell apoptosis induced by Cd (Wang et al.). Wang et al. found that QE has an antioxidant
effect in BRL-3A cells (Abdelnaby et al.). Abdelnaby et al. found that hepatorenal damage
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induced by Cd is alleviated by TM or CoQ supplementation (Zheng
et al.). Zheng et al. found that immunosuppression in mice induced
by CTX could be treated by ginsenoside Rb2 (Liu et al.). Liu et al.
found that primary chondrocyte proliferation is promoted by Sr,
but primary chondrocyte differentiation is inhibited by Sr
(Liu et al.).

This special issue provides new ideas for the application of Que,
PG, TM, CoQ, SeY, and Sr in the prevention and treatment of Cu, Cr,
IONPs, and CTX toxicity.
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Strontium Regulates the Proliferation
and Differentiation of Isolated Primary
Bovine Chondrocytes via the TGFβ/
SMAD Pathway
Siqi Liu1†, Bingyu Shen1†, Juan J. Loor2, Qianming Jiang2, Yang Yuan1, Yezi Kong1,
Panpan Tan1, Fangyuan Zeng1, Chenxu Zhao1, Xiaoyan Zhu1 and Jianguo Wang1*

1College of Veterinary Medicine, Northwest A&F University, Xianyang, China, 2Department of Animal Sciences, Division of
Nutritional Sciences, University of Illinois, Urbana, IL, United States

The present study evaluated the effects of strontium (Sr) on proliferation and differentiation
of chondrocytes isolated from dairy cows, and whether Sr exerts its effects via
transforming growth factor β (TGFβ) signaling. The chondrocytes were isolated from
patellar cartilage from newborn Holstein bull calves (n = 3, 1 day old, 38.0 ± 2.8 kg, fasting)
within 15 min after euthanasia, and treated with different concentrations of Sr (0, 0.1, 1,
and 10 μg/ml, as SrCl2·6H2O). After pretreatment with or without activin receptor-like
kinase 5 (ALK5) inhibitor (10 μMSB-505124) for 4 h, chondrocytes were incubated with Sr
for another 4 h. Overall effects of Sr were evaluated relative to NaCl as the control. In
contrast, the 1 μg/ml Sr-treated group served as the control to determine effects of
preincubating with SB-505124. Western blot and qRT-PCR were used for measuring
expression of proliferation-, differentiation-, and TGFβ1-responsive factors. Data were
analyzed using one-way ANOVA in GraphPad Prism 7.0. Incubation with all doses of Sr
increased TGFβ1/ALK5-induced SMAD3 phosphorylation, and at 10 μg/ml it inhibited
ALK1-induced SMAD1/5/9 phosphorylation. Expression of mRNA and protein of the
proliferation-responsive factors type Ⅱ Collagen α1 (COL2A1) and aggrecan (ACAN) was
induced by Sr at 1 μg/ml. In contrast, Sr at 10 μg/ml inhibited the expression of
differentiation-responsive factors type Ⅹ Collagen α1 (COL10A1) and secreted
phosphoprotein 1 (SPP1), and at 1 μg/ml it had the same effect on alkaline
phosphatase (ALPL) mRNA and protein levels. Cells were stained with PI/RNase
Staining buffer to assess cell cycle activity using flow-cytometry. Incubation with Sr at
1 and 10 μg/ml induced an increase in the number of cells in the S-phase, leading to an
increase in the proliferation index. Incubation with SB-505124 inhibited phosphorylation of
SMAD3. Abundance of ACAN and COL2A1mRNA and protein was lower when cells were
pre-incubated with SB-505124. Overall, data indicated that Sr promotes proliferation and
inhibits differentiation of primary chondrocytes by directing TGFβ1 signaling towards
SMAD3 phosphorylation rather than SMAD1/5/9 phosphorylation. Whether these
effects occur in vivo remains to be determined and could impact future application of
Sr as an experimental tool in livestock.

Keywords: strontium, bovine chondrocyte, proliferation and differentiation, TGFβ, Smad3
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INTRODUCTION

Strontium (Sr) belongs to the second major group of elements,
along with Ca and Mg (Pilmane et al., 2017). Although present in
trace amounts in the body, similar to Ca, Sr is also a bone-seeking
element due to its similar physicochemical properties. Most of the
Sr entering the body is absorbed by bones and teeth (Nielsen,
2004). The function of Sr in the context of bone relates to its role
in promoting osteoblast-mediated bone formation and inhibiting
osteoclast-mediated bone resorption (Querido et al., 2016).

In ruminants, it is well-established that Ca absorption from
the gastrointestinal tract, Ca reabsorption from the kidney and
mobilization of skeletal Ca stores help maintain Ca
concentrations in the blood (Hernandez-Castellano et al.,
2020). Thus, because Ca levels in the blood do not reflect
intestinal absorption capacity, protocols for using Sr as a
surrogate marker have been developed (Milsom et al., 1987;
Khan et al., 2013). Studies with cows and sheep have reported
a close correlation between the absorption rates of oral Sr and
radioactive Ca, indicating that the Sr concentrations in the blood
measured orally can serve as an index for Ca absorption capacity
of the gastrointestinal tract of dairy cows and sheep (Hyde and
Fraser, 2014; Hyde et al., 2019). Although these studies have
provided information on the use of Sr, it is unknown to what
extent (if any) Sr can affect other tissues in the body.

The transforming growth factor β (TGFβ) superfamily comprises
more than forty members including TGFβ, activin, and bone
morphogenetic protein (BMP) (Chen et al., 2012) all of which
play pivotal roles in the metabolism, differentiation, proliferation,
and survival of chondrocytes (van Caam et al., 2016; Woods et al.,
2021). SMAD family member (SMAD)-dependent signaling is a
classical pathway of the TGFβ family and it involves binding of TGFβ
to its tetrameric receptor comprised of activin receptor-like kinase 5
(ALK5) and TGFβ type II kinase receptor dimers. As a result, the
signal delivered into cells induces subsequent phosphorylation of the
receptor-SMADcomponents, SMAD2 and SMAD3 (Zhu et al., 2016;
Thielen et al., 2019). These receptor-SMAD complex binds to the
common-SMAD, SMAD4, to trigger nuclear translocation of this
whole complex to regulate gene transcription. Together with the

phosphorylation of SMAD1/5/9 via ALK1, these events (at least in
non-ruminants) regulate cartilage and bone development as well as
homeostasis (Wu et al., 2016).

A previous study reported that Sr can regulate proliferation
and differentiation of chondrocytes in rats by promoting the
expression of TGFβ1 and TGFβ2 (Kong et al., 2018). However, it
is unknown if Sr can mediate the TGFβ pathway to regulate
chondrocyte proliferation and differentiation in the bovine. Thus,
the main objective of the present study was to determine in vitro
the effect of Sr on proliferation and differentiation of bovine
chondrocytes via the TGFβ signaling pathway.

MATERIALS AND METHODS

Ethics Statement
This study was conducted at one of the experimental farms of
Northwest A&FUniversity (Shaanxi Province, China) inWestern
China (106˚55′57″E, 34˚48′41″N). The protocol was approved
by the Animal Welfare and Research Ethics Committee at
Northwest A&F University (Permit Number: 2021049),
Shaanxi, People’s Republic of China.

Animals and Tissue Collection
Tissue was isolated from newborn Holstein bull calves (n = 3;
38.0 ± 2.8 kg BW). At each of 3 consecutive d, within 15 min after
euthanasia by a veterinarian with barbiturate, patellar cartilage
was separated from the articular knee of each calf through
surgical patellar excision. Patellar cartilage was then washed
three times with 0.1% PBS and within 1 h transported to the
laboratory on ice.

Isolation and Culture of Bovine Primary
Chondrocytes
Primary chondrocytes were isolated from patellar cartilage from
each calf and cultured individually. Methods for isolation of
chondrocytes were described in a previous study (Wang et al.,
2013). Briefly, the cartilage was sliced into thin slices and

TABLE 1 | Sequences of the primers used in this study.

Genea NCBI reference sequence Product length (bp) Forward primer Reverse primer

ALK5 NM_001130916 323 TTCCGTGAGGCAGAGATT GCAATACAGCAAGTTCCATT
TGFβ1 NM_001166068 159 GACACCAACTACTGCTTCA ATCCAGGCTCCAGATGTAA
SERPINE1 NM_174137.2 381 GGCTCAGACCAACAAGTT TTCACCTCAATCTTCACCTT
ID1 NM_001097568.2 73 GCTCCGCTCAGCACTCTCAA GATCGTCCGCTGGAACACA
ALK1 NM_001083479.1 109 ACAACACAGTGCTGCTCAGACA TGCTCGTGGTAGTGCGTGAT
COL2A1 NM_001001135.3 299 GTGGAAGAGCGGAGACTA GGTAGGTGATGTTCTGAGAG
ACAN NM_173981 155 CGGAAGTGAGTGGAGAGT GGTGGTGCTGATGACAATA
ALPL NM_176858.2 163 AACACAAGCACTCTCACTAT GCCATCTCTACCATCTCAG
COL10A1 NM_174634.1 184 AGCTGAGATCATGCTGCCAC CTCTCCTCTCAGTGATACACCTTT
SPP1 NM_174187 158 AGAGGAGGACTTCACATCA TCAGATTGGAATGCTTGTTC
VEGFA NM_001316955 270 CCTTGCTGCTCTACCTTC TGGTGATGTTGAACTCCTC
GAPDH NM_001034034 117 CCTGCCAAGTATGATGAGAT AGTGTCGCTGTTGAAGTC

aALK5, activin receptor-like kinase 5; TGFβ1, transforming growth factor β; SERPINE1, Serpin family E member 1; ID1, inhibitor of DNA binding 1; ALK1, activin receptor-like kinase 1;
COL2A1, type Ⅱ Collagen α1; ACAN, aggrecan; ALPL, ALKaline phosphatase; COL10A1, type Ⅹ Collagen α1; SPP1, secreted phosphoprotein 1; VEGFA, vascular endothelial growth
factor.
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incubated with 0.25% collagenase type II (1761015, Sigma,
United States) at 37°C in 5% CO2 for 18 h. Cells were
collected by passing through a 100-mesh filter and then
centrifuged at 400 × g for 10 min with at least three washes.
Chondrocytes were then cultured in a 60 mm culture dish
(704001, Nest, China) in DMEM/High-glucose (12800017,
Gibco, United States) with 10% fetal bovine serum (FB15015,
Clark, United States) at 5 × 105 cells/mL in a humidified
atmosphere of 5% CO2 in air at 37°C. The culture medium
was replaced regularly every 2 days. When the growth density
of the cells reached about 80–90% confluence, cells were passaged
using a 0.25% trypsin digestion solution (T1186, Gentihold,
China). Cells from second passage were then used for further
experiments.

For experiments, cells were treated with a solution of Sr
chloride (SrCl2·6H2O, V900279, Sigma, United States)
dissolved in 0.9% NaCl at different concentrations. In

ruminants, the maximum concentration of Sr used to
measure level of Ca absorption from blood is 1 μg/ml (Hyde
et al., 2019). Thus, 1 μg/ml was set as the medium-dose group.
Doses of 0.1 μg/ml and 10 μg/ml were used as low- and high-
dose groups. Cells were cultured for 4 h and 0.9% NaCl was
used as a control. To inhibit ALK5 kinase activity, we had
another set of cells cultured with the ALK5 inhibitor SB-505124
(HY-13521, MedChemExpress, United States) at a
concentration of 10 μM (Vogt et al., 2011; van Caam et al.,
2017) for 4 h before treated with 1 μg/ml Sr. 1 μg/ml Sr-treated
group served as a control.

Toluidine Blue Staining and
Immunofluorescence Staining
Second passage cells on glass coverslips were washed twice using
PBS, stained with toluidine blue O (G3660, Solarbio, Beijing,

FIGURE 1 |Morphological identification of bovine chondrocytes. (A) Toluidine blue staining of bovine chondrocytes. (B) Type II collagen α1 immunohistochemical
staining.
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China) for 5 min. Equal amounts of distilled water were then
added and allowed to stand for 15 min. After washing twice with
PBS, cells were observed and photographed using a microscope
(Carl Zeiss GmbH, Jena, Germany).

Second passage cells on glass coverslips were rinsed three times
using PBS and fixed with 4% paraformaldehyde for 30min. After
washing three times with PBS, cells were treated with 0.1% Triton X-
100 diluted in PBS for 15min at 37°C, and blocked with 5% BSA in
PBS for 20min. COL2A1 antibody (COL2A1, AF6528, Beyotime
Biotechnology, China) was incubated overnight at 4°C, the glass
coverslips rinsed and then incubated with Goat Anti-Rabbit IgG
H&L (ab150077, Alexa Fluor 488) for 4 h at 37°C. Cell nuclei were
counterstained withDAPI (C1002, Beyotime Biotechnology, China).
Lastly, glass coverslips were observed and photographed using a
fluorescence microscope (Carl Zeiss GmbH, Jena, Germany).

Total RNA Extraction, Primer Design, and
qRT-PCR
Total RNA was extracted using Trizol reagent (15596026,
Invitrogen, Carlsbad, United States) following manufacturer’s
protocols. Concentration and purity of RNA were checked with
a NanoDrop 2000C (Thermo Scientific, Waltham, MA,
United States). Samples had an optical density ratio at 260/

280 nm > 1.9 and <2.2. Reverse transcription of the total RNA
was conducted using SuperScript™ RT reagent kit (RR047A,
TaKaRa, Japan). All primers used were designed with Primer
Premier 6 (Premier Biosoft, United States) based on GenBank
data. Primer sequences are listed in Table 1. The housekeeping
geneGAPDHwas used as an internal control. Quantitative real-time
polymerase chain reaction (qRT-PCR) was performed using the 2 ×
M5 HiPer SYBR Premix EsTaq (MF787-01, Mei5bio, China).

Protein Extraction and Western Blotting
Total protein was extracted from chondrocytes using the
radioimmunoprecipitation assay Lysis Buffer (P0013B,
Beyotime Biotechnology, China), and concentration measured
with the BCA Protein Assay Kit (P0012, Beyotime Biotechnology,
China). Then, 50 μg protein were separated on a 10% or 8%
bisacrylamide gel and transferred to a PVDF membrane
(IPVH00010, Millipore, United States). Membranes were
blocked with 5% skimmed milk or BSA solution in TBS-T
buffer for 2 h, and incubated overnight at 4°C with antibodies
including type Ⅱ Collagen α1 (COL2A1, 1:1000, AF6528,
Beyotime Biotechnology, China), aggrecan (ACAN, 1:500,
NB110-6524, Novusbio biologicals, United States), type Ⅹ
Collagen α1 (COL10A1, 1:500, bs0554R, Bioss biotechnology,
China), Osteopontin (OPN, 1:1000, also called SPP1, secreted

FIGURE 2 | Effects of Sr and SB-505124 on the transforming growth factor β (TGFβ)/SMAD family member (SMAD) signaling pathway and downstream gene
transcription in bovine chondrocytes. Chondrocytes were treated with different doses of Sr (0, 0.1, 1, 10 μg/ml) with or without activin receptor-like kinase 5 (ALK5)
kinase inhibitor (10 μM SB-505124). (A) Western blot analysis and relative protein expression levels of SMAD3, pSMAD3, SMAD1/5/9, pSMAD1/5/9, TGFβ, bone
morphogenetic protein 2 (BMP2), and runt-related transcription factor 2 (RUNX2). (B) mRNA expression levels of TGFβ1, serpin family E member 1 (SERPINE1),
ALK5, ALK1, and inhibitor of DNA binding 1 (ID1). All experiments were repeated at least thrice. Data are means ± SEM (n = 3 in each group) *p < 0.05; **p < 0.01.
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phosphoprotein 1, bs0019R, Bioss biotechnology, China),
vascular endothelial growth factor (VEGFA, 1:1000, NB110-
2381ss, Novus Bio biologicals, United States), alkaline
phosphatase (ALPL, 1:1000, DF6225, Affinity, United States),
SMAD3 (1:500, NB100-56479ss, Novusbio biologicals,
United States), pSMAD3 (1:1000, 9520T, Cell Signaling
Technology, United States), SMAD1/5/9 (1:1000, AF0614,
Affinity, United States), pSMAD1/5/9 (1:1000, 13820T, Cell
Signaling Technology, United States) and runt-related
transcription factor 2 (RUNX2, 1:1000, AF5189, Affinity,
United States). Blots were incubated for 2 h in a horseradish
peroxidase (HPR)-conjugated secondary antibody at 25°C.
Membranes were detected using a chemiluminescence (ECL)
system (ProteinSimple, Santa Clara, CA, United States).
Results were analyzed using the ImageJ software (Media
Cybernetics, Bethesda, MD, United States).

Flow Cytometry
Cells were collected and stained with PI/RNase Staining Buffer (BD
pharmingen) to measure cell cycle activity determined by flow
cytometry (Coulter-XL). Data were analyzed in ModFit 3.0 (Verity
Software House, ME, United States) and the proliferation index (PI)
was calculated using the following equations (Ming et al., 2019):

PI � (S + G2/M)/(S + G2/M + G0/G1)

Coomassie Blue Staining of the
Cytoskeleton
Second passage cells in a 35 mm culture dish were cultured at a
density of 5.0 × 104 cells/mL. After treatment, cells were washed
three times with 0.1% PBS and 1% TritonX-100 was added to each

FIGURE 3 | Effects of Sr and SB-505124 on proliferation-related factors in bovine chondrocytes. Chondrocytes were treated with different doses of Sr (0, 0.1, 1,
10 μg/ml) with or without activin receptor-like kinase 5 (ALK5) kinase inhibitor (10 μM SB-505124). (A) Relative mRNA expression levels of type Ⅱ Collagen α1 (COL2A1)
and aggrecan (ACAN). (B)Western blot and protein expression levels of COL2A1 and ACAN. All experiments were repeated at least thrice. Data are means ± SEM (n = 3
in each group) *p < 0.05; **p < 0.01.
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dish for incubation in a humidified 37°C incubator for 15 min. The
dish was washed three times with buffer M (60 mM imidazole,
50 mM KCl, 0.5 mMMgCl2, 0.1 mM EDTA, 1 mM EGTA, 1 mM
β-mercaptoethanol, pH7.5) to stabilize the cytoskeleton. Cells were
then fixed in 3% glutaraldehyde for 30 min and washed three times
with 0.1% PBS after fixation, followed by addition of 0.2%
Coomassie blue R250 for 30min. Cells were washed with
running water and observed and photographed using a
microscope (Carl Zeiss GmbH, Jena, Germany).

Statistical Analysis
Each experiment was repeated at least 3 times on consecutive
days. The data were analyzed using the GraphPad Prism 7.0
(GraphPad Software Inc., United States) software. All data are
reported as means ± SEM. For data with dose-response effects to
Sr, comparisons among groups were performed using one-way
ANOVA with Dunnett’s multiple comparison test with 0.9%
NaCl as the control group. For data with effects of preincubation
with SB-505124, comparisons among groups were performed

FIGURE 4 | Cell cycle changes in bovine chondrocytes treated with different doses of Sr (0, 0.1, 1, 10 μg/mL). (A) Representative histograms of flow cytometry
analysis of the cell cycle in bovine chondrocytes. (B) Representative images of cell cycle distribution. (C) Proliferation index (PI) was calculated based on the equation:
PI = (S + G2/M)/(S + G2/M + G0/G1). Data are means ± SEM (n = 3 in each group) *p < 0.05; **p < 0.01.
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using one-way ANOVA with Dunnett’s multiple comparison test
with 1 μg/ml Sr as the control. p < 0.05 was considered significant.

RESULTS

Morphological Identification of Bovine
Chondrocytes
Primary bovine chondrocytes were identified by Toluidine blue
staining and type II collagen immunofluorescence staining.
Chondrocytes were stained purple by toluidine blue
(Figure 1A), and Type II collagen in chondrocytes stained
green (type II collagen immunofluorescence). The nuclei
stained blue when incubated with DAPI (Figure 1B).
Together, these results indicated isolated cells from articular
cartilage were chondrocytes.

Strontium Promotes Proliferation and
Inhibits Differentiation of Chondrocytes via
TGFβ/SMAD3
Exogenous Sr upregulated expression of TGFβ1 at both the
transcriptional and protein level (Figure 2). Compared with
the control, pSMAD3:SMAD3 ratio was higher (Figure 2A, p <
0.05) and the pSMAD1/5/9:SMAD1/5/9 ratio lower (p < 0.01)
with each dose of Sr. Exogenous Sr did not alter BMP2 (p =
0.27 at 0.1 μg/ml; p = 0.97 at 1 μg/ml; p = 0.92 at 10 μg/ml,
Figure 2A). Compared with the control, abundance of the key
transcription factor RUNX2, regulated by pSMAD3 and
pSMAD1/5/9, was decreased with each dose of Sr
(Figure 2A, p < 0.01).

As evident from Figure 1B, abundance of the SMAD3-dependent
genes TGFβ1 and ALK5 increased upon treatment with Sr at all doses

(p < 0.05). Serpin family E member 1 (SERPINE1), another SMAD3-
dependent gene, was greater with 1 μg/ml (p < 0.05). In contrast to the
SMAD3-dependent genes, the abundance of inhibitor ofDNAbinding
1 (ID1) andALK1, both SMAD1/5/9-dependent genes, decreased in all
Sr-treated groups compared with the control (p < 0.05).

Strontium Promotes Proliferation of
Chondrocytes
Both COL2A1 and ACAN were upregulated by treating with Sr
and reached the highest level in the 1 μg/ml group (p < 0.01)
(Figure 3A). The upregulation of COL2A1 and ACAN was also
confirmed at the protein level (Figure 3B), with upregulation of
COL2A1 in the 1 and 10 μg/ml groups (p < 0.05) while ACAN
was upregulated in the 1 μg/ml group (p < 0.01).

Compared with the control, treatment with Sr led to a
remarkable increase in cells at the S-phase from 1.66 to 2.31%
in the 0.1 μg/ml group to 2.27 and 2.59% in the 1 μg/ml and
10 μg/ml group (Figures 4A,B). Treatment with 10 μg Sr/mL
decreased the number of cells in the G1 phase and 0.1 μg/ml Sr
decreased cells in the G2 phase cells (Figures 4A,B). The
proliferation index was higher in cells treated with 1 and
10 μg/ml Sr (Figure 4C). Culture with Sr had no effect on the
cytoskeleton (Figure 5).

Strontium Inhibits Differentiation of
Chondrocytes
Western blotting indicated that Sr treatment downregulated
ALPL expression at a concentration of 1 and 10 μg/ml Sr (p <
0.05, Figure 6A). Expression of COL10A1 decreased in the 10 μg/
ml treatment group, and expression of SPP1 decreased in 1 and
10 μg/ml Sr groups (p < 0.01, Figure 6A). Compared with the

FIGURE 5 | The effect of Sr on the cytoskeleton in bovine chondrocytes stained with Coomassie blue. (A) 0 μg/ml. (B) 0.1 μg/ml. (C) 1 μg/ml. (D) 10 μg/ml.
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control, there was no effect of Sr on the expression of VEGFA.
However, qPCR results revealed a marked downregulation of
ALPL upon treatment with Sr at 1 μg/ml and 10 μg/ml (p < 0.01,
Figure 6B). Both COL10A1 and SPP1 decreased in all Sr-treated
groups (p < 0.05, Figure 6B). Dose of Sr had no effect on VEGFA
expression.

Strontium-Induced SMAD3
Phosphorylation
Pre-incubation with SB-505124 inhibited Sr-induced SMAD3
phosphorylation and promoted Sr-induced SMAD1/5/9
phosphorylation (p < 0.01, Figure 2A). SB-505124 inhibited
mRNA expression of the SMAD3-dependent genes TGFβ1,
ALK5, and SERPINE1 (p < 0.05, Figure 2B). Although there
was no significant change in ID1 (p = 0.48), SB-505124 increased
mRNA expression of ALK1 (p < 0.01, Figure 2B).

Expression of ACAN mRNA decreased (p < 0.01, Figure 3A)
while protein abundance of ACAN and COL2A1 decreased at the
protein level when cells were pre-incubated with SB-505124 (p <
0.01, Figure 3B). Abundance of ALPL, COL10A1, and SPP1

mRNA all increased (p < 0.01, Figure 6B) while protein
expression of COL10A1 and SPP1 also increased (p < 0.05,
Figure 6A).

DISCUSSION

Some studies have reported that Sr absorption could be used as
a surrogate indicator for evaluating Ca absorption in the
gastrointestinal tract in dairy cows and sheep (Hyde and
Fraser, 2014; Hyde et al., 2019). However, the last few
decades have witnessed studies on the effect of Sr in the
cartilage and chondrocyte. For instance, Sr can reduce
cartilage degeneration and promote ECM production in the
ovariectomized rats (Mierzwa et al., 2017). Strontium
gluconate was increased mRNA expression of COL2A1 and
ACAN in the osteoarthritic rat model (Hu et al., 2020). Thus,
these studies provided some evidence for a role of Sr on the
regulation of proliferation and differentiation of the cartilage.
Unlike rodents, the role of Sr and the underlying molecular
mechanisms on proliferation and differentiation of

FIGURE 6 | Effects of Sr and SB-505124 on differentiation-related factors in bovine chondrocytes. Chondrocytes were treated with different doses of Sr (0, 0.1, 1,
10 μg/ml) with or without activin receptor-like kinase 5 (ALK5) kinase inhibitor (10 μM SB-505124). (A) Western blot and protein expression levels of secreted
phosphoprotein 1 (SPP1), alkaline phosphatase (ALPL), vascular endothelial growth factor (VEGFA), and type Ⅹ Collagen α1 (COL10A1). (B)mRNA expression levels of
SPP1, ALPL, VEGFA, and COL10A1. All experiments were repeated at least thrice. Data are means ± SEM (n = 3 in each group) *p < 0.05; **p < 0.01.
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chondrocytes in ruminants are not well known. Further,
whether Sr regulates chondrocyte proliferation and
differentiation via the TGFβ pathway remains unclear. The
present study demonstrated that Sr promoted TGFβ1/ALK5-
induced SMAD3 phosphorylation and inhibited ALK1-
induced SMAD1/5/9 phosphorylation. Sr promoted the
expression of the proliferation-responsive factors COL2A1
and ACAN while inhibiting the expression of differentiation-
responsive factors COL10A1, SPP1, and ALPL both at the
mRNA and protein levels.

In non-ruminants, TGFβ1 is well-known to regulate
proliferation and differentiation of chondrocytes (Wu et al.,
2016). It plays an anti-hypertrophic role via the most classical
ALK5/SMAD2/3-dependent pathway (Thielen et al., 2019),
and several studies have reported that TGFβ1 also induces the
SMAD1/5/9-dependent pathway via ALK1 (Chen et al., 2012;
Charlier et al., 2019; Thielen et al., 2019). These two pathways
have antagonistic functions in the chondrocytes (Finnson
et al., 2008). For instance, a study in human chondrocytes
reported that TGFβ1 could induce SMAD2 phosphorylation
via ALK5 and SMAD1/5/9 phosphorylation via ALK1
(Finnson et al., 2010). It was also demonstrated that
phosphorylation of SMAD2 increased the expression of
COL2A1. Zhang et al. (2017) working with newborn mice
reported that TGFβ regulated SMAD1/5/9 phosphorylation

via the ALK1 in pulmonary artery smooth muscle cells and
fibroblasts.

The significant increase of TGFβ1 levels in response to 1 μg/ml
and 10 μg/ml Sr provided direct evidence that this mineral can
affect TGFβ signaling. Furthermore, the present study
determined that Sr, at a low concentration (i.e., 0.1 μg/ml),
altered the pSMAD3:SMAD3 and the pSMAD1/5/9:SMAD1/5/
9 ratio in a way that underscores its potential regulatory role of
the TGFβ1 pathway. Such an effect is important in the context of
biological responses that this mineral can induced in the bovine.
For instance, Sr-containing α-calcium sulfate hemihydrate
promoted osteogenic differentiation through TGFβ1-induced
SMAD2/3 phosphorylation (Liu et al., 2019). In addition, in
one of our previous studies we demonstrated that Sr can
activate TGFβ1 signaling in rat chondrocytes (Kong et al.,
2018). Overall, the results of the present study were consistent
with the functional link between Sr and TGFβ signaling.

Existing studies have demonstrated that SMAD3 can be
regulated by TGFβ through ALK5 (Li et al., 2005). This
mechanism was confirmed in the present study when pre-
treating chondrocytes with SB-505124 (Byfield et al., 2004;
Vogt et al., 2011), the inhibitor of ALK5-mediated SMAD3
phosphorylation, inhibited SMAD3 phosphorylation in the co-
treated group. Hellingman et al. (2011) reported that blocking
SMAD2/3 with SB-505124 decreased abundance of COL2A1,
which our results confirmed that COL2A1 and ACAN
significantly decreased in the co-treatment group. In non-
ruminants, BMP2, 4, 6, 7, and 9 are well-known to regulate
SMAD1/5/9 via ALK1 (Li et al., 2004; Dexheimer et al., 2016). In
addition, TGFβ also regulates SMAD1/5/9 via both ALK1 and
ALK5 (Finnson et al., 2008; van Caam et al., 2017). Taking all
these into account, although the present study did not detect
effects of Sr on BMP2, any potential effects on BMP4, 6, 7, and 9
on the SMAD1/5/9 pathway cannot be excluded. Additional
studies are needed to identify the mechanism whereby Sr can
affect this pathway.

Previous studies in non-ruminants have reported that
SMAD3-dependent genes such as TGFβ1, SERPINE1, and
ALK5 (van Caam et al., 2015) are upregulated in response
to Sr. ID1 and ALK1 are well-known SMAD1/5/9-dependent
genes in non-ruminants (Ehirchiou et al., 2010). Thus, the
downregulation of ID1 and ALK1 at doses of 1 and 10 μg/ml Sr
were in line with results demonstrating that Sr activated the
SMAD3-dependent pathway while inhibiting the SMAD1/5/
9-dependent pathway, the latter being a response already
demonstrated in murine chondrocytes (Ehirchiou et al.,
2010).

The differentiation and maturation of chondrocytes in non-
ruminants is positively regulated, at least in vitro, by RUNX2
(Komori, 2018). This transcription factor promotes the
expression of hypertrophy makers such as COL10A1, SPP1,
VEGFA, and ALPL (Komori, 2017). Several studies reported a
closed relationship between RUNX2 and SMAD proteins, and
demonstrated that SMAD1/5/9 promotes chondrocyte
maturation by stimulating the RUNX2 function, with SMAD3
serving to counteract RUNX2 (Wu et al., 2016; Yu et al., 2019). In
the current study, the downregulation of RUNX2 in response to

FIGURE 7 | Schematic of the proposed mechanism whereby Sr affects
proliferation and differentiation of bovine chondrocytes via the transforming
growth factor β (TGFβ) signaling pathway. Sr shifts the signaling of TGFβ1 to
SMAD family member 3 (SMAD3) by promoting activin receptor-like
kinase 5 (ALK5) expression and inhibiting ALK1 expression. Phosphorylation
of SMAD3 and SMAD1/5/9 after binding with SMAD4 transfers them into the
nucleus to regulate gene transcription. An increase in pSMAD3 promotes the
expression of type Ⅱ Collagen α1 (COL2A1) and aggrecan (ACAN). pSMAD1/
5/9 induces type Ⅹ Collagen α1 (COL10A1), secreted phosphoprotein 1
(SPP1), vascular endothelial growth factor (VEGFA), and alkaline phosphatase
(ALPL) by stimulating the function of runt-related transcription factor 2
(RUNX2). The increase in the pSMAD3 can inhibit the function of RUNX2 to
decrease the COL10A1, SPP1, and ALPL expression.
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Sr was consistent with the downregulation of COL10A1 and
SPP1. From these responses we speculate that SMAD3 and
SMAD1/5/9 could at least partly regulate chondrocyte
maturation via RUNX2. Support for this idea arises from data
indicating that macrophages stimulated by 10 ng/ml IL-4 induced
hypertrophy of human chondrocytes by promoting COL10A1
and RUNX2 (Ferrao Blanco et al., 2021). A role for RUNX2 on
controlling hypertrophy of the tibial growth plate also was
demonstrated in broilers (Wang et al., 2021). Overall, the
present results were consistent with previous data.

The structural proteins COL2A1 and ACAN are upregulated
in the proliferating zone during cartilage maturation, and when
chondrocytes undergo hypertrophy, the proteins VEGFA, SPP1,
COL10A1, and ALPL are secreted (Kronenberg, 2003;
Kozhemyakina et al., 2015; Charlier et al., 2019; Vimalraj,
2020). In our previous study with rat primary chondrocytes
there was a dose-dependent upregulation in COL2A1 with 1, 3
and 5 mM Sr (Wang et al., 2013). The fact that Sr promoted the
expression of COL2A1 and ACAN at both mRNA and protein
levels along with an increase in the PI suggested that Sr could
promote chondrocyte proliferation in the bovine. Similarly,
these results were also in agreement with data in human
primary chondrocytes demonstrating that Sr chondroitin
sulfate markedly upregulated the expression of COL2A1 and
ACAN (Ma et al., 2017). The TGFβ co-receptor Cripto
promoted COL10A1 by inducing SMAD1/5/9 signaling in
ATDC5 cells and immortalized C28/12 human chondrocytes
(Garcia de Vinuesa et al., 2021). A role for ALPL in the
maturation and mineralization as well as the inhibitory
effect of Sr on SPP1, COL10A1, and ALPL was reported in
murine chondrocytes (Ehirchiou et al., 2020). Thus, together,
available data suggest a mechanistic function for the systemic
supply of Sr on fundamental aspects of chondrocyte
development (Figure 7).

Similar to non-ruminants, Sr promotes SMAD3
phosphorylation and transcription of its downstream genes via
the TGFβ1/ALK5 pathway, including COL2A1 and ACAN, both
of which are key factors in the proliferation of chondrocytes.
Differentiation of chondrocytes is controlled by Sr via decreasing
the ALK1-induced SMAD1/5/9 phosphorylation and
transcription of SPP1, COL10A1, and ALPL, all of which are
key factors in differentiation. Overall, Sr activates TGFβ1-

signaling towards phosphorylation of SMAD3 and, as such,
systemic availability of this mineral can directly affect
chondrocyte biology in dairy cattle.
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Immunomodulatory Effect of
Ginsenoside Rb2 Against
Cyclophosphamide-Induced
Immunosuppression in Mice
Siwen Zheng1,2†, Housheng Zheng1,2†, Rui Zhang1,2, Xiangmin Piao1,2, Junnan Hu2,
Yanzhu Zhu3,4* and Yingping Wang1,2*

1National and Local Joint Engineering Research Center for Ginseng Breeding and Development, Changchun, China, 2College of
Chinese Medicinal Materials, Jilin Agricultural University, Changchun, China, 3Institute of Special Animal and Plant Sciences,
Chinese Academy of Agricultural Sciences, Changchun, China, 4Animal Science and Technology College, Jilin Agriculture
Science and Technology University, Jilin, China

Ginsenoside Rb2 (Rb2), a fundamental saponin produced and isolated from ginseng
(Panax ginseng C.A. Meyer), has a wide range of biological actions. The objective of this
investigation was to see if ginsenoside Rb2 has any immunomodulatory properties against
cyclophosphamide (CTX)-induced immunosuppression. For the positive control group,
levamisole hydrochloride (LD) was used. We discovered that intraperitoneal injection of
Rb2 (5, 10, 20 mg/kg) could relieve CTX-induced immunosuppression by enhanced
immune organ index, reduced the pathological characteristics of immunosuppression,
promoted natural killer (NK) cells viability, improved cell-mediated immune response,
boosted the IFN-γ (Interferon-gamma), TNF-α (Tumor necrosis factor-alpha), IL-2
(Interleukin-2), and IgG (Immunoglobulin G), as well as macrophage activity like carbon
clearance and phagocytic index. Rb2 significantly elevated the mRNA expression of IL-4
(Interleukin-4), SYK (Tyrosine-protein kinase-SYK), IL-2, TNF-α, and IL-6 (Interleukin-6) in
the spleen of CTX-injected animals. Molecular docking results showed that Rb2 had
excellent binding properties with IL-4, SYK, IL-2, TNF, and IL-6, indicating the target
protein might be strongly correlated with the immunomodulatory effect of Rb2. Taken
together, ginsenoside Rb2 can improve the immune function that is declined in CTX-
induced immunosuppressed mice, the efficacy maybe due to the regulation of related
cytokine and mRNA expression.

Keywords: ginsenoside Rb2, cyclophosphamide, side effect, immunosuppression, immune regulation

INTRODUCTION

Cancer is internationally recognized as one of the most dangerous diseases that endanger human life
and development. Chemotherapy is the main method to treat cancer. It is based on the prevention of
rapid cell proliferation, which is a feature of malignant cells. Unfortunately, normal cells with quick
proliferation rates, such as lymphocytes, bone marrow, and hair follicles, are also affected (Pérez-
Herrero and Fernández-Medarde, 2015; Kondo et al., 2019). CTX (cyclophosphamide) is a well-
known anticancer medication that is still used to treat hematological malignancies and a variety of
epithelial tumors (Ahlmann and Hempel, 2016; Hughes et al., 2018). However, its treatment is often
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accompanied by serious side effects (Chow et al., 2017; Yang et al.,
2020; Zhang et al., 2020). Immunosuppression induced by CTX is
the main side effect of clinical chemotherapy. When a patient’s
immune function is harmed by chemotherapy, the risk of
secondary infection and immunodeficiency rises, which may
result in serious morbidity and mortality problems (Yoo et al.,
2020). Lactobacillus plantarum NCU116 was found to be capable
of reversing immunosuppression caused by CTX (Xie et al.,
2016), and Paecilomyces sinensis glycopeptides demonstrated
excellent immunostimulatory capabilities (Zhen-Yuan Zhu
et al., 2016).

Ginseng is one of the most widely used traditional herbal
medicines, with a medical history dating back thousands of
years (Ji et al., 2020). Numerous investigations into the impact
of the systemic immune function of ginseng have been conducted
(Riaz et al., 2019; Ratan et al., 2021). Ginsenosides are the main
bioactive components in ginseng that have a variety of
pharmacological actions, including the treatment of
cardiovascular diseases (Kim, 2018; Irfan et al., 2020),
antioxidant (Oh et al., 2015), anticancer (Wanderi et al., 2016),
immune (Kang and Min, 2012; Chen et al., 2019) and osteoblast
growth regulation (Yanzhu Zhu et al., 2016). Ginsenoside Rb2
(Rb2) is a highly abundant dammarane-type ginsenoside (Hong
et al., 2019). Rb2 inhibits metabolic syndrome in mice such as
diabetes mellitus and hyperlipidemia (Lee et al., 2011; Hong et al.,
2019). Rb2 reduces the number of metastatic nodules in liver, lung

and kidney of mice with colon cancer (Phi et al., 2018; Dai et al.,
2019). Moreover, Rb2 protects bone marrow-derived
mesenchymal stem cells from dexamethasone-induced apoptosis
by increasing the GPR120-mediated Ras-ERK1/2 signaling
pathway, and up-regulates GPR120 expression in
lipopolysaccharide (LPS)-stimulated RAW264.7 macrophages to
boost the anti-inflammatory efficacy of -3 fatty acid (Gao et al.,
2015; Huang et al., 2017). Oral administration of ginsenoside Rb2
protects mice from the lethal infection of Japanese
hemoagglutinating virus (Yoo et al., 2013). Thus, Rb2 is
expected to be an anti-viral immune adjuvant.

The aim of this research was to explore the role of Rb2 in the
immunosuppression caused by CTX. To assess the beneficial
effects of ginsenoside Rb2, organ index and pathological features
of spleen, splenocyte proliferation, carbon clearance, NK cell
activities, mRNA expression of immune-related genes (in
spleen) and cytokines (in serum) were also determined. This
result will illustrate the role of Rb2 in the prevention of CTX-
induced immunosuppressive effects.

MATERIALS AND METHODS

Reagents and Animals
Jilin University (Changchun, China) provided us with
ginsenoside Rb2 (purity >98%). Jiangsu Shengdi
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Pharmaceutical Co., Ltd. (Jiangsu China) was the source of
CTX. Levamisole hydrochloride (LD) was bought from Sigma
(St. Louis, MO). YAC-1 cell lines (Chinese Academy of
Sciences, China) were stored by our lab. CCK-8, RPMI 1640
medium, ConA (canavalin A), LPS, Red Blood Cell Lysis Buffer,
Hank’s solution, Triton X-100 and fetal bovine serum (FBS)
were obtained from Beijing Solarbio Science & Technology Co.,
Ltd. Gibco (BRL Co. Ltd., Gaithersburg, MD, United States).
IFN-γ (Interferon-gamma), TNF-α (Tumor necrosis factor-
alpha), IL-2 (Interleukin-2) and IgG (Immunoglobulin G)
kits were bought from Lengton Bioscience Co., Ltd.
(Shanghai, China). Reverse transcription kit and qPCR
kit were obtained from Trans Biotechnology Co., Ltd.
(Beijing, China).

Changchun Institute of Biological Products Co. Ltd. provided
one hundred and twenty male BALB/c mice (SPF level, License
No. SCXK (Ji)-2017-0005). For at least a week before use, the
mice were maintained in plastic cages with 12-h light/dark
cycles and a relative humidity of 55% at a temperature of 23 ±
2°C. They were fed a conventional laboratory diet and had
unrestricted access to water. The guiding principle was followed
during the care and use of mice. The experiment was approved
by the Laboratory Animal Ethics Committee of Jilin
Agricultural University (Permit No. 20200923002). The
experiment was repeated three times independently, and the
detection of each indicator was repeated three times by different
experimenters.

Animals and Experiments Design
Six groups (n = 20 BALB/c mice) were prepared after a 7-day
acclimation period: normal group, low-dose Rb2 administration
group (5 mg/kg), middle-dose Rb2 administration group
(10 mg/kg), high-dose Rb2 administration group (20 mg/kg),
model group, positive group. Normal saline was given to both
normal and model mice. LD (100 mg/kg) was given to the
animals in the positive control group. Except for the mice in
the positive group, which were administered intragastrically, the
animals in other groups were administered by intraperitoneal
injection. After the experiment commenced, the mice were
administered for 15 consecutive days. Except for normal mice,
the mice were administered with CTX (80 mg/kg) through
intraperitoneal injection for three consecutive days on the 5th
day and two consecutive days on the 11th day. Sixty mice (n = 10)
were weighed individually after 24 h, while the other sixty mice
were used in a carbon clearance test. Themice were euthanized by
intraperitoneal injection of pentobarbital (150 mg/kg)
(Alibolandi et al., 2017), and the serum was collected and
centrifuged twice at 4000 rpm for 10 min. The livers and
spleens were collected and weighed. The spleen indexes were
computed as: index = spleen weight (g) × 1000/body weight (g).
Extra spleen samples were stored in liquid nitrogen after a small
quantity of spleen samples were used for tissue biopsies. Spleen
samples were preserved in buffered formaldehyde at 10% (V/V),
embedded in paraffin, and sectioned for histological analysis
(Meng et al., 2019). 4 μm thick slices were stained with
hematoxylin and eosin (HE) and captured by a microscope
(OLYMPUS BX 53, Olympus Co., Tokoyo, Japan).

Preparation of Spleen-Derived Lymphocyte
Populations
After 24 h, the mice were euthanized by intraperitoneal injection
of pentobarbital (150 mg/kg) (Alibolandi et al., 2017), and
disinfected with ethanol for 3 min. The spleen was taken to
the clean bench. Splenic cell suspension was prepared
following the method (Singh et al., 2016). The connective
tissue on the spleen was removed. 3 ml Hank’s was added and
ground with a 10 ml syringe core. The cell suspension was
screened by a 70-μm-cell-sieve, centrifugation was performed
subsequently, and Red Cell Lysis Buffer was added for 3 min.
Then RPMI 1640 culture medium containing 10% FBS was used
to wash them twice, so as to prepare a uniform cell suspension.
Spleen cell suspension was counted and checked for viability
using trypan blue staining.

Lymphocyte Proliferation
This experiment was performed as previously described (Jang
et al., 2016). The CCK-8 assay was used to evaluate ConA and
LPS-induced T and B splenic lymphocyte proliferation. Trypan
blue staining revealed more than 95% viable cells, and the cell
concentration of the cell suspension was 1 × 106/ml. Con A (5 g/
ml) or LPS (10 g/ml) was added to each well of 96-well plates
before seeding spleen cells (100 μl). The control group consisted
of spleen cells cultured in RPMI 1640 medium. The spleen cells
were cultured for 48 h at 37°C in 5% CO2. After a 48-h incubation
time, 10 μl CCK-8 chromogenic agent was supplied to each well
and incubated for three additional hours. Amicroplate reader was
used to measure the absorbance at 450 nm. The detection was
repeated three times by different experimenters.

Determination of Natural Killer Cell Activity
Lactate dehydrogenase (LDH) release test was used to measure
NK cell activity (Hwang et al., 2022). NK cells were employed to
treat pre-cultured YAC-1 cells. The concentration of target cells
was adjusted to 4 × 105 cells per milliliter. Splenocytes frommice’s
spleens were used as a source of effector cells, and the cell
concentration was controlled to 2 × 107 cells per milliliter
using RPMI 1640 media containing 10% FBS.

Effector cells were co-cultured with target cells (100 μl) at a 50:
1 ratio in an U-shaped 96-well plate. For the experiment, two
controls were used: a spontaneous control and a maximum
spontaneous control. As a spontaneous control, target cells
(100 μl) and RPMI1640 medium (100 μl) were added to the
natural target cells release well. A maximal spontaneous
control was created by adding target cells (100 μl) and Triton
X-100 (100 μl, 2.5%, v/v) to the maximum releasing well. Plates

TABLE 1 | Primer sequences (5′–3′) used for qRT-PCR.

Gene Forward sequence Reverse sequence

IL-2 TACAGCGGAAGCACAGCAG CGCAGAGGTCCAAGTTCATC
IL-4 AACGAGGTCACAGGAGAAGG TGGAAGCCCTACAGACAAGC
IL-6 CGGAGAGGAGACTTCACAGAG CATTTCCACGATTTCCCAGA
SYK CAGCTGGAGGATCGGAGAAC CCATGGAACCAGGGCATCTT
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were incubated at 37°C for 4 h in a 5% CO2 incubator before
being centrifuged for 5 min at 900 g. Supernatant (100 μl) was
transferred to a new plate, followed by 100 μl of LDH matrix
solution and 30 μl of 1 MHCL in each well. Finally, at 490 nm, the

absorbance value was determined by an automatic microplate
reader (BioTek Epoch, BioTek, Winooski, VT, United States).
The detection was repeated three times by different
experimenters.

TABLE 2 | Effect of ginsenoside Rb2 on body weight and spleen indices in mice (mean ± S.D., n = 10).

Group Dose (mg/kg) Initial
body weight (g)

Final
body weight (g)

Spleen index (mg/g)

Normal - 26.77 ± 1.64 28.95 ± 1.16 5.53 ± 0.91
Model - 27.00 ± 1.67 23.81 ± 2.66## 2.14 ± 0.31##

Positive 100 (LD) 27.92 ± 1.10 26.89 ± 1.50* 3.46 ± 0.89**
Low-Rb2 5 26.58 ± 1.57 23.99 ± 2.20 3.00 ± 0.89*
Middle-Rb2 10 26.84 ± 1.93 26.92 ± 1.49* 3.57 ± 0.66**
High-Rb2 20 27.38 ± 1.98 26.12 ± 2.43 3.86 ± 0.50**

FIGURE 1 | Histopathology observation of spleen. (A) ×100, (B) ×100, (C) ×400.
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Carbon Clearance Test
Chen’s approach was used to conduct the carbon clearance test
(Chen et al., 2019). Each mouse (six groups, n = 10) received an
intravenous injection of 4 times diluted India ink at a dose of
100 μl/10 g. After 2 min (t1) and 10 min (t2), 20 μl blood was
collected from the retinal venous plexuses and mixed with 2 ml of
0.1% Na2CO3 at once. The absorbance was measured at 600 nm
in an ELISA reader. Mice were euthanized by cervical dislocation
(Karimi et al., 2018), and their spleen and liver were removed and
weighed. Phagocytic index α was used to express the carbon
clearance ability of the mice. The detection was repeated three
times by different experimenters.

Measurement of Immune-Related
Cytokines in the Serum
The serum was obtained before the animals were euthanized (ip.,
Pentobarbital, 150 mg/kg) and centrifuged twice at 4000 rpm for
10 min. The manufacturer’s instructions were followed to assess

the levels of IL-2, TNF-α, IFN-γ, and IgG in the serum using
mouse enzyme-linked immunosorbent assay kit. The detection
was repeated three times by different experimenters.

qRT-PCR Analysis
The reverse transcription method was based on the instructions of the
kit. The dose of reactants was adjusted according to the concentration
of total RNA extracted from tissues. After successful reverse
transcription, samples were stored at −80°C. The functional gene
expression was determined by the TransStart Top Green qPCR
SuperMix (+dye Ⅱ) method in QuantStudio® three real-time
quantitative PCR system. 2-ΔΔCT approach was used to obtain the
mRNA relative expression. The primer sequences of the target gene
and housekeeper gene determined in this study are shown in Table 1.
The detection was repeated three times by different experimenters.

Molecular Docking
In order to explore the binding site and binding force between
Rb2 and IL2, IL-4, IL-6, Syk, and TNF, we used molecular docking

FIGURE 2 | Effect of ginsenoside Rb2 on ConA- and LPS- induced splenocyte proliferation, on NK cells activity, carbon clearance capacityin and the cytokines in
CTX induced immunosuppressive mice. (A), ConA-induced splenocyte proliferation; (B), LPS-induced splenocyte proliferation; (C), NK cells activity; (D,E), carbon
clearance capacityin; (F), IFN-γ; (G), TNF-α; (H), IgG; (I), IL-2. The data was expressed as mean ± S. D (n = 20). ##p < 0.01, compared to Normal. *p < 0.05; **p < 0.01,
compared to Model.
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technology. The steps of molecular docking were as follows:
download the protein structure and preprocess, download the
ligand structure and preprocess, conduct molecular docking,
calculate the binding score, and visualize the docking results
(Ferdian et al., 2020). Canonical SMILES notations of Rb2 were
retrieved from PubChem Databases in NCBI (National Library of
Medicine) and PDB structure files was created by ChemOffice 2017.
Protein structures for SYK (PDB ID: 2mc1), TNF (PDB ID: 2tnf), IL-
2 (PDB ID: 4YUE), IL-4 (PDB ID: 2B8U), and IL-6 (PDB ID: 2I3Y)
were available from the Protein Data Bank. The Lamarckian genetic
process was used to convert the format and find the active pocket
with AutoDockTools-1.5.6 (Molecular Graphics Laboratory, The
Scripps Research Institute, La Jolla, CA, United States). The
pretreated protein ligands and protein receptors were docked
with Autodock-Vina (Molecular Graphics Laboratory, The
Scripps Research Institute, La Jolla, CA, United States) for three
times independently. Docking log files yielded the lowest binding
energy. The mean of binding energy was calculated from three
independent dockings. Selected dockings were visualized with
PyMoL software (Schrödinger, LLC, New York, NY, United States).

Statistical Analysis
Experimental data were analyzed utilizing Graphpad Prism 7.0
(GraphPad Software Inc., La Jolla, CA, United States). The data
were presented as means ± S.D. One-way ANOVAwith t-tests for
post hoc analysis was used to assess the differences between the
groups. If the difference was less than 0.05, it was regarded as
significant, and if it was less than 0.01, it was considered
extremely significant. ##p < 0.01, compared to Normal. *p <
0.05; **p < 0.01, compared to Model.

RESULTS

Body Weight and Spleen Index
As indicated in Table 2, CTX-induced immunosuppression resulted
in significant weight loss of the body and spleen indexes. However, the
mice with different doses of Rb2 showed significantly larger spleen
indices than the CTX group (p < 0.05). When compared to the CTX
group, the body weight of the positive control andmiddle-Rb2 groups
improved significantly (p < 0.05). It indicates that ginsenoside Rb2
restored the spleen indices and the body weight in themice with CTX.

Histopathological Alterations
The spleen histopathology was examined with H&E staining to
further analyze the effect of Rb2. The spleen capsule was damaged,
the germinal center was distributed, and the number of lymphocytes
was lowered and sparse in the model group (Figure 1). The damage
to the spleen was relieved to varying degrees after Rb2 treatment
compared to the model, the spleen capsule was intact, and the
germinal center was integrated. The lymphocytes had increased
considerably, and they were tightly packed together. The findings
showed that Rb2 reduces CTX-induced spleen damage in mice.

Splenic Lymphocytes Proliferation
T and B lymphocyte proliferation in response to mitogens or
antigens has traditionally been used as an immunological

measure to assess lymphocyte responsiveness. ConA-induced
cellular proliferation was used to assess T lymphocyte
immunity, while LPS-induced B cell activation was used to
identify B lymphocyte immunity. In the model group, the
proliferation index of splenic lymphocytes to ConA
(Figure 2A) and LPS (Figure 2B) was considerably lower than
the normal control group (p < 0.05). The proliferation index of
splenic lymphocytes in immunosuppressed mice was
considerably increased after treatment with Rb2 compared to
the model group (p < 0.05). Rb2 was found to be involved in the
splenic T and B lymphocytes proliferation in immunosuppressed
mice induced by CTX.

Natural Killer Cell Activity
LDH release test was used to assess NK cell activity. Figure 2C
demonstrates that the model group’s NK cell activity was
dramatically reduced to 18% (p < 0.01) compared to the
normal control group. Compared to the model group, the
activity of NK cells in the positive group, the low-Rb2
group, the middle-Rb2 group and the high-Rb2 group was
significantly increased to 57, 58, 72, and 56%, respectively. It
indicates that Rb2 boosts cell immunological function in mice
with CTX.

Effects of Ginsenoside Rb2 on Carbon
Clearance
To investigate the influence of Rb2 on macrophage activation, carbon
clearance assays were performed. The CTX-treated group had a
considerably lower phagocytic index α than the normal control
group (p < 0.01) (Figures 2D,E). Pretreatment with Rb2 dramatically
reversed the inhibitory effect of CTX. The values in themiddle-Rb2 (p <
0.05) and high-Rb2 groups (p < 0.01) were considerably higher than
those in themodel group, suggesting that Rb2 can improvemacrophage
function in immunosuppressed mice caused by CTX.

Cytokines
To explore the immunomodulatory effects of Rb2 on cytokines,
IFN-γ, TNF-α, IL-2, and IgG levels in serum were assessed. As
shown in Figures 2F–I, the levels of immune-related cytokines in
the model were considerably lower (p < 0.01) than the control.
The IFN-γ content in the positive and middle-Rb2 group was
substantially higher compared to the model (p < 0.05), whereas
that in the low-Rb2 and high-Rb2 groups exerted an increased
trend. The content of TNF-α and IL-2 in the three Rb2
administration groups was significantly enhanced (p < 0.01).
IgG content in the low and middle groups was enormously
improved (p < 0.01), but IgG was not significantly regulated
in high group.

The Levels of Immune-Related Gene
Expression
Compared with the control, CTX significantly reduced the above-
mentioned relative gene expression levels (Figures 3A–E) in the
model (p < 0.01). The relative expression of IL-4, TNF-α, IL-2,
SYK, and IL-6 was promoted after treatment with Rb2.
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Docking Results
In order to investigate the binding pattern and the active site
cavity of Rb2 and IL-4, SYK, IL-2, TNF, and IL-6, molecular
docking was accomplished by AutoDockTools-1.5.6 and
AutoDock vina. The lowest binding energies for TNF, IL-4,
SYK, IL-2, and IL-6 were −7.7, −7.3, −7.6, −9.8 and −8.3 kcal/
mol, respectively. The result indicates that Rb2 has a higher
affinity for IL-2 than the other proteins. Molecular docking
investigations of Rb2 on IL-2 (Figure 3F) revealed hydrogen
bonding interactions as well as a salt bridge with the amino acid
residues around the binding site. Rb2 binds with IL-2 by forming
three hydrogen bonds as illustrated in Figure 3F (amino acid
residues ASP-170, VAL-165 and ALA-180), and the salt bridge
was evident with amino acid residues LYS-45 (2 bonds).
Hydrogen bonds between Rb2 and IL-4 were formed with

amino acid residues GLN-54, THR-28 (3 bonds) and ARG-64,
and the salt bridge was evident with amino acid residues HIS-58
and HIS-59. The binding interactions of Rb2 on IL-6 have been
shown in the form of hydrogen bonds in molecular docking
studies. The amino acid residues ASN-65 (2 bonds), GLU-71,
GLN-73 (2 bonds), ARG-74, LYS-91, ASN-75 (2 bonds), GLY-77
(2 bonds), and CYS-78 were identified as forming hydrogen
bonds with Rb2 (Figure 3H). Rb2 binds to SYK via hydrogen
bonds. The amino acid residues GLY-725, GLN-697, and SER-
667 (Figure 3I) were all discovered to form hydrogen bonds with
Rb2. Additionally, Rb2 was found to interact with TNF by
forming hydrogen bonds with amino acid residues ASP10,
SER-9 (2 bonds), TYP-56, ASP-53 (2 bonds), and LSP-11, and
the salt bridge was evident with amino acid residues LYS-11
(Figure 3J).

FIGURE 3 | The relative gene expression of cytokines in spleen. (A), IL-2; (B), IL-4; (C), IL-6; (D), SYK; (E), TNF-α. ##p < 0.01, compared to Normal. **p < 0.01,
compared toModel. (F)Docking of Rb2 (yellow) into the binding site of mouse IL-2 (PDB code: 4yue, green); (G)Docking of Rb2 (yellow) into the binding site of mouse IL-
4 (PDB code: 2b8u, green); (H) Docking of Rb2 (yellow) into the binding site of mouse IL-6 (PDB code: 2l3y, green); (I) Docking of Rb2 (yellow) into the binding site of
mouse SYK (PDB code: 2mc1, green); (J) Docking of Rb2 (yellow) into the binding site of mouse TNF (PDB code: 2tnf, green).
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DISCUSSION

Almost all chemotherapeutic medicines are toxic, and chemotherapy
has substantial and often fatal adverse effects, such as severe nausea,
myelosuppression, and immunosuppression (Ngulde et al., 2020).
CTX is an immunosuppressant that is frequently used in clinical
chemotherapy formalignant tumors. The proliferation of T and Bwas
inhibited by CTX through disrupting with DNA and RNA activities
(Johnson et al., 2012). Ginseng is well known for its immune-boosting
properties. The modulation of the immune system has been
extensively described in terms of preserving immune system
homeostasis and increasing resistance to disease or pathogenic
attacks (Lee et al., 2015; Iqbal and Rhee, 2020).

Ginsenosides (Re, Rg3, Rg1, Rb1, Rb2) are the major bioactive
constituents of ginseng, which dramatically amplify immune
function in mice (Song et al., 2010; Park et al., 2011; Wang et al.,
2014). Combining CTX with ginsenosides can improve the anti-
cancer activity of CTX. The enhancing effects were responsible for
the increase in anti-cancer immunity (Chen et al., 2017; Zhu et al.,
2021). The immune system, which consists of innate and adaptive
immunity, is the human’s ultimate defense against infectious
illnesses, tumor and cancer growth. In this investigation, we used
a variety of assays to assess the effects of Rb2 on immune responses.
The tests showed that Rb2 improved cellular, macrophage
phagocytosis and NK cell activity in animals that had been given
CTX, reducing the negative effects of immune suppression. The
immunomodulatory effect of Rb2 is due, at least in part, to the
related cytokine regulation and mRNA expression.

Spleen indices can reveal information about an organism’s
immunological activity and prognosis. In this study, the spleen
weight was increased in the Rb2 groups compared to the model
and control group. The adaptive immune response’s key cell
component is the lymphocyte. T and B lymphocyte proliferation
in response to mitogen or antigen is a common immunological
measure used to evaluate lymphocyte response. In general, T
lymphocyte immunity can be detected using ConA-induced cell
proliferation, whereas B lymphocyte immunity may be detected
using LPS-induced B cell activation (Monmai et al., 2017; Liu
et al., 2018). It indicated that ginsenoside Rb2 reversed the effect
of CTX on splenic T and B lymphocyte proliferation.

Macrophages and NK cells play an important role in the anti-
microbial response (Bihl et al., 2011; Orange, 2013; Shapouri-
Moghaddam et al., 2018). Macrophages regulate innate immune
protection against pathogens, as well as adaptive immunological
responses. Macrophages are well-known for being highly secretory
cells. Macrophages coordinate the immune response by secreting a
variety of cytokines in response to stimulation. In numerous
experiments, ginseng extracts were found to increase macrophage
phagocytic activity. In the innate immune system, NK cells are a type
of cytotoxic lymphocyte that fights freshly formedmalignant cells and
infected cells. After being stimulated, macrophages begin phagocytosis
and produce a variety of effector molecules, including NO, to protect
the host from damage (Kovacevic et al., 2017). NK cells participate in
immune surveillance by destroying non-specific target cells and
releasing IFN-γ. Further, NK cells activate macrophages to
eliminate phagocytized microorganisms (O’Sullivan et al., 2015).
Thus, macrophages and NK cells are contributing to tumor

monitoring and pathogen clearance (Cerwenka and Lanier, 2016).
In our experiment, Rb2 can improve macrophage and NK cell
function, indicating that it could improve cell immunological function.

Innate and acquired immunity against microbial invasion, as
well as the formation and activation of effector cells, also rely on
cytokines. They are tiny signaling molecules produced by a
variety of cells that help to mediate immune responses. Innate
immunity is regulated by IL-10, TNFs, IL-12, and IL-6, which are
produced by macrophages and NK cells. IFN-γ, IL-2, TNF-β, IL-
12 were secreted by Th1 cells, and IL-10, IL-4, IL-13, and IL-5
were secreted by Th2 cells. Th1 and Th2 cells differ in the
cytokines they secrete, which determines their differentiation
and biological roles. IL-2 is a major immune factor secreted by
Th cells. Combined with IL-2R, IL-2 can stimulate immune cell
proliferation while inhibiting malignant cell division (Wang et al.,
2005; Sockolosky et al., 2018). Moreover, IL-2 enhances the
activity of NK cells like interferon. Thus, IFN-γ production is
increased (Ferlazzo et al., 2004; Wang et al., 2012). IL-2 can also
promote B cell differentiation and IgG secretion from naive
B cells stimulated by IL-21 (Berglund et al., 2013). IFN-γ is an
effective activator of macrophages. After CTX exposure, the Rb2
treated groups had significantly improved NK cell activity, which
could be associated with greater amounts of IL-2. According to
the findings, Rb2 reversed the significant depression caused by
CTX by increasing the levels of IFN-γ, TNF-α, IL-2, and IgG.

IL-4, IL-2, and IL-6 have been shown in numerous studies to
stimulate immune cell activity and boost overall immunity. In
immunosuppressed mice, Rb2 was observed to boost the mRNA
expression of IL-2, SYK, IL-4, TNF-α, and IL-6. SYK is a protein
tyrosine kinase that is found in hematopoietic cells in large
amounts (Toyabe et al., 2010). They activated immunological
receptors and downstream signaling to control cell proliferation,
differentiation and phagocytosis (Siegel et al., 2006). Molecular
docking is a popular computational approach for researching
intermolecular interactions between molecular. From molecular
docking study, it was found that IL-4, IL-2, SYK, IL-6, and TNF
exhibited enough favorable interactions with Rb2. Hence, the
results confirmed that Rb2 can enhance immune activity
through regulating the production of IL-2, SYK, IL-4, TNF, and
IL-6 in CTX-induced immunosuppressed mice.

CONCLUSION

The current findings showed that ginsenoside Rb2 reversed CTX-
induced spleen damage, increased splenic T and B lymphocyte
proliferation, improved macrophage function and NK cell
activity, and increased cytokine production and mRNA
expression. It suggests that ginsenoside Rb2 reversed CTX-
induced immunosuppression in the mice.
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TheCombination of Tamarindus indica
and Coenzyme Q10 can be a Potential
Therapy Preference to Attenuate
Cadmium-Induced Hepatorenal Injury
Amany Abdelnaby1, Nabila Abdel-Aleem2, Ayman Mansour1, Afaf Abdelkader3,4*,
Amany N. Ibrahim5, Safwa M. Sorour5, Enas Elgendy6, Heba Bayoumi6,
Shaymaa M. Abdelrahman7, Samah F. Ibrahim8, Ilhaam Alsaati 9 and Ahmed Abdeen2,4,10*

1Department of Biotechnology, Animal Health Research Institute, Agricultural Research Center, Giza, Egypt, 2Department of
Forensic Medicine and Toxicology, Faculty of Veterinary Medicine, Benha University, Toukh, Egypt, 3Department of Forensic
Medicine and Clinical Toxicology, Faculty of Medicine, Benha University, Benha, Egypt, 4Center of Excellence in Screening of
Environmental Contaminants (CESEC), Benha University, Toukh, Egypt, 5Department of Pharmacology, Faculty of Medicine,
Benha University, Benha, Egypt, 6Histology and Cell Biology Department, Faculty of Medicine, Benha University, Benha, Egypt,
7Medical Biochemistry and Molecular Biology Department, Faculty of Medicine, Benha University, Benha, Egypt, 8Department of
Clinical Sciences, College of Medicine, Princess Nourah bint AbdulrahmanUniversity, Riyadh, Saudi Arabia, 9Department of Basic
Sciences, College of Medicine, Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia, 10Department of
Biochemistry, Faculty of Veterinary Medicine, South Valley University, Qena, Egypt

Cadmium (Cd) is a hazardous environmental pollutant that menaces human and animal
health and induces serious adverse effects in various organs, particularly the liver and
kidneys. Thus, the current study was designed to look into the possible mechanisms behind
the ameliorative activities of Tamarindus indica (TM) and coenzyme Q10 (CoQ) combined
therapy toward Cd-inflicted tissue injury. Male Wistar rats were categorized into seven
groups: Control (received saline only); TM (50mg/kg); CoQ (40mg/kg); Cd (2mg/kg); (Cd +
TM); (Cd + CoQ); and (Cd + TM +CoQ). All the treatments were employed once daily via oral
gavage for 28 consecutive days. The results revealed that Cd exposure considerably
induced liver and kidney damage, evidenced by enhancement of liver and kidney
function tests. In addition, Cd intoxication could provoke oxidative stress evidenced by
markedly decreased glutathione (GSH) content and catalase (CAT) activity alongside a
substantial increase in malondialdehyde (MDA) concentrations in the hepatic and renal
tissues. Besides, disrupted protein and lipid metabolism were noticed. Unambiguously, TM
or CoQ supplementation alleviated Cd-induced hepatorenal damage, which is most likely
attributed to their antioxidant and anti-inflammatory contents. Interestingly, when TM and
CoQ were given in combination, a better restoration of Cd-induced liver and kidney damage
was noticed than was during their individual treatments.

Keywords: cadmium, Tamarindus indica, coenzyme Q10, antioxidants, hepatorenal damage, oxidative stress

INTRODUCTION

Cadmium (Cd) is one of the most harmful of environmental and industrial pollutants that
endangers human and animal health (Balali-Mood et al., 2021). It is ubiquitously existent in the
environment, naturally or via pollution (van Gerwen et al., 2022). Contaminated water, food,
and air (particularly cigarette smoke) are the most inevitable sources of exposure to Cd (Abdeen
et al., 2019). Alarmingly, Cd is poorly excreted out from the body and therefore has the ability to
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accumulate in various tissues, mainly the kidneys and liver
(Taghavizadeh Yazdi et al., 2021; Wang et al., 2021).

It is well documented that Cd has a high affinity to
sulfhydryl thiol–containing cellular macromolecules, such
as antioxidant components and metallothioneins (MTs), a
cysteine-rich protein important for the detoxification of Cd
(Wang et al., 2021). The Cd-MT complex is generated and
accumulates in liver and kidney cells, causing Cd
sequestration in the target site and consequently
disrupting cellular redox hemostasis. A building body of
studies has shown that oxidative damage is deemed to be the
principal mechanism of Cd-induced tissue damage (Abdeen
et al., 2019; de Anicésio and Monteiro, 2022). Cd promotes
mitochondrial deterioration leading to reduction in ATP
synthesis and incremented reactive oxygen species (ROS)
generation (Mirkov et al., 2021). As a result, mitochondrial
dysfunction, peroxidation of membrane lipid (LPO), protein
misfolding, DNA oxidation, and ultimately, overture of
apoptotic pathways are instigated (Abdeen et al., 2019;
Mirkov et al., 2021; Elgazzar et al., 2022).

Tamarindus indica (TM) is commonly known as tamarind,
which grows naturally in tropical and subtropical regions
(Asad et al., 2022). Many studies have been published the
benefits of TM as a natural antioxidant and on its ability to
scavenge ROS, which are attributed to its high flavonoid and
phenolic contents (Maria et al., 2011; Escalona-Arranz et al.,
2016; Devi et al., 2020; Kengaiah et al., 2020). Accordingly, an
ample number of literature have reported that TM could exert
a hepatorenal protection against a variety of environmental
toxicants and drugs, such as toxicities caused by fluoride
(Ranjan et al., 2009), carbon tetrachloride (Atawodi et al.,
2013), ethanol (Ghoneim and Eldahshan, 2012),
antitubercular drugs (Amir et al., 2016), and gentamicin
(Khader et al., 2019).

Coenzyme Q10 (CoQ) is a natural antioxidant molecule
present in all biological membranes of living organisms
(Sangsefidi et al., 2020; Abdeen et al., 2020). CoQ is
predominantly found in high energy–demanding cells
such as the hepatocytes and renal cells, where the
mitochondria are plentiful. It is an integral constituent of
the mitochondrial electron transport chain and essential in
ATP synthesis (Sangsefidi et al., 2020). Additionally, as a
part of the intracellular antioxidant system, CoQ has a
substantial free radical scavenging capability, which assists
in maintaining the mitochondrial membrane potential and
in mitigating LPO; thereby, the oxidative stress is quenched
(Gutierrez-Mariscal et al., 2020). The antioxidant potency of
CoQ has been documented against oxidative harm done to
the liver and kidneys triggered by cisplatin (Fatim a et al.,
2013), doxorubicin (El-Sheikh et al., 2012), piroxicam
(Abdeen et al., 2020), gentamicin (Upaganlawar et al.,
2006), and acetaminophen (Fouad and Jresat, 2011).

Considering the antioxidant potential of TM and CoQ on
quenching the generated ROS and promoting the cellular
antioxidant capacity at the levels of the mitochondria and
cytoplasm, we anticipated that supplementing both the agents
might mitigate Cd-stimulated oxidative stress and enhance

tissue remodeling. Hereby, the current research evaluates their
palliative capability on Cd-prompted hepatorenal oxidative
stress. Biomarkers of the liver and kidneys, lipid profiles,
oxidative state, and histopathological alterations were all
investigated.

MATERIALS AND METHODS

Botanical Material and Tamarindus indica
Extract Preparation
T. indica seeds were gained from the local market (Cairo,
Egypt). The seeds were removed manually from their coats,
then rinsed and dried at 40°C for 24 h in the dark. Next, the
seeds were processed into a powder using a lab blender.
Twenty-five grams of dried and smashed seeds were placed
in a conical flask and steeped for 3 days at room temperature
in 500 ml of anhydrous ethanol, stirring constantly. The
obtained extract was filtered before being roto-evaporated,
after which the extract paste was freeze-dried. Finally, the TM
extract was diluted in saline and thoroughly mixed with
vortex before use.

Phytochemical Profiling of Tamarindus
indica Extract Using Gas
Chromatography–Mass Spectrometer
The phytochemical constituents of TMwere identified by GC/MS
analysis (GC-Trace Ultra–ISQ mass spectrometer, Thermo-
Scientific, Austin, United States) as previously described by
our group (Abdeen et al., 2021).

Assessment of Total Phenolic Content and
Total Flavonoid Content
The TPC and TFC of TM were calculated by a colorimetric
technique in accordance with the Žilić et al. (2012) technique.

ABTS+ and 2,2-Diphenyl-1-Picrylhydrazyl
Radical-Scavenging Efficacy
The scavenging capability of the robust free radicals—2,2-
diphenyl-1-picrylhydrazyl (DPPH•) and 2,20-azino-bis(3-
ethylbenzothiazoline-6-sulphonate) (ABTS+)—was assessed
according to the Hwang and Thi (2014) method.

Animals and Ethical Endorsement
From the Center of Laboratory Animal, Faculty of Veterinary
Medicine at Benha University, Egypt, 42 Wistar Albino rats
(130–150 g) were obtained. Two weeks prior to the incipience
of the trial, the rats were housed and accustomed to get
adjusted to the environmental conditions (25 ± 2°C) and
were supplied balanced pellets and water ad libitum. All
animal experimentation steps were incongruent with the
guidelines set by the ethical committee established in the
Faculty of Veterinary Medicine, Benha University (approval
no: BUFVTM130222).
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Design of the Trial
Subsequent to acclimation, the animals were sorted into seven
equable groups (six rats in each group): Control group—the rats
were given normal saline as a vehicle; TM group—TM seed
extract (50 mg/kg b.wt) was given to the rats (Sundaram et al.,
2014); CoQ group—animals received coenzyme Q10 (CoQ;
40 mg/kg b.wt) (Abdeen et al., 2020); Cd group—the rats
received cadmium chloride (CdCl2; 2 mg/kg b.wt) (Abdeen
et al., 2019); Cd + TM group—the rats were given TM and
CdCl2; Cd + CoQ group—the rats were administered CoQ and
CdCl2; and Cd + TM + CoQ group—animals were treated with
TM, CoQ, and CdCl2 at the same abovementioned dosages. TM
and CoQ were given 1 h foregoing to CdCl2. All of the remedies
were given orally once daily for 28 sequent days. CoQ capsules
(Coenzyme Q10®, 30 mg) were bought from MEPACO-
MediFood, Egypt. While, CdCl2 was got from the Central
Drug House (P) Ltd., New Delhi, India.

Sampling
At the end of the experiment, the rats were euthanized under
isoflurane inhalation anesthesia. Then, blood samples were
immediately sampled from the inferior vena cava, centrifuged
for 15 min at 2,000g for serum separation, and stored at −20°C for
biochemical investigations. To dislodge blood clots, liver and
kidney tissues were swiftly harvested and permeated in ice-cold
saline. After that, each tissue sample was separated into two
halves, one of which was kept in a 10% buffered formalin solution
for further histological analysis, while the other part was treated
as shown later for the oxidative cascade and biomarkers
evaluation.

Serum Biochemical Indices
Serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP) enzymatic
activities and BUN, creatinine, total protein, albumin, globulin,
and lipid profile (cholesterol and triglycerides) were estimated
using chemical kits bought from Laboratory Bio-diagnostics Co.,
Cairo, Egypt. All the procedures were executed in conformity
with the manufacturer’s guidelines.

Preparation of Tissue Homogenates and
Oxidative Cascade Analysis
Using a sonicator homogenizer, 1 g of each tissue was
homogenized in 5 ml of ice-cold buffer (50 Mm potassium
phosphate, pH 7.5, 1 Mm EDTA). Aliquots of tissue
homogenates were spun at 4,000 rpm in a cooling centrifuge
for 20 min, and the supernatant was frozen at −20°C till further
assessment of the oxidative parameters. Oxidative cascade was
achieved by measuring the catalase (CAT) activity and
malondialdehyde (MDA) and reduced-glutathione (GSH)
levels utilizing special diagnostic kits procured from
Laboratory Bio-diagnostic Co.

Histopathological Inspection
Following proper fixation (10% buffered formalin for 24 h at
25°C), the liver and kidney tissue specimens were rinsed with

running water for 10 min before dehydrating with successive
ethanol dilutions. They were cleared up in xylene solution after
that and the tissue specimens were embedded in paraffin at
60°C, then cut into 5-µM-thick sections and stained with H&E
to examine the histoarchitectural changes. As previously
described by our group, an ordinal scoring system was used
to grade the histopathological changes in the liver and kidneys
(Abdeen et al., 2021). The scores were graded from 0 to 3 for
describing normal (score = 0), mild (score = 1), moderate
(score = 2), and severe (score = 3) affections.

Statistical Analyses
Statistical tests were performed using SPSS software (version
21.0; SPSS Inc., Chicago, IL, United States). Comparisons of
the various data sets were done using one-way ANOVA
followed by the Duncan’s post hoc test. The values are
displayed as mean ± SD. Statistically significant values
were designated at p ≤ 0.05. To determine the contribution
of all the variables, the “Factoextra” and “FactoMineR”
packages were installed in RStudio under R version
4.0.2 to perform the multivariate principal component
analysis (PCA). RStudio and MetaboAnalyst software were
used for data visualization.

RESULTS

Gas Chromatography–Mass Spectrometer
Fragmentation Pattern of Tamarindus
indica Seeds Extract
The GC/MS approach was used to identify the chemical
components of TM by matching the retention time of the
constitutes exemplified in the mass spectra with those obtained
from the renowned compounds stored in the spectrometry
database libraries. The chromatogram depicted in Figure 1
expounds the mass spectrum pattern of TM, with ten distinct
peaks at 3.66, 19.98, 21.38, 24.88, 25.58, 27.10, 28.64, 30.65,
31.17, and 31.82 m/z. The most predominating compounds,
which conquered the largest peak area were epoxygedunin
(32.24%) followed by caryophyllene (17.91%), ethyl iso-
allocholate (11.85%), 9-octadecenoic acid (11.37%),
cholesta-8,24-dien-3-ol, 4-methyl-, (3β,4α)- (6.54%),
isochiapin B (6.21%), 10,13-octadecadienoic acid, methyl
ester (4.63%), tribehenin (3.91%), retinol (3.48%), and
hexadecanoic acid, 2,3-dihydroxypropyl ester (1.87%). These
specified compounds elucidated that TM is an enriched source
of antioxidant and hydrogen donor compounds, explicating its
ability to combat many disorders (Table 1).

Total Phenolic Content, Total Flavonoid
Content, and Free Radical Scavenging
Potential of Tamarindus indica
Table 2 shows that TPC and TFC had average levels of 611.08mg of
gallic acid equivalent (GAE)/g and 179.08 mg catechin equivalent
(CE)/g, respectively. Following that, DPPH• andABTS+were used to
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evaluate the antioxidant capabilities of the discovered phenolic and
flavonoid components. Intriguingly, the gained data elucidated the
strong antioxidant activity of TMwith average scavenging capacities
of 1813.62 and 1703.27mg TE/g for DPPH• and ABTS+ radicals,
respectively (Table 2).

Serum Biochemical Assays
As shown in Figures 2, 3, Cd treatment resulted in liver and
kidney impairment, as documented by marked increases in the
serum indices of AST, ALT, ALP, creatinine, and BUN, as well as
marked decreases in albumin, total protein, and globulin levels

when compared to the Control. We also noticed dramatic
increases in cholesterol and triglyceride levels (Figure 3).
These findings reveal that Cd poisoning affected lipid
metabolism. By contrast, when Cd-exposed rats were given
TM or CoQ, the harmful effects of Cd were reduced, as
evidenced by a significant improvement in the lipid profile
and adjustment of all hepatorenal biomarker levels. As both
the medicines (TM and CoQ) were coadministered with Cd,
there were notable improvements in hepatic and renal functions
and lipid metabolism when compared to their individual
treatments.

FIGURE 1 | GC/MS analysis of Tamarindus indica seeds extract. (A) GC/MS chromatogram pattern of TM exhibits the abundance of distinct phytochemical
constitutes isolated at various retention times. (B) Chemical construction of the identified phytochemicals.
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Antioxidant and Peroxidation Indices
Lipid peroxidation biomarker (MDA) and antioxidant enzyme
capacity (CAT and GSH) upon Cd, TM, or CoQ treatment are
illustrated in Figure 4. As explicated, Cd exposure negatively
impacted the cellular oxidative state through drastic increment in
the MDA levels with an outstanding depletion in CAT activity
and GSH level in the liver and renal tissues when compared to the
Control. TM or CoQ treatment notably amended hepatorenal
oxidative harm prompted by Cd exposure. The overall data
revealed a refinement of the oxidative status in the Cd + TM
+ CoQ group when compared to the Cd + TM or Cd + CoQ
group, suggesting that the synchronous use of TM and CoQ has
robust synergistic antioxidant advantages against Cd
intoxication.

Histopathological Findings
To corroborate the formerly noted observations, the morphological
derangement in the hepatic and renal tissues upon Cd, TM, or CoQ
administration was evaluated. The hepatic histological inspection of
the Control, TM-treated, and CoQ-treated groups exposed normal
construction of liver lobule (uniform polyhedral hepatocytes, well-
organized sinusoids, and portal veins) as displayed in Figures 5A–C,
respectively. On the contrary, the Cd-intoxicated rats showed a loss
of hepatic architecture with the proliferation of bile ducts,
centrilobular vacuolation of hepatocytes’ cytoplasm and diffuse
fatty changes “signet cell” (accumulation of fat droplet within the
hepatocyte). Besides, portal blood vessel congestion and tremendous
leukocyte leakage were also spotted (Figures 5D1,D2). With the
concurrent use of Cd, TM, or CoQ, the portal region showed
minimal lymphocytic spillage and fatty changes when compared
to Cd-untreated rats (Figures 5E,F). Fortunately, when Cd was used

synchronously with TM and CoQ, the hepatic architecture mostly
reverted to normal with very mild fatty changes (Figures 5G,H).

In relation to the kidney sections, the Control, TM-, and CoQ-
treated animals (Figures 6A–C, respectively) exhibited no
histopathological alterations, with a normal arrangement of
the renal parenchyma exhibited by the normal appearance of
glomerular tuft, Bowman’s capsule, and tubules. However, the
Cd-intoxicated group showed perturbation of renal architecture,
desquamation of the apical epithelia of proximal and distal
tubules along with cytoplasmic vacuolation. Dense
inflammatory cellular infiltration was also noted (Figures
6D1,D2). Nevertheless, combining the treatment of Cd and
TM or CoQ culminated in a moderate recovery of histological
findings with an improvement of renal architecture as evidenced
by mild hydropic changes in the form of vacuolated cytoplasm in
some renal tubules (Figures 6E,F). Interestingly, when Cd was
used simultaneously with both TM and CoQ, the renal
architecture was restored close to normal (Figures 5G,H). The
data obtained from the histopathological scoring revealed
mitigation of Cd-induced tissue injury in animals co-treated
with TM or CoQ, with better improvements when both TM
and CoQ were combined. The histopathological findings
corroborated the biochemical results, implying that the TM
and CoQ supplementation had a considerable impact on Cd-
inflicted hepatorenal injury (Figures 5H, 6H).

Principal Component Analysis and
Hierarchical Clustering Heatmap
All of the studied parameters (creatinine, BUN, ALT, AST,
ALP, cholesterol, triglycerides, total protein, albumin,

TABLE 1 | Phytochemical compounds identified in extract of Tamarindus indica seeds by GC-MS analysis.

No Chemical name Phytochemical
compounds

RT (min) Peak area % Chemical formula MW

1 Hexadecanoic acid, 2,3-dihydroxypropyl ester Glyceryl palmitate 3.66 1.87 C19H38O4 330
2 10,13-Octadecadienoic acid, methyl ester Fatty acids methyl esters 19.98 4.63 C19H34O2 294
3 Caryophyllene Sesquiterpene 21.38 17.91 C15H24 204
4 Retinol Vit A 24.88 3.48 C20H30O 286
5 Cholesta-8,24-dien-3-ol, 4-methyl-, (3β,4α)- Steroids and derivatives 25.58 6.54 C28H46O 398
6 Isochiapin B Terpenoid compounds (sesquiterpene lactone) 27.10 6.21 C19H22O6 346
7 Docosanoic acid 1,2,3-propanetriyl ester (Tribehenin) Glyceryl tribehenate fatty acid 28.64 3.91 C69H134O6 1,058
8 9-Octadecenoic acid (Z) Oleic acid 30.65 11.37 C18H34O2 282
9 Ethyl iso-allocholate Steroid derivatives 31.17 11.85 C26H44O5 436
10 Epoxygedunin Saponin/steroids 31.82 32.24 C28H34O8 498

MW, molecular weight; RT, retention time.

TABLE 2 | Antioxidant contents and activities of ethanolic extract of Tamarindus indica seeds.

ABTS+ (mg TE/g) DPPH• (mg TE/g) TFC (mg CE/g) TPC (mg GAE/g)

Replicate1 1711.45 1801.29 179 612.5
Replicate2 1,695.53 1817.14 180 610
Replicate3 1702.81 1822.42 178.25 610.75
Mean ± SE 1703.27 ± 4.61 1813.62 ± 6.36 179.08 ± 0.51 611.08 ± 0.74

TE; trolox equivalent; CE, catechin equivalent; GAE, gallic acid equivalent. Data are expressed as the mean ± SE.
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globulin, MDA, GSH, and CAT) contributed mostly along the
two major dimensional components (Dim1 and Dim2),
accounting for 74% of the total variation. As shown in
Figure 7, Dim1 differentiated the majority of investigated
factors, resulting in a larger proportion of variance (64.5%),
while Dim2 captured the smaller proportion of variation
(9.5%). The PCA score plot revealed that the Control, TM,
CoQ, Cd + TM, Cd + CoQ, and Cd + TM + CoQ groups were
clustered together on the left side and segregated from those
subjected to Cd intoxication (Figure 7A). In the PCA loading
plot, creatinine, BUN, ALT, AST, ALP, cholesterol,
triglycerides, and MDA were positively associated with the
Cd group. On the other hand, total protein, albumin, globulin,
GSH, and CAT were positively linked with the Control, TM,
CoQ, Cd + TM, Cd + CoQ, and Cd + TM + CoQ groups
(Figure 7B). Alongside the PCA, the clustering heatmap
depicted in Figure 7C provides intuitive visualization of all
the data sets, which summarizes the concentration values of all
measured biochemical parameters in response to different
treatments. These data show how the Cd-treated group
exhibited more injury than the other groups.

DISCUSSION

Cd is a prevalent nonbiodegradable environmental pollutant that
threatens human and animal health (Wang et al., 2021). Cd has a
long half-life, and once absorbed through the plasmamembrane’s
calcium channel, it builds up in the body permanently due to its
binding to the cytoplasm and nuclear molecules. Cd
accumulation in the tissues triggers early oxidative stress and
various pathological conditions, particularly in the liver and
kidneys (Larregle et al., 2008; Cabral et al., 2021). Oxidative
distress is renowned for being initiated when the produced ROS,
such as superoxide anions (O2

•−), hydroxyl radicals (OH•), and
hydrogen peroxide (H2O2), overrides the endogenous
antioxidant’s capacity (Abdeen et al., 2019). Thereafter, tissue
injury is elicited via provoking a cascade of complex mechanisms,
such as the enhancement of LPO, protein misfolding,
mitochondrial perturbation, depleted ATP production, and
DNA damage (Abdel Moneim et al., 2014; Aboubakr et al.,
2021a; Wang et al., 2021).

Consequently, the current findings exhibited noteworthy
oxidative stress following Cd exposure, as elucidated by

FIGURE 2 | Dot plot of liver and kidney biochemical parameters following treatment with Cd, TM, and CoQ. Values exhibited are mean ± SD (n = 6).
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significant declines in the GSH concentration and CAT activity in
both the liver and kidney tissues. These findings align with
formerly published studies (Abdel Moneim et al., 2014; El-
boshy et al., 2014; Abdeen et al., 2019). GSH is the major
sovereign antioxidant abundantly available in all biological
systems since it functions as a nonenzymatic antioxidant by
directly scavenging ROS (Abdel-Daim et al., 2021). Cd
interacts exclusively with the SH content of the GSH, forming
a GSH-Cd complex which is less readily reabsorbed in renal
epithelial cells than the Cd-MT complex (Abdeen et al., 2019).
The presented findings are in conformity with various former
reports proposing that the reduced levels of GSH in the liver and
kidneys upon Cd intoxication might enhance their vulnerability
to the ROS damaging effect (Renugadevi and Prabu, 2010;
Samarghandian et al., 2015; Aboubakr et al., 2021b). In
addition to GSH, CAT is another endogenous antioxidant that
is necessary for decomposing H2O2 into H2O and O2; therefore, it
conserves the cell from oxidative harm caused by the oxygen
species. Thus, in a condition when CAT activity is depleted by
Cd-induced overproduction of ROS, Fenton’s reaction is
accelerated and plentiful amounts of OH• are produced

(Abdeen et al., 2019). The OH• molecule is the most
damaging radical among other ROS, which strongly destroys
the lipid membranes, triggering LPO and increasing MDA (LPO
marker) levels (Renugadevi and Prabu, 2010).

Alarmingly, besides the damaging effect of ROS, MDA has the
competence to make chaotic binding with other subcellular
molecules, such as proteins and nucleic acids, speeding up the
oxidative cascade, making matters worse (Uddin et al., 2021).
Consistently, the current investigation revealed enhanced LPO
after Cd exposure, which is indicated by marked increases in
MDA tissue levels. It has been reported that when the hepatocyte
loses its membrane integrity, the membrane permeability is
increased, contributing in the escaping of hepatic enzymes
(ALT, AST, and ALP) into the circulation, increasing their
blood levels (Abdeen et al., 2021). As shown in the current
study, Cd intoxication could dramatically enhance the
activities of ALT, AST, and ALP. The histopathological
examination vividly mirrored the biochemical findings on the
liver sections. Additionally, the activation of the von Kupffer cells
and neutrophil recruitment in our study has also been embroiled
in the Cd hepatotoxic process. Wang et al. (2021) and Abdeen

FIGURE 3 | Dot plot of serum proteins and lipid profile following Cd, TM, and CoQ treatment. Cd, cadmium; CoQ, coenzyme Q10; TM, Tamarindus indica. Data
presented as mean ± SD (n = 6).
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et al. (2019) have corroborated the hepatotoxic damage in Cd-
intoxicated rats.

In other words, histological analysis showed the presence of
LPO in renal cell membranes, as seen by the disintegrating apical
membrane, which caused tubular dysfunction as exhibited by
marked increases in BUN and creatinine levels. There is strong
evidence that the proximal tubules’ sensitivity to ROS-induced
oxidative damage is due to their high mitochondrial content.
Surprisingly, according to the current histological study, the
proximal tubules were the most affected areas of the kidneys
following Cd intoxication. These findings are consistent with our
prior research, which indicates the vulnerability of the cortical
region to oxidative degradation caused by different insults such as
gentamicin (Abdeen et al., 2021), cefepime (Aboubakr et al.,
2021a), and aflatoxins B1 (Abdel-Daim et al., 2021). Therefore, it
is strongly assumed that mitochondria constitutes a potential
subcellular target for Cd (Gobe and Crane, 2010). Furthermore,
this work shows substantial reductions in albumin and globulin
serum levels which in turn affect the total protein levels after Cd

exposure. These reductions might be attributed to the Cd-
induced inhibition of protein synthesis due to oxidative stress,
endoplasmic reticulum stress, and DNA oxidation, which ended
up suppressing mRNA transcription and translation processes in
the hepatocytes (El-boshy et al., 2014; Aboubakr et al., 2021a).
Our histopathological findings confirm the occurrence of hepatic
degenerative changes in response to Cd intoxication. Moreover,
the renal reabsorption defects caused by Cd were another
condemned mechanism for excessive protein loss in the urine,
reducing their serum levels (Abdeen et al., 2020).

Moreover, we observed disruption of lipid metabolism, as
seen by raised serum cholesterol and triglyceride levels,
implying the presence of liver injury following Cd poisoning,
as evidenced by the fatty buildup in hepatocytes shown in our
histological findings. Our data are in agreement with those
obtained by Larregle et al. (2008), who found that Cd
exposure accelerated fat degeneration in isolated rat
hepatocytes. It is evident that Cd affects the amount of lipids
in various organs. We anticipate that the hypertriglyceridemia

FIGURE 4 | Dot plot of oxidative/antioxidative state following Cd, TM, and CoQ treatment. CAT, catalase; Cd, cadmium; CoQ, coenzyme Q10; GSH, reduced
glutathione; MDA, malondialdehyde; TM, Tamarindus indica. Data are presented as mean ± SD (n = 6).
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and hypercholesterolemia noticed in Cd-treated animals were
attributed to the reduced activity of plasma lipoprotein lipase, a
pivotal enzyme, in their breakdown (Larregle et al., 2008).
Besides, Cd inhibits cholesterol uptake by macrophage, which
is crucial in cholesterol metabolism (Ramirez and Gimenez,
2003). Taken together, all the aforementioned mechanisms
promote fatty liver induction. These data are in congruence
with Kim et al. (2018), who demonstrated a noteworthy rise in
cholesterol and triglyceride levels after Cd intoxication in a
zebrafish model.

In addition, our results are in harmony with those of
Samarghandian et al. Larregle et al. (2008) elucidated that
Cd exposure adversely disrupted the lipid profile through LPO.
Worse, elevated cholesterol levels were frequently cited as a
factor that hastens the deposition of Cd (Türkcan et al., 2015).
Additionally, dyslipidemia is reported to promote
mitochondrial instability and excess production of ROS,
thereby oxidative stress exacerbates the deleterious sequels
(Gutierrez-Mariscal et al., 2020).

GC/MS was used to identify the T. indica plant in the
current study. The GC/MS chromatogram revealed that
saponin, terpenoids, steroids, oleic acid, fatty acids methyl
esters, vitamin A, and glyceryl palmitate were the most
ubiquitous constituents in the TM seed extract (Table 1).

Notably, these secondary metabolites evince diverse
therapeutic potential, mainly antioxidant (S et al., 2021;
Atawodi et al., 2013), anti-inflammatory (Mushtaq et al.,
2021), and antihyperlipidemic (Velu et al., 2018) properties.
The presence of these phytochemicals is in congruence with
that reported in preceding studies those screened the prime
constituents of T. indica seeds (S et al., 2021; Mushtaq et al.,
2021; Sadiq et al., 2016). Furthermore, the current
investigation has proven the antioxidant potential of TM
by the presence of remarkable levels of phenols (611.08 mg
GAE/g), flavonoids (179.08 mg CE/g), and increments of free
radicals scavenging activity (according to DPPH• and ABTS+

assays), supporting the findings of prior investigations
(Rebaya et al., 2015). The phenolic compounds can be
deemed the cornerstone of TM’s antioxidant potentiality,
depending on their chemical architectures, particularly the
number and location of the OH groups, the nature of
exchange on the aromatic rings, and double bonds those
enable the delocalization of free electrons. They have the
potential to transform unpaired electrons to paired ones via
donating hydrogen atom (H+) to them which is crucial for
free radicals neutralization and stability, therefore
conferring the phenolic molecules their scavenging
capability (Yeasmen and Islam, 2015).

FIGURE 5 |Histopathology of liver tissue in Control and Cd-, TM-, and CoQ-treated groups. Nearly normal hepatic architectures were observed in Control
(A), TM-treated (B), and CoQ-treated (C) rats. Cd (D1): liver section of Cd-treated group showing severe congestion of portal vein (asterisk), proliferation of bile
duct (black arrow), and dense portal inflammation (blue arrow). Loss of hepatic architecture (red arrow) and severe fatty changes were also detected in Cd (D2).
Cd + TM (E) and Cd + CoQ (F): dramatic improvement of hepatic architecture observed when Cd was co-administered with TM or CoQ, indicated by mild
fatty changes (yellow arrow), portal inflammation (blue arrow), and proliferation of bile duct (black arrow). Cd + TM + CoQ (G): rats treated synchronously with
Cd and both TM and CoQ revealed hepatic architecture reverted to normal with very mild fatty changes. (H) Ordinal scoring of recorded histopathological
alterations in the liver tissue. (Cong; congestion; CV, central vein; FC, fatty changes; IC, inflammatory cell infiltration; LHA, loss of hepatic architecture; PBD,
proliferation of bile duct; PV, portal vein; scale bar = 50 µM.)
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Moreover, the OH group has the potential to detoxify the
ROS, including mainly HO• radicals aiding in protecting the
membrane lipids from the HO•-induced LPO. Several reports
have revealed a robust correlation between the antioxidant
power of plants and phenolic contents (Abdeen et al., 2021). In
particular, saponins (epoxygedunin), representing the largest
proportion among other constituents of TM (32.24%) in the
current study, are well known for their potent antioxidant and
chelating activities. Saponins are reported to assist the
renovation of mitochondrial function and suppress
inflammatory responses (Wang et al., 2021). Likewise,
saponins have the capability to scavenge the superoxide
radical through the xanthine and xanthine oxidase pathway
(Fu et al., 2009).

CoQ is a unique lipid-soluble de novo–created antioxidant
that confers molecular stability to the membrane
phospholipid bilayer (Hernández-Camacho et al., 2018).
The most significant and relevant activity of CoQ is
associated with the high antioxidant capability of its
coexisting redox states (ubiquinone, semi-ubiquinone, and
ubiquinol), which function on the electron transport chain
(Abdeen et al., 2020). The antioxidant properties of CoQ is
located behind its efficiency of inhibiting the electron loss
along the electron transport chain, besides its role in the
recycling of other antioxidants such as vitamin C and vitamin

E (Hernández-Camacho et al., 2018; Gutierrez-Mariscal
et al., 2020).

Interestingly, the ongoing experiment suggests that
treatment with TM or CoQ could potentially attenuate Cd-
induced hepatorenal damage, as seen by remarkable
improvements in liver and kidney functions, lipid
metabolism, and oxidative/antioxidative state. We also
noticed a refinement of histological alterations after TM
and CoQ supplementations confirming their ameliorative
properties. Our findings are in harmony with antecedent
reports that TM could protect rat liver from carbon
tetrachloride–induced injury (Atawodi et al., 2013). Another
report elucidated the enhancement of antioxidative enzyme
activities in the liver and kidneys following CoQ supplement in
a piroxicam-intoxicated rat (Abdeen et al., 2020). Besides the
antioxidant properties, TM and CoQ have antihyperlipidemic
(Velu et al., 2018; Gutierrez-Mariscal et al., 2020) and anti-
inflammatory (Abdeen et al., 2020; Mushtaq et al., 2021; da
Silveira e Sá Rde et al., 2015) capabilities, which supposedly
play a role in restoring serum cholesterol and triglyceride
levels and obscuring lymphocytic infiltrates as indicated in
our histopathology results, respectively. There are various
mechanisms by which CoQ serves lipid metabolism such as
boosting fatty acid oxidation and inhibiting the oxidation of
low-density lipoprotein, the primary carrier of blood

FIGURE 6 | Histopathology of kidney tissue in Control and Cd-, TM-, and CoQ-treated groups. Normal nephrons were observed in Control (A), TM-treated
(B), and CoQ-treated (C) rats. Cd (D1 andD2): kidney section of Cd-treated group showing loss of normal renal architecture with loss of brush border (red arrow),
vacuolated cytoplasm (yellow arrow) in the epithelial lining of renal tubules, dense inflammatory cell infiltration (blue arrow), and severe tubular dilation (asterisk).
Cd + TM (E) and Cd + CoQ (F): dramatic improvement of renal architecture was observed when Cd was co-administered with TM or CoQ, indicated by mild
lesions in certain renal tubules. Cd + TM + CoQ (G): rats treated synchronously with Cd and both TM and CoQ, expounded that renal tubules were reverted close
to normal. (H) Ordinal scoring of recorded histopathological alterations in the renal tissue. (CV, cytoplasmic vacuolation; G, glomerular tuft; IC, inflammatory cell
infiltration; LBB, loss of brush border; TD, tubular dilatation; H&E, hematoxylin and eosin; scale bar = 25 µM.)
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cholesterol, which is implicated in the cumulation of
cholesterol (Gutierrez-Mariscal et al., 2020). Intriguingly,
saponins in TM cause hypolipidemia by inhibiting HMG-
CoA reductase, a crucial enzyme in the cholesterol
biosynthetic pathway (Velu et al., 2018). Furthermore,
caryophyllene, another essential ingredient of TM,
preferentially binds to the cannabinoid type-2 receptor,
modulating the inflammatory processes and exerting
considerable cannabimimetic anti-inflammatory effects.
Caryophyllene can also modulate the release of
proinflammatory cytokines (da Silveira e Sá Rde et al., 2015).

We employed multivariate PCA for analyzing the role of
TM, CoQ, and Cd interventions on liver and kidney tissues.
The PCA displays each experimental group’s pathway in
space spanned by biochemical and oxidative stress
markers. The data obtained by PCA exhibit how Cd

exposure causes a detrimental shift in the measured
parameters, rendering these animals differentiated from
the other treated groups by about 64.5%. In this work,
both single-variate and PCA demonstrated that increasing
the antioxidant activity alleviated the detrimental effects of
Cd in rats co-treated with TM and/or CoQ, while
PCA1 revealed that GSH levels and CAT activities
significantly alleviated the damaging effects of Cd.
Interestingly, PCA found that administering TM and CoQ
together was more effective than using them separately
against Cd-induced hepatorenal damage. In addition to the
PCA, the clustering heatmap provides intuitive visualization
of the concentration values that could potentially
discriminate the Cd-exposed group from other treatments.

Overall, combining TM and CoQ supplementation
provided superior hepatorenal protection against Cd

FIGURE 7 | Principal components analysis (PCA) of TM and CoQ against Cd-induced hepatorenal toxicity. (A) PCA for discriminating the seven experimental
groups (Control, TM, CoQ, Cd, Cd + TM, Cd + CoQ, and Cd + TM + CoQ). Percentage values indicated on the axes represent the contribution rate of Dim1 and Dim2 to
the total amount of variations. (B) The degree of contribution of various variables. The contribution strength is indicated by a colored scale ranging from the highest (red) to
lowest (blue). Cd, cadmium; CoQ, coenzyme Q10; Dim, dimension; TM, Tamarindus indica. (C)Hierarchical clustering heatmap provides intuitive visualization of all
data sets. Each colored cell on the map corresponds to concentration values, with variable averages in rows and different treatments in columns. The gradient scale
ranges from dark red (highest value) to blue (lowest value).
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toxicity than did either of the supplements alone. These
might be because of their potent ROS-scavenging activity,
enhancing the cellular antioxidant system, improving lipid
metabolism, and suppressing the inflammatory response. The
mechanistic insights underpinning the preemptive potential
of TM and CoQ against Cd-induced hepatorenal injury are
summarized in Figure 8.

CONCLUSION

Cd could evoke notable hepatorenal damage, as
demonstrated by higher levels of function biomarkers,
changes in lipid and protein metabolism, and changes in
oxidative status. TM and CoQ have the capacity to protect
hepatocytes and renal cells from Cd-induced damage by
combating oxidative distress, which can be because of their
antioxidant and anti-inflammatory activities. In Cd-
intoxicated animals, supplementing with TM or CoQ only
reduces the severity of injury. When both therapies are used
together, they produce greater results than when used
separately. We expected that supplementing with TM and
CoQ would help prevent Cd-induced tissue damage.
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Alleviating effect of quercetin on
cadmium-induced oxidative
damage and apoptosis by
activating the Nrf2-keap1
pathway in BRL-3A cells

Jicang Wang1*†, Ke Wang1†, Lulu Ding1, Pengli Zhao1,
Cai Zhang1, Hongwei Wang1, Zijun Yang1 and Zongping Liu2

1College of Animal Science and Technology, Henan University of Science and Technology, Luoyang,
China, 2College of Veterinary Medicine, Yangzhou University, Yangzhou, China

Cadmium (Cd) is a toxic heavy metal extensively used in industrial and

agricultural production. Among the main mechanisms of Cd-induced liver

damage is oxidative stress. Quercetin (QE) is a natural antioxidant. Herein,

the protective effect of QE on Cd-induced hepatocyte injury was investigated.

BRL-3A cells were treated with 12.5 μmol/L CdCl2 and/or 5 μmol/L QE for 24 h.

The cells and medium supernatant were collected, and the ALT, AST, and LDH

contents of the medium supernatant were detected. The activities or contents

of SOD, CAT, GSH, and MDA in cells were determined. Intracellular ROS levels

were examined by flow cytometry. Apoptosis rate and mitochondrial-

membrane potential (ΔΨm) were detected by Hoechst 33,258 and JC-1

methods, respectively. The mRNA and protein expression levels of Nrf2,

NQO1, Keap1, CytC, caspase-9, caspase-3, Bax, and Bcl-2 were determined

by real-time PCR (RT-PCR) and Western blot methods. Results showed that Cd

exposure injured BRL-3A cells, the activity of antioxidant enzymes decreased

and the cell ROS level increased, whereas the ΔΨm decreased, and the

expression of apoptotic genes increased. Cd inhibited the Nrf2-Keap1

pathway, decreased Nrf2 and NQO1, or increased Keap1 mRNA and protein

expression. Through the combined action of Cd andQE, QE activated the Nrf2-

Keap1 pathway. Consequently, antioxidant-enzyme activity decreased, cellular

ROS level decreased, ΔΨm increased, Cd-induced BRL-3A cell damage was

alleviated, and cell apoptosis was inhibited. After the combined action ofQE and

Cd, Nrf2 and NQO1 mRNA and protein expression increased, Keap1 mRNA and

protein expression decreased. Therefore, QE exerted an antioxidant effect by

activating the Nrf2-Keap1 pathway in BRL-3A cells.
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Introduction

Cadmium (Cd) is one of the most toxic pollutants in

natural and occupational environments. Industrial heavy-

metal pollution, fossil-fuel use, and other human activities

affect the existence of Cd (Liu et al., 2014). Cd is also

extensively used in electroplating, painting, anticorrosion

agents, plastic stabilizers, and electrical contact materials.

Once absorbed by the body, Cd persists in humans and

animals for a long time, affecting various organs, including

kidney, heart, liver, and brain (Winiarska-Mieczan et al.,

2013; Amamou et al., 2015; Wen et al., 2021; Gong et al.,

2022). The liver is the primary target organ for Cd to

accumulate and exert its harmful effects. Most studies have

shown that Cd is preferentially localized to hepatocytes in vivo

and in vitro (Li et al., 2013; Horiguchi and Oguma, 2016).

Cd exposure induces oxidative stress in cells, leading to the

accumulation of reactive oxygen species (ROS) and

malondialdehyde (MDA), resulting in lipid peroxidation and

oxidative damage (Vicente-Sánchez et al., 2008; Khan et al.,

2019). Cd further causes changes in mitochondrial membrane

permeability, releases CytC, and induces mitochondrial caspase-

dependent apoptotic protein expression through a cascade

reaction, leading to apoptosis (Banik et al., 2019).

Quercetin (QE), a natural flavonoid widely distributed and

abundant in vegetables and fruits (Donmez et al., 2019), has

strong antioxidant activity. It can directly scavenge reactive

oxygen species, chelate metal ions, and inhibit oxidative

damage. It also has anti-inflammatory, antitumor, antivirus,

and liver- and cardiovascular-protective effects (Boots et al.,

2008; Zhao et al., 2021).

The present study aimed to examine the impact of QE on Cd-

induced apoptosis and oxidative damage in rat liver cells, as well

as the role of the caspase-dependent and Nrf2 signaling pathways

in these processes.

Materials and methods

Chemicals

Cadmium chloride (CdCl2; purity >99.99%) was purchased

from Sigma–Aldrich Industrial Corporation. QE (purity >97%)

was purchased from Shanghai Yien Chemical Technology

(Shanghai, China). ALT, AST, and LDH kits were purchased

from Nanjing Jiancheng Bioengineering Institute (Nanjing,

China). Rat SOD, CAT, GSH, and MDA ELISA kits were

purchased from Shanghai Yubo Biotechnology (Shanghai,

China). Fetal bovine serum (FBS) was purchased from

Thermo Fisher Scientific CN, Benzyl penicillin and

streptomycin were purchased from Beyotime Biotechnology

(Shanghai, China). β-Actin, CytC, caspase-9, caspase-3, Bcl-2,
Bax, Nrf2, NQO1, and Keap1 were purchased from Proteintech

Group (Wuhan, China). Detection kits of ROS, Hoechst 33,258,

and Annexin V-FITC apoptosis were purchased from Beyotime

Biotechnology (Shanghai, China). RNA-Isolation Total RNA

Extraction Reagent, HiScript III RT SuperMix for qPCR

(+gDNA wiper), and ChamQ universal SYBR qPCR Master

Mix were purchased from novozan Biotechnology (Nanjing,

China). All other routine chemicals and solvents were of pure

analytical grade.

Cell culture

BRL-3A cells were obtained from Yangzhou University.

They were cultivated in high-glucose DMSO containing 10%

FBS, 2% streptomycin, and penicillin. They were then cultured

in an incubator at 37°C with 5% CO2. The cells were divided

into four groups and treated in medium supplemented with

CdCl2 and/or QE for 24 h. The treatment results are shown in

Table 1.

Cell viability detected by MTT

The BRL-3A cells were inoculated on 96-well plates with a

cell density of 1 × 104/L, and 200 μl culture medium was added to

each well until the cell-coverage area reached 60–70%. Each well

was exposed to 10 μl of MTT (5 mg/ml) after various treatments

were conducted according to the experimental requirements.

After gentle mixing and culturing at 37°C with 5% CO2 for 4 h,

we carefully sucked and discarded the culture medium in the hole

with a syringe. Then, 100 μl of formazan solubilization solution

was added to each well. The 96-well plate was placed on a

horizontal shaking table and shook slowly for 10 min.

Absorbance was measured at 570 nm by enzyme immunoassay.

Determination of liver-marker enzymes
and antioxidants

ALT, AST, and LDH were measured using diagnostic kits.

SOD, CAT, GSH, and MDA activities or content were measured

using diagnostic ELISA kits following the manufacturer’s

protocol.

TABLE 1 Treatment of cells.

Group Treatment

Control group normal medium

Cd group 12.5 μmol/L CdCl2

Cd + QE group 12.5 μmol/L CdCl2+5 μmol/L QE

QE group 5 μmol/L QE
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Intracellular ROS determination

The BRL-3A cells were inoculated in a six-well culture dish

until the cell-coverage area reached 60–70%. Cells were then

treated according to the experimental groups. After 24 h, the cells

were incubated with the ROS detection kit. The cells were

incubated in a 37°C cell incubator for 20 min. ROS level was

measured by flow cytometry.

Mitochondrial membrane potential (ΔΨm)
detection

The BRL-3A cells were inoculated in six-well plates, and cells

were treated according to experimental groups. The cells were

incubated with the ΔΨm detection kit (JC-1) and then incubated

again in a 37°C cell incubator for 20 min. According to the

manufacturer’s protocol, changes in ΔΨm were detected.

Hoechst 33258

Apoptosis was detected with a Hoechst 33258 kit. The BRL-

3A cells were inoculated into six-well plates for 12 h and then

treated with Cd (12.5 μmol/L) and QE (5 μmol/L) for 24 h.

Following a PBS wash, cells were incubated for 30 min with

Hoechst 33,258 staining solution in a cell incubator. The staining

solution was discarded, and the cells were washed twice with PBS.

An inverted fluorescence microscope was used to observe and

photograph the cells.

mRNA expression

Total RNA was extracted from rat liver tissue by using an

RNA-isolater Total RNA Extraction Reagent. Then, using

HiScript III RT SuperMix for qPCR (+gDNA wiper), total

RNA was reverse transcribed to synthesize cDNA. We

identified the mRNA sequence of rat caspase-9, caspase-3, and

other genes from GenBank. The primers were designed using

Primer Premier six and tested specifically in NCBI-Primer.

Following the kit, ChamQ universal SYBR qPCR Master Mix

was used for qRT-PCR. Three technical repetitions were

performed for each sample, and the mean was considered to

represent mRNA levels. β-Actin served as the endogenous

control. The relative mRNA levels were analyzed by 2−△△Ct

method. The primers for Nrf2, Keap1, NQO1, Bcl-2, Bax,

CytC, caspase-9, caspase-3, and β-actin are listed in Table 2.

Western blot

Following gentle washing with PBS, the cells were lysed with

RIPA to extract total protein, and the cells were lysed with

nuclear protein extract to extract nuclear protein. A BCA kit

was used to extract and detect the protein concentration of each

group. After adding loading buffer to the protein and boiling it

for storage, SDS–PAGE electrophoresis (10% separation gel and

5% concentrated gel for protein electrophoresis) was performed.

After transferring the protein onto PVDF membranes, they were

sealed with 5% skimmed milk for 1 h. The primary antibody was

cultured in a shaking table at 4°C for 12 h and washed with TBST.

The secondary antibody was incubated for 1 h at room

temperature and subjected to ECL chemiluminescence analysis

with photos taken.

Statistical analysis

SPSS (version 17) was used to analyze the data obtained

under different experimental conditions. One-way ANOVA was

used to compare results between the control and test groups.

Results

Effects of Cd and QE on cell viability in
BRL-3A cells

BRL-3A cell viability was detected at six CdCl2 concentrations

byMTT assay. As shown in Figure 1A, the IC50 of CdCl2 was about

TABLE 2Gene primers sequence and their GenBank accession number
used for qRCR.

Gene
name

Accession
number

Primer sequences (59-39)

Nrf2 NM_001399173.1 Forward: AGCACATCCAGACAGACACCA

Reverse: TATCCAGGGCAAGCGACTC

Keap1 NM_057152.2 Forward: AGCAGGCTTTTGGCATCAT

Reverse: CCGTGTAGGCGAACTCAATTAG

NQO1 NM_017000.3 Forward: GGTGAGAAGAGCCCTGATTGT

Reverse: CTCCCCTGTGATGTCGTTTC

Bcl-2 NM_016993.2 Forward: CAAGCCGGGAGAACAGGGTA

Reverse: CCCACCGAACTCAAAGAAGGC

Bax NM_017059.2 Forward: CCGAGAGGTCTTCTTCCGTGTG

Reverse: GCCTCAGCCCATCTTCTTCCA

Caspase-
3

NM_012922.2 Forward: GCAGCAGCCTCAAATTGTTGACTA

Reverse: TGCTCCGGCTCAAACCATC

Caspase-
9

NM_031632.2 Forward: CTGAGCCAGATGCTGTCCCATA

Reverse: CCAAGGTCTCGATGTACCAGGAA

CytC NM_012839.2 Forward: GGAGAGGATACCCTGATGGA

Reverse: GTCTGCCCTTTCTCCCTTCT

β-actin NM_031144.3 Forward: AGGGAAATCGTGCGTGACAT

Reverse: CCTCGGGGCATCGGAA

Frontiers in Pharmacology frontiersin.org03

Wang et al. 10.3389/fphar.2022.969892

45

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.969892


50 μmol/L. Figure 1B shows that compared with the control group,

when the QE concentration was 5–150 μmol/L, QE had no

inhibitory effect on cell activity. According to the results in

Figures 1A–D and referring to the findings of Yang et al.

(2019), the CdCl2 and QE concentrations were finally

determined to be 12.5 and 5 μmol/L, respectively, in vitro.

Medium supernatant liver-marker enzyme
status

Figure 2 shows that after the CdCl2 treatment of BRL-3A cells

for 24 h, the AST, ALT, and LDH contents in the medium of the

Cd group significantly increased (p < 0.05). This finding indicated

FIGURE 1
Detection of cell viability by MTT assay. The data are expressed in the form of (mean ± SEM), “*” indicates significant difference compared with
the control group (p < 0.05), “**” indicates extremely significant difference compared with the control group (p < 0.01), “#” indicates significant
difference compared with the 12.5 μmol/L CdCl2 group or the 25 μmol/L CdCl2 group (p < 0.05), “##” indicates extremely significant difference
compared with the 12.5 μmol/L CdCl2 group or the 25 μmol/L CdCl2 group (p < 0.01).

FIGURE 2
Effects of QE on Cd-induced changes in the levels of AST, ALT, and LDH in BRL-3A cells. The activities of ALT (A), AST (B), and LDH (C) in the
medium supernatant were measured. Data are expressed as the mean ± SEM, and data with different letters (a, b, and c) represent significant
differences (p < 0.05) among different treatments.
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that the cell membrane was ruptured and liver enzymes were

released. However, after cotreatment with QE, compared with

the Cd group, the AST, ALT, and LDH contents in the medium

decreased significantly (p < 0.05). This finding indicated that QE

significantly improved the damage inflicted by CdCl2 to cells.

Antioxidant-enzyme activity and oxidative
injuries

Figure 3 shows that compared with the control group, the

activities of SOD and CAT in the Cd group decreased significantly,

the GSH content decreased significantly, and the MDA content

increased significantly (p < 0.05). After cotreatment with QE,

compared with those in the Cd group, the SOD and CAT activities

increased, the GSH content increased, and the MDA content

decreased in the Cd + QE group, with significant differences

(p < 0.05). Compared with those in the control group, the SOD

and CAT activities and the GSH and MDA contents did not

significantly differ (p > 0.05), and the levels returned to normal.

Effects of QE on the mRNA Expression
Levels of Cd-induced the Nrf2 Signaling
Pathway in BRL-3A Cells

Figure 4 shows that compared with the control group, the

mRNA expression levels of Nrf2 and NQO1 in the Cd group

decreased significantly (p < 0.05). The mRNA expression level of

Keap1 increased significantly (p < 0.05). After cotreatment with

QE, compared with the Cd group, the mRNA expression levels of

Nrf2 and NQO1 in the Cd + QE group increased significantly

(p < 0.05), whereas the mRNA expression level of

Keap1 decreased significantly (p < 0.05), and the expression

level tended to the control group.

Figure 5A shows the protein-band diagram and the protein

expression levels of Nrf2 signal pathway in BRL-3A cells.

Compared with the control group, the expression level of

Nrf2 protein in the Cd group decreased significantly (p <
0.05), whereas those of NQO1 protein decreased and

Keap1 protein increased significantly. After QE treatment,

compared with the Cd group, the protein expression levels of

Nrf2 and NQO1 in the Cd + QE group increased significantly

(p < 0.05), and the mRNA expression level of Keap1 decreased

significantly (p < 0.05).

Effects of QE on ROS level in Cd-induced
BRL-3A cells

DCFH-DA is a fluorescent dye that can measure the activity

of intracellular ROS, which can oxidize DCFH to generate

fluorescent DCF. Figure 6 shows that when BRL-3A cells were

treated with CdCl2, the fluorescence peak of the Cd group shifted

to the right compared with the control group, indicating

increased ROS generation. After QE intervention, compared

FIGURE 3
Effects of QE on cadmium-induced activities or contents of SOD, CAT, GSH, and MDA in BRL-3A cells. The SOD (A) and CAT (B) activities and
the GSH (C) andMDA (D) concentrations in the cell supernatant weremeasured. Data are expressed as themean ± SEM. Data with different letters (a,
b, and c) represent significant differences (p < 0.05) among different treatments.
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with the Cd group, the fluorescence peak shifted to the left,

indicating that QE reduced the ROS generation.

Effects of QE on ΔΨm in Cd-induced BRL-
3A cells

JC-1 (C25H27Cl4IN4) is a fluorescent probe used to detect ΔΨm.

Red fluorescence indicates that the ΔΨm is relatively normal, and

green fluorescence indicates decreased ΔΨm and possibly early-stage

cell apoptosis. Figure 7 shows that cells in the control group were

closely arranged under a microscope, grew well, and were oval and

full. Under fluorescent conditions, the red fluorescence was strong,

the green fluorescence was weak, and the ΔΨm is normal. Compared

with the control group, cells in the QE group showed no difference

in cell state and fluorescence intensity. Cells in the Cd group were

long spindle shaped with sparse cells, and some cells died and fell

off the bottom of the culture dish. The red fluorescence was weak and

the green fluorescence was strong, and the ΔΨm decreased.

Compared with the Cd group, cells were in good condition, the

FIGURE 4
Effects of QE on the mRNA expression of Cd-induced the Nrf2 signal pathway related genes in BRL-3A cells. Relative mRNA levels of Nrf2 (A),
NQO1 (B), and Keap1 (C) in BRL-3A cells. Data are expressed as the mean ± SEM, and data with different letters (a, b, and c) represent significant
differences (p < 0.05) among different treatments.

FIGURE 5
Effects of QE on protein expression of Cd-induced the Nrf2 signal pathway related genes in BRL-3A cells. The levels of Nrf2, NQO1 and Keap1
proteins (A)weremeasured byWestern blot. The protein levels of Nrf2 (B)NQO1 (C) and Keap1 (D) in BRL-3A cells. β-actin was used as a control. The
data are expressed in the form of mean ± SEM, and data with different letters (a, b, and c) represent significantly different (p < 0.05) among different
treatments.
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red fluorescence was enhanced, and the green fluorescence was

weakened in the Cd + QE group. This finding indicated that QE

could significantly improve the effect of Cd-induced BRL-3A cells

on ΔΨm.

Effects of QE on the mRNA Expression
Levels of Cd-induced Apoptosis Genes in
BRL-3A cells

Figure 8 shows that compared with the control group, the

mRNA expression levels of CytC, caspase-9, caspase-3 and Bax in

the Cd group increased significantly (p < 0.05), and the mRNA

expression level of Bcl-2 in the Cd group decreased significantly (p <
0.05). After adding QE, the mRNA expression levels of CytC,

caspase-9, caspase-3, and Bax in the Cd + QE group decreased

significantly (p < 0.05), whereas the mRNA expression level of Bcl-2

increased significantly (p < 0.05) compared with the Cd group.

Effects of QE on the Protein Expression
Levels of Cd-induced Apoptosis Genes in
BRL-3A Cells

Figure 9 shows the protein bands and protein expression levels of

caspase-pathway-related genes. Comparedwith the control group, the

protein expression levels of CytC, caspase-9, caspase-3, and Bax in the

Cd group increased significantly (p < 0.05). The protein expression

level of Bcl-2 in the Cd group decreased significantly (p < 0.05). After

adding QE, compared with the Cd group, the protein expression

levels of CytC, caspase-9, caspase-3, and Bax in the Cd + QE group

decreased significantly (p < 0.05), and whereas protein expression

level of Bcl-2 increased significantly (p < 0.05).

Discussion

Cd is a toxic heavy metal widely used in industrial and

agricultural production. The applications of Cd cause

environmental pollution that is becoming increasingly serious.

Cd can inflict serious toxic damage to the liver, kidney, and

FIGURE 6
Effects of QE on ROS level in Cd-induced BRL-3A cells.

FIGURE 7
Effects of QE on mitochondrial-membrane potential in Cd-induced BRL-3A cells.
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reproductive system of humans and animals. The liver is the main

target organ of Cd poisoning, and its damage is serious (Gong

et al., 2019). Increasing evidence indicates that Cd accumulates in

the liver, induces oxidative stress and apoptosis, and leads to liver

damage (Cao et al., 2017). Oxidative stress and apoptosis can be

inhibited by regulating the corresponding signaling pathways,

which can be effective interventions for the treatment of Cd-

induced hepatotoxicity (Yang et al., 2019). QE is a flavonoid rich in

antioxidant, antiapoptotic, and anti-inflammatory properties

(Anand David et al., 2016). It protects the liver from damage

and inhibits its oxidation (Fang et al., 2021). It exerts a protective

effect on the toxic damage inflicted by Cd (Prabu et al., 2010),

although the mechanisms of protection are not well understood.

This study explored the protective effect of QE on Cd-induced

BRL-3A cells through the Nrf2 signaling pathway and

mitochondrial caspase-dependent apoptosis pathway.

The safe concentrations for CdCl2 and QEwere determined by

measuring the relative survival rate of BRL-3A cells. The IC50 of

CdCl2 was about 50 μmol/L andQEhad no inhibitory effect on cell

activity. BRL-3A cells were cultured in Cd (12.5 µ mol/L) and QE

(5 µ mol/L). It was found that QE improved the cytotoxicity

induced by Cd, and the survival rate was significantly higher

than that of Cd group. According to reference of Yang et al.

(2019), the CdCl2 and QE concentrations were finally determined

to be 12.5 and 5 μmol/L, respectively.

Elevated levels of liver enzymes represent severe damage to the

liver cell membrane, so liver enzymes can be used as markers to

assess liver integrity and function (Gong et al., 2019).When the body

is healthy, transaminase exists in cells and has little content in serum,

when liver cells have pathological changes, the permeability of cell

membrane increases, and the transaminase in the cell is released into

the blood, resulting in increased transaminase content in the blood

(Zhang et al., 2017). LDH is abundant in animal tissues and organs

and is released from cells only when the cell membrane is damaged

(Jurisic et al., 2015). In the present study, Cd exposure resulted in

increased contents of ALT, AST, and LDH medium supernatants,

indicating that Cd damaged the hepatocyte membrane.

The main mechanism of Cd-induced liver injury is oxidative

stress. Oxidative stress is essentially due to the depletion of

antioxidants or the accumulation of ROS, resulting in

imbalanced oxidative and antioxidant levels in the body. Cd

exposure can directly or indirectly generate excess ROS.

Antioxidants in the body such as SOD, CAT, GSH, etc.

Constitute the antioxidant system of tissue cells and play

antioxidant roles. The existence of oxidase inhibits the oxidative

reaction in the body, has the ability to remove ROS and resist

oxidative damage, and plays an important role in resisting

oxidative damage in animals (Chen et al., 2018). SOD has the

function of scavenging oxygen free radicals in the body and SOD

levels in organs, which can assess the degree of oxidative damage to

organs. CAT breaks down H2O2 into water and oxygen to reduce

oxidative damage to the body. GSH is a potent free-radical

scavenger that inhibits ROS generation and is the first line of

defense for non-enzymatic antioxidants (NicoleCnubben et al.,

2001). The production of MDA indicates the level of cellular

damage because MDA is an intermediate product of lipid

FIGURE 8
Effects of QE on Cd-induced BRL-3A cell apoptosis-related gene mRNA expression. The relative mRNA level of CytC (A), caspase-9 (B),
caspase-3 (C), Bax (D) and Bcl-2 (E) in BRL-3A cells. The data are expressed in the form of mean ± SEM, and data with different letters (a, b, and c)
represent significantly different (p < 0.05) among different treatments.
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peroxidation (Luo et al., 2017). In the present study, Cd exposure

significantly decreased the SOD and CAT activities and GSH

content and significantly increased the MDA content. This

finding indicated that Cd exposure led to lipid peroxidation in

cells, consumption of antioxidant substances SOD, CAT, and

GSH, and oxidative stress in cells.

ROS are highly reactive and can oxidize various biomolecules

such as DNA, lipids, and proteins (Cao et al., 2017). ROS can also

induce lipid peroxidation, destroy the balance of oxidative and

antioxidant systems (Katwal et al., 2018), and disturb the

homeostasis of cells and tissues, eventually causing cell

damage. Mitochondria are the main targets of Cd-induced

apoptosis (Nair et al., 2015; Zhang and Reynolds, 2019),

which primarily occurs by activating the mitochondrial

apoptosis pathway (Pi et al., 2013; Yin et al., 2018). Cd can

directly or indirectly generate excess ROS(Sauvageau and

Jumarie, 2013). Sustained and massive ROS production leads

to the swelling of mitochondria, rupture of the outer membrane,

and decreased ΔΨm (Wang et al., 2020). Moreover, Cd exposure

activates the proapoptotic protein Bax (Wang et al., 2020),

thereby increasing mitochondrial-membrane permeability,

promoting CytC release, triggering a caspase cascade, and

leading to apoptosis (Pi et al., 2013; Sandoval-Acuña et al.,

2014). In the present study, Cd exposure produced a large

amount of ROS, resulting in decreased ΔΨm of BRL-3A cells.

The expression levels of Bax mRNA and protein, CytC as well as

mRNA and protein, increased. They were released from

mitochondria, and the mitochondrial caspase-dependent

apoptosis pathway was activated. The expression levels of

caspase-9 and caspase-3 mRNA and protein increased, leading

to apoptosis. These results were consistent with those of Paria A

et al. (Amanpour et al., 2020).

Several studies have shown that chronic or acute exposure to

Cd can produce large amounts of free radicals, which can lead to

oxidative stress in various organs (Patra et al., 2011; Nna et al.,

2017). Our findings suggested that Cd induced hepatocyte

FIGURE 9
Effects of QE on Cd-induced BRL-3A cell apoptosis-related gene and protein expression. The levels of CytC, caspase-9, caspase-3, Bax and
Bcl-2 proteins (A-B) were measured by Western blot. The protein levels of CytC (C), caspase-9 (D), caspase-3 (E), Bax (F) and Bcl-2 (G) in BRL-3A
cells. The data are expressed in the form of mean ± SEM, and data with different letters (a, b, and c) represent significantly different (p < 0.05) among
different treatments.
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apoptosis through oxidative stress, so an antioxidant was

urgently needed to alleviate the oxidative damage caused by

Cd exposure. QE is a natural organic antioxidant (Bahar et al.,

2019), It can reportedly counteract Cd-induced neurotoxicity in

rat brain, significantly improve Cd-induced abnormalities in

biochemical and histological indicators (Prabu et al., 2010),

and inhibit Cd-induced autophagy in mouse kidneys (Yuan

et al., 2016). In the current work, after QE intervention, the

contents of ALT, AST, and LDH in the supernatant of culture

medium were reduced, and the damage inflicted by Cd to

hepatocytes decreased. We found that QE activated the Cd-

inhibited Nrf2 signaling pathway, significantly increased the

SOD and CAT activities and the GSH content, significantly

decreased the MDA content, reduced ROS generation, and

inhibited the expression of the pro-apoptotic proteins Bax,

CytC, caspase-9, and caspase-3 mRNA and protein

expression. QE also increased the ΔΨm and reduced

apoptosis. These results indicated that QE can reduce Cd-

induced oxidative stress and apoptosis. The results of. Morales

et al. (2006) and. Bu et al. (2011) supported this conclusion.

The Nrf2 signaling pathway and heavy-metal-induced

oxidative stress are closely related (Chen et al., 2018; Caiyu

Lian et al., 2022), Therefore, the Nrf2 pathway is an

important target for preventing Cd-induced liver injury and is

a mechanism by which the body resists environmental oxidants

(Almeer et al., 2018). Nrf2 is an essential transcription factor

whose function is to translocate into the nucleus and interact

with the antioxidant response element to promote the

transcription of target genes (Yang et al., 2018). Our results

showed that Cd exposure inhibited the expression of the

Nrf2 signal pathway-related genes and promoted ROS

accumulation in cells. After QE intervention, Nrf2 was

activated and its entry into the nucleus was promoted, and

the expression of Nrf2 nuclear protein increased. Therefore,

QE was an effective antioxidant that increased the activity of

antioxidant enzymes by activating the Nrf2 signaling pathway,

eliminating Cd-induced ROS, alleviating mitochondrial

membrane damage, and maintaining the ΔΨm. Consequently,

the mitochondrial caspase-dependent apoptosis pathway was

inhibited, cell apoptosis was reduced, and the Cd-induced

oxidative stress and apoptosis of hepatocytes were alleviated.

Conclusion

QE exerted an antioxidant effect by activating the

Nrf2 signaling pathway in BRL-3A cells, eliminating ROS, and

maintaining the integrity of mitochondrial membrane, thereby

inhibiting the occurrence of mitochondrial caspase-dependent

apoptosis pathway. QE playing a protective role in Cd-induced

hepatocyte damage.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Author contributions

JW: Conceptualization, Project administration, Software,

Writing-Original Draft, Review, Editing, Funding acquisition.

KW: Conceptualization, Formal analysis, Data Curation,

Writing—Original Draft. LD: Methodology, Resources. PZ:

Data Curation, Formal analysis. CZ: Methodology, Formal

analysis. HW: Methodology, Visualization. ZY: Visualization,

Formal analysis. ZL: Resources, Validation, Formal analysis.

Funding

This study was supported by grants from National Natural

Science Foundation of China (No. 31972753), Henan science and

technology research project (222102110340).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

References

Almeer, R. S., Alarifi, S., Alkahtani, S., Ibrahim, S. R., Ali, D., Moneim, A.,
et al. (2018). The potential hepatoprotective effect of royal jelly
against cadmium chloride-induced hepatotoxicity in mice is mediated

by suppression of oxidative stress and upregulation of Nrf2
expression. Biomed. Pharmacother. 106, 1490–1498. doi:10.1016/j.biopha.
2018.07.089

Frontiers in Pharmacology frontiersin.org10

Wang et al. 10.3389/fphar.2022.969892

52

https://doi.org/10.1016/j.biopha.2018.07.089
https://doi.org/10.1016/j.biopha.2018.07.089
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.969892


Amamou, F., Nemmiche, S., Meziane, R., Didi, A., Yazit, S., Chabane-Sari, D.,
et al. (2015). Protective effect of olive oil and colocynth oil against cadmium-
induced oxidative stress in the liver ofWistar rats. Food Chem. Toxicol. 78, 177–184.
doi:10.1016/j.fct.2015.01.001

Amanpour, P., Khodarahmi, P., and Salehipour, M. (2020). Protective
effects of vitamin E on cadmium-induced apoptosis in rat testes. Naunyn.
Schmiedeb. Arch. Pharmacol. 393 (3), 349–358. doi:10.1007/s00210-019-
01736-w

Anand David, A. V., Arulmoli, R., and Parasuraman, S. (2016). Overviews of
biological importance of quercetin: A bioactive flavonoid. Pharmacogn. Rev. 10
(20), 84–89. doi:10.4103/0973-7847.194044

Bahar, E., Lee, G.-H., Bhattarai, K. R., Lee, H.-Y., Kim, H.-K., Handigund, M.,
et al. (2019). Protective role of quercetin against manganese-induced injury in the
liver, kidney, and lung; and hematological parameters in acute and subchronic rat
models [Retraction]. Drug Des. devel. Ther. 13, 907–908. doi:10.2147/DDDT.
S207534

Banik, S., Akter, M., Corpus Bondad, S. E., Saito, T., Hosokawa, T., Kurasaki, M.,
et al. (2019). Carvacrol inhibits cadmium toxicity through combating against
caspase dependent/independent apoptosis in PC12 cells. Food Chem. Toxicol.
134, 110835. doi:10.1016/j.fct.2019.110835

Boots, A., Haenen, G., and Bast, A. (2008). Health effects of quercetin: From
antioxidant to nutraceutical. Eur. J. Pharmacol. 585 (2-3), 325–337. doi:10.1016/j.
ejphar.2008.03.008

Bu, T., Mi, Y., Zeng, W., and Zhang, C. (2011). Protective effect of quercetin on
cadmium-induced oxidative toxicity on germ cells in male mice. Anat. Rec. Hob.
294 (3), 520–526. doi:10.1002/ar.21317

Caiyu Lian, B. C., Xia, W., Wang, Z., Fan, R., and Wang, L. (2022). Persistent
activation of Nrf2 in a p62-dependent non-canonical manner aggravates lead-
induced kidney injury by promoting apoptosis and inhibiting autophagy. J. Adv.
Res. doi:10.1016/j.jare.2022.04.016

Cao, Z., Fang, Y., Lu, Y., Tan, D., Du, C., Li, Y., et al. (2017). Melatonin alleviates
cadmium-induced liver injury by inhibiting the TXNIP-NLRP3 inflammasome.
J. Pineal Res. 62 (3), e12389. doi:10.1111/jpi.12389

Chen, L., Zhang, J., Zhu, Y., and Zhang, Y. (2018). Interaction of chromium(III)
or chromium(VI) with catalase and its effect on the structure and function of
catalase: An in vitro study. Food Chem. 244, 378–385. doi:10.1016/j.foodchem.2017.
10.062

Donmez, H. H., Donmez, N., Kısadere, I., and Undag, I. (2019). Protective effect
of quercetin on some hematological parameters in rats exposed to cadmium.
Biotech. Histochem. 94 (5), 381–386. doi:10.1080/10520295.2019.1574027

Fang, P., Dou, B., Liang, J., Hou, W., Ma, C., Zhang, Q., et al. (2021). Quercetin
reduces oxidative stress and apoptosis by inhibiting HMGB1 and its translocation,
thereby alleviating liver injury in ACLF rats. Evid. Based. Complement. Altern. Med.
2021, 2898995. doi:10.1155/2021/2898995

Gong, Z. G., Wang, X. Y., Wang, J. H., Fan, R. F., and Wang, L. (2019). Trehalose
prevents cadmium-induced hepatotoxicity by blocking Nrf2 pathway, restoring
autophagy and inhibiting apoptosis. J. Inorg. Biochem. 192, 62–71. doi:10.1016/j.
jinorgbio.2018.12.008

Gong, Z. G., Zhao, Y., Wang, Z. Y., Fan, R. F., Liu, Z. P., Wang, L., et al.
(2022). Epigenetic regulator BRD4 is involved in cadmium-induced acute
kidney injury via contributing to lysosomal dysfunction, autophagy
blockade and oxidative stress. J. Hazard. Mat. 423, 127110. doi:10.1016/j.
jhazmat.2021.127110

Horiguchi, H., and Oguma, E. (2016). Acute exposure to cadmium induces
prolonged neutrophilia along with delayed induction of granulocyte colony-
stimulating factor in the livers of mice. Arch. Toxicol. 90 (12), 3005–3015.
doi:10.1007/s00204-016-1661-7

Jurisic, V., Radenkovic, S., and Konjevic, G. (2015). The actual role of LDH as
tumor marker, biochemical and clinical aspects. Adv. Exp. Med. Biol. 867, 115–124.
doi:10.1007/978-94-017-7215-0_8

Katwal, G., Baral, D., Fan, X., Weiyang, H., Zhang, X., Ling, L., et al. (2018).
SIRT3 a major player in attenuation of hepatic ischemia-reperfusion injury by
reducing ROS via its downstream mediators: SOD2, CYP-D, and HIF-1α. Oxid.
Med. Cell. Longev. 2018, 2976957. doi:10.1155/2018/2976957

Khan, A., Ikram, M., Muhammad, T., Park, J., and Kim, M. O. (2019). Caffeine
modulates cadmium-induced oxidative stress, neuroinflammation, and cognitive
impairments by regulating nrf-2/HO-1 in vivo and in vitro. J. Clin. Med. 14, 680.
doi:10.3390/jcm8050680

Li, J., Jiang, C., Li, S., and Xu, S. (2013). Cadmium induced hepatotoxicity in
chickens (Gallus domesticus) and ameliorative effect by selenium. Ecotoxicol.
Environ. Saf. 96, 103–109. doi:10.1016/j.ecoenv.2013.07.007

Liu, Y., Su, C., Zhang, H., Li, X., and Pei, J. (2014). Interaction of soil
heavy metal pollution with industrialisation and the landscape pattern in

Taiyuan city, China. PloS one 9 (9), e105798. doi:10.1371/journal.pone.
0105798

Luo, T., Liu, G., Long, M., Yang, J., Song, R., Wang, Y., et al. (2017). Treatment of
cadmium-induced renal oxidative damage in rats by administration of alpha-lipoic
acid. Environ. Sci. Pollut. Res. Int. 24 (2), 1832–1844. doi:10.1007/s11356-016-
7953-x

Morales A. I., C. V.-S., Santiago Sandoval, J. M., Egido, J., Mayoral, P.,
Arévalo, M. A., et al. (2006). Protective Effect of quercetin on experimental
chronic cadmium nephrotoxicity in rats is based on its antioxidant
properties. Food Chem. Toxicol. 44 (12), 2092–2100. doi:10.1016/j.fct.2006.
07.012

Nair, A. R., Lee, W. K., Smeets, K., Swennen, Q., Sanchez, A., Thévenod, F.,
et al. (2015). Glutathione and mitochondria determine acute defense
responses and adaptive processes in cadmium-induced oxidative stress
and toxicity of the kidney. Arch. Toxicol. 89 (12), 2273–2289. doi:10.1007/
s00204-014-1401-9

Nicole, H. P., Cnubben, I. M., Wortelboer, H., van Zanden, J., and van
Bladeren, P. J. (2001). The interplay of glutathione-related processes in
antioxidant defense. Environmental Toxicology and Pharmacology (No.4),
141-152. Environ. Toxicol. Pharmacol. 10 (4), 141–152. doi:10.1016/s1382-
6689(01)00077-1

Nna, V. U., Ujah, G. A., Mohamed, M., Etim, K. B., Igba, B. O., Augustine, E. R.,
et al. (2017). Cadmium chloride-induced testicular toxicity in male wistar rats;
prophylactic effect of quercetin, and assessment of testicular recovery following
cadmium chloride withdrawal. Biomed. Pharmacother. 94, 109–123. doi:10.1016/j.
biopha.2017.07.087

Patra, R. C., Rautray, A. K., and Swarup, D. (2011). Oxidative stress in lead and
cadmium toxicity and its amelioration. Vet. Med. Int. 2011, 457327. doi:10.4061/
2011/457327

Pi, H., Xu, S., Zhang, L., Guo, P., Li, Y., Xie, J., et al. (2013). Dynamin 1-like-
dependent mitochondrial fission initiates overactive mitophagy in the
hepatotoxicity of cadmium. Autophagy 9 (11), 1780–1800. doi:10.4161/auto.
25665

Prabu, S. M., Shagirtha, K., and Renugadevi, J. (2010). Quercetin in
combination with vitamins (C and E) improve oxidative stress and hepatic
injury in cadmium intoxicated rats. Biomed. Prev. Nutr. 14 (11), 1–7. doi:10.
1016/j.bionut.2010.12.003

Sandoval-Acuña, C., Ferreira, J., and Speisky, H. (2014). Polyphenols and
mitochondria: An update on their increasingly emerging ROS-scavenging
independent actions. Arch. Biochem. Biophys. 559, 75–90. doi:10.1016/j.abb.
2014.05.017

Sauvageau, J.-A., and Jumarie, C. (2013). Different mechanisms for metal-
induced adaptation to cadmium in the human lung cell lines A549 and H441.
Cell Biology and Toxicology (No.3), 159-173. Cell. Biol. Toxicol. 29 (3), 159–173.
doi:10.1007/s10565-013-9243-4

Vicente-Sánchez, C., Egido, J., Sánchez-González, P. D., Pérez-Barriocanal, F.,
López-Novoa, J. M., Morales, A. I., et al. (2008). Effect of the flavonoid quercetin on
cadmium-induced hepatotoxicity. Food Chem. Toxicol. 46 (6), 2279–2287. doi:10.
1016/j.fct.2008.03.009

Wang, C., Nie, G., Yang, F., Chen, J., Zhuang, Y., Dai, X., et al. (2020).
Molybdenum and cadmium co-induce oxidative stress and apoptosis
through mitochondria-mediated pathway in duck renal tubular
epithelial cells. J. Hazard. Mat. 383, 121157. doi:10.1016/j.jhazmat.2019.
121157

Wen, S., Wang, L., Zou, H., Gu, J., Song, R., Bian, J., et al. (2021). Puerarin
attenuates cadmium-induced neuronal injury via stimulating cadmium excretion,
inhibiting oxidative stress and apoptosis. Biomolecules 11 (7), 978. doi:10.3390/
biom11070978

Winiarska-Mieczan, A., Krusiński, R., and Kwiecień, M. (2013). Tannic Acid
influence on lead and cadmium accumulation in the hearts and lungs of rats. Adv.
Clin. Exp. Med. 22 (5), 615–620.

Yang, B., Bai, Y., Yin, C., Qian, H., Xing, G., Wang, S., et al. (2018).
Activation of autophagic flux and the Nrf2/ARE signaling pathway by
hydrogen sulfide protects against acrylonitrile-induced neurotoxicity in
primary rat astrocytes. Arch. Toxicol. 92 (6), 2093–2108. doi:10.1007/
s00204-018-2208-x

Yang, S. H., Li, P., Yu, L. H., Li, L., Long, M., Liu, M. D., et al. (2019). Sulforaphane
protect against cadmium-induced oxidative damage in mouse leydigs cells by
activating Nrf2/ARE signaling pathway. Int. J. Mol. Sci. 20 (3), 630. doi:10.3390/
ijms20030630

Yin, J., Wang, A., Li, W., Shi, R., Jin, H., Wei, J., et al. (2018). Time-response
characteristic and potential biomarker identification of heavy metal induced
toxicity in zebrafish. Fish. Shellfish Immunol. 72, 309–317. doi:10.1016/j.fsi.2017.
10.047

Frontiers in Pharmacology frontiersin.org11

Wang et al. 10.3389/fphar.2022.969892

53

https://doi.org/10.1016/j.fct.2015.01.001
https://doi.org/10.1007/s00210-019-01736-w
https://doi.org/10.1007/s00210-019-01736-w
https://doi.org/10.4103/0973-7847.194044
https://doi.org/10.2147/DDDT.S207534
https://doi.org/10.2147/DDDT.S207534
https://doi.org/10.1016/j.fct.2019.110835
https://doi.org/10.1016/j.ejphar.2008.03.008
https://doi.org/10.1016/j.ejphar.2008.03.008
https://doi.org/10.1002/ar.21317
https://doi.org/10.1016/j.jare.2022.04.016
https://doi.org/10.1111/jpi.12389
https://doi.org/10.1016/j.foodchem.2017.10.062
https://doi.org/10.1016/j.foodchem.2017.10.062
https://doi.org/10.1080/10520295.2019.1574027
https://doi.org/10.1155/2021/2898995
https://doi.org/10.1016/j.jinorgbio.2018.12.008
https://doi.org/10.1016/j.jinorgbio.2018.12.008
https://doi.org/10.1016/j.jhazmat.2021.127110
https://doi.org/10.1016/j.jhazmat.2021.127110
https://doi.org/10.1007/s00204-016-1661-7
https://doi.org/10.1007/978-94-017-7215-0_8
https://doi.org/10.1155/2018/2976957
https://doi.org/10.3390/jcm8050680
https://doi.org/10.1016/j.ecoenv.2013.07.007
https://doi.org/10.1371/journal.pone.0105798
https://doi.org/10.1371/journal.pone.0105798
https://doi.org/10.1007/s11356-016-7953-x
https://doi.org/10.1007/s11356-016-7953-x
https://doi.org/10.1016/j.fct.2006.07.012
https://doi.org/10.1016/j.fct.2006.07.012
https://doi.org/10.1007/s00204-014-1401-9
https://doi.org/10.1007/s00204-014-1401-9
https://doi.org/10.1016/s1382-6689(01)00077-1
https://doi.org/10.1016/s1382-6689(01)00077-1
https://doi.org/10.1016/j.biopha.2017.07.087
https://doi.org/10.1016/j.biopha.2017.07.087
https://doi.org/10.4061/2011/457327
https://doi.org/10.4061/2011/457327
https://doi.org/10.4161/auto.25665
https://doi.org/10.4161/auto.25665
https://doi.org/10.1016/j.bionut.2010.12.003
https://doi.org/10.1016/j.bionut.2010.12.003
https://doi.org/10.1016/j.abb.2014.05.017
https://doi.org/10.1016/j.abb.2014.05.017
https://doi.org/10.1007/s10565-013-9243-4
https://doi.org/10.1016/j.fct.2008.03.009
https://doi.org/10.1016/j.fct.2008.03.009
https://doi.org/10.1016/j.jhazmat.2019.121157
https://doi.org/10.1016/j.jhazmat.2019.121157
https://doi.org/10.3390/biom11070978
https://doi.org/10.3390/biom11070978
https://doi.org/10.1007/s00204-018-2208-x
https://doi.org/10.1007/s00204-018-2208-x
https://doi.org/10.3390/ijms20030630
https://doi.org/10.3390/ijms20030630
https://doi.org/10.1016/j.fsi.2017.10.047
https://doi.org/10.1016/j.fsi.2017.10.047
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.969892


Yuan, Y., Ma, S., Qi, Y., Wei, X., Cai, H., Dong, L., et al. (2016). Quercetin
inhibited cadmium-induced autophagy in the mouse kidney via inhibition of
oxidative stress. J. Toxicol. Pathol. 29 (4), 247–252. doi:10.1293/tox.2016-0026

Zhang, C., Lin, J., Ge, J., Wang, L. L., Li, N., Sun, X. T., et al. (2017). Selenium
triggers Nrf2-mediated protection against cadmium-induced chicken hepatocyte
autophagy and apoptosis. Toxicol. Vitro 44, 349–356. doi:10.1016/j.tiv.2017.
07.027

Zhang, H., and Reynolds, M. (2019). Cadmium exposure in living organisms:
A short review. Sci. Total Environ. 678, 761–767. doi:10.1016/j.scitotenv.2019.
04.395

Zhao, Y., Li, Z. F., Zhang, D., Wang, Z. Y., and Wang, L. (2021). Quercetin
alleviates Cadmium-induced autophagy inhibition via TFEB-dependent lysosomal
restoration in primary proximal tubular cells. Ecotoxicol. Environ. Saf. 208, 111743.
doi:10.1016/j.ecoenv.2020.111743

Frontiers in Pharmacology frontiersin.org12

Wang et al. 10.3389/fphar.2022.969892

54

https://doi.org/10.1293/tox.2016-0026
https://doi.org/10.1016/j.tiv.2017.07.027
https://doi.org/10.1016/j.tiv.2017.07.027
https://doi.org/10.1016/j.scitotenv.2019.04.395
https://doi.org/10.1016/j.scitotenv.2019.04.395
https://doi.org/10.1016/j.ecoenv.2020.111743
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.969892


Protective effect of quercetin on
cadmium-induced renal
apoptosis through cyt-c/
caspase-9/caspase-3 signaling
pathway

Ruxue Huang1, Lulu Ding1, Ying Ye1, Ke Wang1, Wenjing Yu1,
Bingzhao Yan1, Zongping Liu2 and Jicang Wang1*
1College of Animal Science and Technology, Henan University of Science and Technology, Luoyang,
China, 2College of Veterinary Medicine, Yangzhou University, Yangzhou, China

Cadmium (Cd), a heavy metal, has harmful effects on animal and human health,

and it can also obviously induce cell apoptosis. Quercetin (Que) is a flavonoid

compound with antioxidant and other biological activities. To investigate the

protective effect of Que on Cd-induced renal apoptosis in rats. 24 male SD rats

were randomly divided into four groups. They were treated as follows: control

group was administered orally with normal saline (10 ml/kg); Cd group was

injected with 2 mg/kg CdCl2 intraperitoneally; Cd + Que group was injected

with 2 mg/kg CdCl2 and intragastric administration of Que (100 mg/kg); Que

group was administered orally with Que (100mg/kg). The experimental results

showed that the body weight of Cd-exposed rats significantly decreased and

the kidney coefficient increased. In addition, Cd significantly increased the

contents of Blood Urea Nitrogen, Creatinine and Uric acid. Cd also increased

the glutathione and malondialdehyde contents in renal tissues. The

pathological section showed that Cd can cause pathological damages such

as narrow lumen and renal interstitial congestion. Cd-induced apoptosis of

kidney, which could activate the mRNA and protein expression levels of Cyt-c,

Caspase-9 and Caspase-3 were significantly increased. Conversely, Que

significantly reduces kidney damage caused by Cd. Kidney pathological

damage was alleviated by Que. Que inhibited Cd-induced apoptosis and

decreased Cyt-c, Caspase-9 and Caspase-3 proteins and mRNA expression

levels. To sum up, Cd can induce kidney injury and apoptosis of renal cells, while

Que can reduce Cd-induced kidney damage by reducing oxidative stress and

inhibiting apoptosis. These results provide a theoretical basis for the clinical

application of Que in the prevention and treatment of cadmium poisoning.
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Introduction

Cadmium (Cd) is a silver-white heavy metal that is

widespread in the environment. Cd pollution has the

characteristics of a long half-life and long-lasting toxicity

(Wang J. et al., 2020). Food and drinking water can cause

the accumulation of Cd in the body. Cd has serious toxic

effects on various tissues and organs of the body. For example,

Cd has a toxic effect on the liver, kidney, bone, cardiovascular

and reproductive system of mammals through

bioaccumulation (Kazantzis, 2004; Varoni et al., 2017; Kim

et al., 2018; Pérez Díaz et al., 2019; Zhu et al., 2019). The

kidney is the primary organ in the body where Cd

accumulates. In 1948, FRIBERG first reported the damage

of Cd to the kidneys (Friberg, 1948). Cd exposure causes renal

tubular reabsorption disorder (Gu et al., 2020). Cd leads to

reactive oxygen species (ROS) to be accumulated in cells and

damages the mitochondrial membrane potential (MMP)

(Umar Ijaz et al., 2021). Cd exposure causes damage to

mitochondria and ultimately induces apoptosis (Dong F.

et al., 2021).

Quercetin (Que) is a flavonoid compound, found in a variety

of plants, fruits, Chinese medicine and vegetables. A wide

number of research have demonstrated that the most

important biological function of Que is antioxidant. Que has a

strong anti-tumor effect, which exerts anti-cancer functions

through cell signal transduction pathways such as anti-

oxidation, anti-proliferation and promotion of apoptosis

(Zhou et al., 2016; Carrasco-Torres et al., 2017; Chen et al.,

2018). The effects of carcinogens and mutagenic agents are

inhibited, and the reproduction of malignant tumor cells is

hindered. Que can eliminate DPPH, ·OH and ABTS+ in vitro,

and inhibit lipid peroxidation in organs. Que can improve the

body’s immunity and maintain the normal progress of various

functions. Que has a protective effect on apoptosis (Feng et al.,

2019).

Apoptosis is a self-destructive mechanism that exists in cells.

However, excessive apoptosis can have detrimental effects on the

body. Cd-induced apoptosis is mediated by mitochondria,

apoptotic molecules will be released due to the increased

permeability of the outer mitochondrial membrane, leading to

apoptosis (Bauer andMurphy, 2020). Caspase-9 protein complex

activates caspase-9, caspase-9 activates downstream caspase,

such as caspase-3, which induces apoptosis (Choe et al.,

2015). Previous studies have suggested that apoptosis

pathways may be functionally involved in kidney injury.

However, the specific signaling mechanism of apoptosis in

Cd-induced nephrotoxicity is still unclear and needs further

study.

In this work, we investigated the role of apoptosis in Cd-

induced kidney damage in rats. Additionally, we addressed the

protected effect of Que against Cd-induced kidney injury.

Materials and methods

Reagents

Uric acid (UA, C012-2-1), Creatinine (CRE, C011-2-1),

Blood Urea Nitrogen (BUN, C013-2-1), Reduced glutathione

(GSH, A006-2-1) and Malondialdehyde (MDA, A003-1-2) assay

kits were from Jiancheng Bioengineering Institute (Nanjing,

China). Anhydrous CdCl2 (purity: >99.95%) was from

Aladdin Industrial Corporation. Que (purity: > 97%) was

from RHAWN (Shanghai, China). RNA isolater Total RNA

Extraction Reagent (R401-01), HiScript III RT SuperMix for

qPCR (+gDNA wiper, R323-01), and ChamQ universal SYBR

qPCR Master Mix (Q711-02) were from novozan Biotechnology

(Nanjing, China). β-Actin and antibodies against Caspase-3,

Caspase-9 and Cyt-c were from Servicebio (Wuhan, China).

BeyoECL Star was from Beyotime Biotechnology (P0018AM,

Shanghai, China). All other routine chemicals and solvents were

of pure analytical grade.

Animal experiments

Twenty-four 5-week-old male SD rats were adaptively reared

for 1 week with adequate feed and drinking water. They were put

into four groups at random, each with six rats weighing around

150 ± 5 g. A 12-h light/dark cycle was set. All animal

experimental processes were approved by the Institute of

Zoology and Medical Ethics Committee of Henan University

of Science and Technology and they were strictly designed under

the consideration of animal welfare (approval number HAUST

20015).

The experiment was carried out for 3 weeks. The body weight

of rats was recorded every week, and they were treated as follows.

The control group was given normal saline (10 ml/kg) every day.

The Cd-treated group was injected with 2 mg/kg CdCl2
intraperitoneally. The Cd + Que group received 2 mg/kg

CdCl2 by intraperitoneal injection and 100 mg/kg Que

intragastrically. Que treatment group was administered orally

with Que (100 mg/kg). The doses of Cd and Que were chosen

based on previous studies (Yang S. H. et al., 2019; Liang et al.,

2020). After 3 weeks, the rats were anaesthetized with ether and

sacrificed. Kidneys were collected for further investigation.

Weight and kidney coefficient
determination

The rats’ body weight was measured every weekend. The

effects of Cd andQue on the rat’s body weight were analyzed. The

kidney of the rat was removed. The blood on the kidney surface

was washed with saline. The excess water on the kidney was
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wiped clean, and the weight was weighed. The organ coefficient

was calculated.

Measure kidney function

Collected rat venous blood and left for a period of time,

centrifuged 3000 r/min for 10 min, the serum was aspirated. The

manufacturer’s guidelines were followed while measuring UA,

CRE and BUN in rat serum using diagnostic kits. These results

were measured spectrophotometrically.

Measure antioxidant index

0.4 g kidney tissues were cut, grind on the ice at a ratio of

kidney tissue (g): saline (ml) = 1:9, and centrifuged (3,000 rpm

for 10 min) the supernatant was obtained. The contents of MDA

and GSH in rat kidney tissues were assessed using diagnostic kits

according to the manufacturer’s instructions. These results were

measured spectrophotometrically.

Histopathological studies

The fresh, morphological and structurally intact kidney

tissues were fixed in 10% formalin for 48 h. Then rinsed with

running water overnight and dehydrated with different

concentrations of ethanol, transparent in xylene and

embedded in paraffin. The paraffin blocks were cut with a

microtome to a thickness of 5 μm. The kidney sections were

stained with hematoxylin-eosin and mounted for microscope

observation.

TdT-UTP nick end labeling (TUNEL)

The prepared paraffin sections were washed twice with

xylene and then dipped in graded ethanol. After washing with

PBS, proteinase K solution was added to hydrolyze for 15 min at

room temperature to remove tissue proteins. Wash with distilled

water, add 0.1% triton dropwise to cover the tissue. Washed with

PBS, incubated with buffer. TDT enzyme, dUTP, and buffer were

mixed according to the instructions of the TUNEL kit, the tissue

was then covered and incubated at 37 °C for 2 h. Drop by drop,

DAPI staining solution was applied and incubated in the dark for

10 min. The sections were washed in PBS andmounted with anti-

fluorescence quenching mounting media. A fluorescent

microscope was used to examine the sections, and

photographs were taken.

Real-time PCR (RT-PCR)

Total RNA Extraction reagent was used to extract total RNA

from rat kidney tissue and the total RNA concentration and

purity were measured by a nucleic acid protein analyzer. The

mRNA was reverse transcribed to synthesize cDNA. The primers

were designed using Primer Premier 6 (Table 1). The instructions

in the ChamQ universal SYBR qPCRMaster Mix Kit for RT-PCR

were followed. β-Actin was used as a control. The expression level
of mRNA was analyzed using the 2−ΔΔCT.

Western blotting

Prepare suitable concentration of separating gel and 5% stacking

gel. Electrophoresis after adding protein samples, and transferred onto

PVDF membranes. Skim milk was used to seal the membranes for

2 h. The membranes were incubated with proportionally diluted

caspase-9 (1:3000), caspase-3 (1:3000) and Cyt-c (1:2000)

antibodies for 12 h at 4°C. As a loading control, β-Actin was used.

After washing thrice with TBST, the membranes were incubated with

secondary antibody for 2 h. The ECL chromogenic solution was

uniformly put over the membrane after three TBST washes and

incubated for 60 s. Themembranes detected signals by the gel imaging

equipment. Photos were taken for subsequent analysis.

Statistical analysis

The result was expressed in the form of mean ± SEM.

SPSS22.0 was used for statistical analysis. ANOVA was used to

analyze the differences between multiple groups. LSD or Tamhane’s

T2 method was used following the homogeneity test of variance.

When p < 0.05 or p < 0.01, the difference is statistically significant.

Result

Effect of Que on Cd-induced changes in
body weight and kidney coefficient

The body weight and kidney coefficient of rats in each group

were compared. Results showed that Cd decreased the rat body

weight and increased the renal coefficient. As presented in Figures

1A,B, compared with the control group, the body weight of the rats

in the Cd group decreased by 61.5% (p < 0.01). The kidney

coefficient in Cd-treated was 144% higher than that of the

control (p < 0.05). Compared with the Cd group, the body

weight of the rats in Cd + Que-treated group increased by 121%

(p < 0.01) and the kidney coefficient decreased by 73.8% (p < 0.05).
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Cd causes kidney damage and Que
reduces kidney damage

Renal function related indicators were measured. As shown in

Figures 2A,C, compared with the control group, the contents of

BUN, CRE and UA in the serum of the rats in the Cd group were

significantly increased (p < 0.01). BUN, CRE and UA content

increased by 149%, 265% and 137%, respectively. However, the

contents of BUN and UA in the Cd + Que-treated were lower than

those of the Cd-treated group by 78.9% and 84.7% (p < 0.05), Also,

the CRE content decreased by 63.7% (p < 0.01). The difference

between the control and Que groups was not significant.

Effects of Cd and Que on the contents of
GSH and MDA in rat kidney tissues

Cd induces oxidative damage to the kidney and lipid

peroxidation. Que can weaken the kidney damage. As

presented in Figures 3A,B, the contents of GSH and MDA

in the renal tissues increased by 170% and 162% in Cd-treated

group compared with the control group. The contents of GSH

and MDA in the Cd + Que-treated group decreased by

86.9% and 57.4% compared with the Cd-treated group (p

< 0.05).

Observation of renal tissue pathological
section

The size and shape of the glomeruli in the control group

were normal with clear borders (Figures 4A,B). In the Cd

group (Figures 4C,D), the renal tubular lumen was blocked,

the renal tubules were dilated, the renal tubular epithelial

cells were necrotic and fell into the lumen, the renal

interstitium was congested, and the glomerular cyst cavity

became obvious pathological changes. In the Cd and Que co-

treatment group (Figure 4E and F), the size and shape of the

TABLE 1 Primer sequences of real-time PCR target genes.

Target gene Primers sequences (59 → 39) Products Genbank no.

Caspase-9 F:CTGAGCCAGATGCTGTCCCATA 106bp NM_031632.2

R:CCAAGGTCTCGATGTACCAGGAA

Caspase-3 F:GCAGCAGCCTCAAATTGTTGACTA 156bp NM_012922.2

R:TGCTCCGGCTCAAACCATC

Cyt-c F:GGAGAGGATACCCTGATGGA 130bp NM_012839.2

R:GTCTGCCCTTTCTCCCTTCT

β-Actin F:AGGGAAATCGTGCGTGACAT 168bp NM_031144.3

R:CCTCGGGGCATCGGAA

FIGURE 1
Effects of Quercetin (Que) on body weight and kidney coefficients in Cd-induced kidney injury rats. Changes in rat body weight (A) and kidney
coefficients (B) were measured. Data were expressed as mean ± SEM. n = 6, *p < 0.05, **p < 0.01 indicates a significant or extremely significant
difference compared to the control group; #p < 0.05, ##p < 0.01 indicates a significant or extremely significant difference compared to the Cd group.
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glomerulus return to normal, some of the cysts became smaller and

adhered to the glomerulus, the tubular lumen was narrowed, and

some tubular epithelial cells swelled and fell off into the lumen. The

degree of damage was relieved compared with the Cd group. In the

Que group (Figure 4G and H), the morphology and structure of the

glomeruli were normal, with clear borders and no pathological

changes.

Effects of Cd and Que on apoptosis of rat
kidney cells

The number of TUNEL apoptotic cells in Cd-treated

kidney tissue (Figure 5B) was considerably higher than in

the control group (Figure 5A), an increased of 267%. The

ratio of TUNEL apoptotic cells in kidney tissue co-treated

FIGURE 2
Effects of Quercetin (Que) on renal function in Cd-induced kidney injury rats. The content of BUN in serum (A), the content of CRE in serum (B)
and the content of UA in serum (C) were measured. Data were expressed as mean ± SEM. n = 6, *p = 0.05, **p = 0.01 indicates a significant or
extremely significant difference compared to the control group; #p = 0.05, ##p = 0.01 indicates a significant or extremely significant difference
compared to the Cd group.

FIGURE 3
Effects of Quercetin (Que) on oxidative stress in Cd-induced kidney injury rats. The activity of GSH (A) and the content of MDA (B) in rats’ kidney
tissues were measured. Data were expressed as mean ± SEM. n = 6, *p < 0.05, **p < 0.01 indicates a significant or extremely significant difference
compared to the control group; #p < 0.05, ##p < 0.01 indicates a significant or extremely significant difference compared to the Cd group.

Frontiers in Pharmacology frontiersin.org05

Huang et al. 10.3389/fphar.2022.990993

59

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.990993


FIGURE 4
Effects of Quercetin (Que) on histopathological changes in kidney tissues in Cd-induced kidney injury rats. Representative H&E sections of the
kidney. (A) control 200× (B) control 400× (C)Cd, 2 mg/kg b.w. 200× (D)Cd, 2 mg/kg b.w. 400× (E)Cd, 2 mg/kg b.w. +Que, 100 mg/kg, 200× (F)Cd,
2 mg/kg b.w. + Que, 100 mg/kg, 400× (G) Que, 100 mg/kg, 200× (H) Que, 100 mg/kg, 400×.

FIGURE 5
Effects of Quercetin (Que) on the rate of TUNEL-positive apoptosis in Cd-induced kidney injury rats. (A) TUNEL-positive cells in the control
group 400×. (B) TUNEL-positive cells in the Cd-treated group 400×. (C) TUNEL-positive cells in the Cd + Que-treated group 400×. (D) TUNEL-
positive cells in the Que-treated group 400×. The green particles are apoptotic cells, and the blue particles are normal or proliferating cells. (E) The
percentage of TUNEL-positive cells in control and Cd groups within or without Que using TUNEL staining. Data were expressed asmean ± SEM.
n = 3, **p < 0.01 indicates extremely significant difference compared to the control group; ##p < 0.01 indicates extremely significant difference
compared to the Cd group.
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with Que and Cd (Figure 5C) was lower than that in Cd-

treated kidney cells, an decreased 60.4%. The number of

TUNEL apoptotic cells in renal tissue did not differ

significantly between the control and Que groups

(Figure 5A and D).

Effects of Cd and Que on mRNA
expression of apoptosis-related gene

The RT-PCR results showed that Cd exposure led to 130%,

155% and 149% increases in Cyt-c, Caspase-9 and Caspase-3

mRNA expression in kidney tissue, respectively. However, the

intervention of Que significantly (p < 0.05) or extremely

significantly (p < 0.01) decreased Cd-induced Cyt-c, Caspase-9

and Caspase-3 mRNA expression levels (Figure 6) by 73%, 67.6%

and 74.6%.

Cd induces apoptosis of kidney tissues and
Que inhibits Cd-triggered apoptosis

The research showed that Cd exposure obviously enhanced

the level of Cyt-c, Caspase-9 and -3 proteins in rats’ kidney tissue

(Figure 7). Compared with the control group, the increase was

413%, 162% and 185%. Compared with Cd-treated group, the

FIGURE 6
Effects of Quercetin (Que) on mRNA expression of
apoptosis-related genes in Cd-induced kidney injury rats. The
mRNA expression of Caspase-9, Caspase-3 and Cyt-c in kidney
tissue was reduced by Que. Data were expressed as mean ±
SEM. n= 3, *p < 0.05, **p < 0.01 indicates a significant or extremely
significant difference compared to the control group; #p < 0.05,
##p < 0.01 indicates a significant or extremely significant difference
compared to the Cd group.

FIGURE 7
Effects of Quercetin (Que) on the levels of apoptosis-related proteins in Cd-induced kidney injury rats. (A) Western blotting was used to
determine the amounts of Caspase-9, Caspase-3, and Cyt-c proteins, with β-Actin as a control. Quantitative analysis for Caspase-9 (B), Caspase-3
(C) and Cyt-c (D). The results reflect the mean ± SEM of three separate experiments. **p < 0.01 indicates extremely significant difference compared
to the control group; #p < 0.05, ##p < 0.01 indicates a significant or extremely significant difference compared to the Cd group.
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expression levels of Caspase-9 and -3 proteins reduced by

66.3 and 87% in Cd + Que-treated group (p < 0.01). The

protein expression of Cyt-c decreased by 88% (p < 0.05).

Discussion

In this study, we explored the role of apoptosis in kidney

injury induced by Cd and the protective effect of quercetin. The

damage mechanism of Cd to tissues is very complicated.

Numerous studies have shown that Cd leads to kidney cell

apoptosis, which mainly occurs through mitochondria-

mediated signaling pathways (Indran et al., 2011). However,

the detailed apoptotic signal of Cd-induced apoptosis in rat

kidney cells is still unclear. Que has biological functions, such

as anti-cancer, anti-inflammatory and anti-oxidant (Li et al.,

2016), but the protective mechanism against Cd nephrotoxicity is

still unclear.

Body weight reflects animal’s health status and absorption of

nutrients, the decline in the rat’s health status is reflected by

weight loss (Bhattacharya and Haldar, 2012). Consistent with the

results of previous studies (Wang et al., 2021), the changes in rat

body weight in this experiment showed that the heavy metal Cd

hindered the growth of rats, while Que alleviates the toxicity of

Cd in rats. The growth inhibition of rats may be due to the

insufficient digestion and absorption of nutrients in intestinal

mucosa caused by Cd (Eriyamremu et al., 2005). The kidney

coefficient is used as a necessary test item for toxicology research.

Increased organ coefficients indicate organ congestion and

edema, and decreased organ coefficients indicate organ

atrophy and other degenerative changes. Studies have shown

that long-term exposure to 10 mg/kg of Cd increased liver and

spleen weight (Tu et al., 2007). Here, we observed that kidney

coefficients were increased by Cd, and Que antagonized the

increase in kidney weight caused by Cd.

UA is the metabolic end product formed by the

decomposition of nucleic acid into purine and then oxidized

in the liver. Hypertension, obesity and renal disease can manifest

as elevated UA (So and Thorens, 2010). UA can cause

hippocampal inflammation, leading to cognitive dysfunction

(Shao et al., 2016). CRE is the metabolite of muscle. Elevated

serum CRE was found only in severely damaged kidneys (Stark,

1980). The end product of protein metabolism is BUN. Once the

kidney is damaged, the glomerular filtration rate will decrease,

resulting in increased BUN levels (Lee et al., 2006). Elevated

serum levels of UA, CRE and BUN were associated with Cd-

induced kidney damage. The amount they excrete is closely

related to glomerular filtration and renal tubular reabsorption

(Macedo, 2011). Luo et al. found that Cd exposure raised the

serum CRE and BUN at 1 mg/kg, suggesting kidney filtration

failure (Luo et al., 2016). The study by Iserhienrhien et al. also

confirmed the damage of Cd exposure on rat renal function

(Iserhienrhien and Okolie, 2022). Consistent with the research

results of the above scholars, Cd increases the content of kidney

function-related indicators, leading to renal function damage.

The index of the co-treatment group decreased, which proved

that Que can reduce the renal function damage caused by Cd.

Cd causes increased levels of free radicals in cells, which

ultimately cause tissue damage (Skipper et al., 2016). Cd induces

a large number of reactive oxygen species (ROS) in mitochondria

by inhibiting cellular respiration (Wang et al., 2004). ROS causes

cellular oxidative damage (Zhu et al., 2016; Vodošek Hojs et al.,

2020). GSH has the capability to remove heavy metal Cd or ROS.

Loss of reducibility by GSH after binding to Cd cannot scavenge

ROS, which accumulates in large amounts in vivo and leads to

oxidative damage (Hart et al., 2001). Some studies have shown

that Cd pollution increased GSH levels (Maity et al., 2018; Dong

A. et al., 2021). GSH levels in Cd-treated rats were greater than in

control rats in the current study. However, some reports

indicated that Cd exposure significantly reduced GSH levels,

which is inconsistent with some research findings (Jihen el et al.,

2010; Renugadevi and Prabu, 2010; Owumi et al., 2019). The

reason may be that after Cd enters the body, in order to resist the

oxidative damage caused by stress, a large amount of GSH is

produced in the body through chelation to remove free Cd2+. In

addition, the difference may also be related to factors such as

dosage, duration of exposure, and age of animals. Oxidative stress

causes lipid peroxidation in animal and plant cells. MDA is a

natural product of lipid oxidation and is considered to be one of

the biomarkers of oxidative stress (Zhang et al., 2014). Zhang

et al. demonstrated that Cd increased MDA content by

disrupting the antioxidant system of shrimp (Zhang et al.,

2021). The results of Messaoudi et al. showed that the MDA

concentration increased in rat kidney tissue of Cd-treated

(Messaoudi et al., 2009). The current investigation found that

the content of MDA in the kidney tissue of the Cd group was

higher than that of the control group. Further results showed that

Cd promoted lipid oxidation in kidney cells. This is consistent

with the previous findings of our group (Wang et al., 2014).

However, studies have shown that Que can alleviate cadmium-

induced kidney damage by reducing cell membrane lipid

peroxidation and enhancing total antioxidant capacity (Yuan

et al., 2016). In the HepG2 cell model, Que eliminated lipid

droplets and reduced total cholesterol and triglyceride levels,

suggesting that Que can restore NAFLD by reducing oxidative

stress and improving lipid metabolism (Yang H. et al., 2019).

GSH and MDA levels in the Cd + Que-treated group were

significantly lower than in the Cd-treated group. We found

that Que reduced the oxidative damage and intracellular lipid

oxidation induced by Cd, and exerted a protective effect on rat

kidney tissue.

Histopathological changes could directly reflect the damage

to kidney tissue. Cd caused significant histomorphological

changes in the kidney, a similar phenomenon was also

observed by Owumi et al. (Owumi et al., 2019). It is

speculated that it may be related to the excessive
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accumulation of free radicals in the body caused by Cd exposure

(Jihen el et al., 2009). Cd could regulate the body’s enzymatic

activity to induce the accumulation of ROS (Zhong et al.,

2015), leading to oxidative damage (Zhu et al., 2020), which

in turn leads to pathological changes in the morphological

structure of kidney tissue. Que is an effective scavenger of

ROS and RNS. It has been reported that Que can scavenge

ROS directly in vitro when the concentration of Que is in the

range of 5-50 μM (Saw et al., 2014). In addition, Que can also

downregulate ROS-induced oxidative stress by modulating

signaling pathways (Veith et al., 2017). In this study,

pathological sections showed that Cd caused severe

damage to renal tissue, such as Enlarged glomerular

cavity, tubular lumen obstruction and renal interstitial

congestion. Nonetheless, Que attenuated Cd-induced renal

lesions.

Cd causes apoptosis in vivo and in vitro, according to

numerous studies (El-Baz et al., 2015; Dai et al., 2018; Wang C.

et al., 2020). Consistent with previous studies, we also proved that

Cd triggered caspase-dependent apoptosis in kidney cells.

However, whether Que could inhibit Cd-induced apoptosis in

renal tissue remains unclear. Mitochondria release cytochrome c

(Cyt-c) via increased Bax levels (Song et al., 2016). Cyt-c is a sign of

apoptosis (Zhang et al., 2017). And caspase-9 is activated. The

current study found that activation of Caspase-9, an important

indicator of apoptosis induced by the mitochondrial pathway,

contributed to Cd-induced apoptosis in kidney cells (Choe et al.,

2015). Caspase-9 is the initiator of the protease cascade. Activation

of Caspase-3 is an important sign of apoptosis and Caspase-3 acts

as the executor to induce apoptosis (Wasilewski and Scorrano,

2009). TUNEL-positive cells were found in larger numbers in the

Cd-treated kidney than in the controls in this investigation. The

rate of TUNEL-positive cells was significantly reduced under the

intervention of Que. Cd exposure significantly increased the

mRNA expressions of Cyt-c, Caspase-9 and Caspase-3 in

kidney tissue, while those in the Que-treated group were

significantly decreased compared with those in the Cd

group. Consistent with the above results, Cd exposure

obviously enhanced the level of Cyt-c, Caspase-9 and

-3 proteins in rats’ kidney tissue. However, Cd-induced

apoptosis was inhibited by Que. Overall, Cd triggers

apoptosis in kidney cells, at least through the caspase-9-

dependent mitochondrial signaling pathway. Que interferes

with renal cell apoptosis induced by Cd and has a protective

effect on rats’ kidney.

In summary, Cd decreases the body weight of rats, increases

the renal coefficient, damages kidney function, causes oxidative

stress, promotes cell lipid oxidation, and ultimately leads to

apoptosis in kidney cells. Reversely, Que alleviated these

changes, which has a protective effect against Cd-induced

damage on rats’ kidney and inhibited apoptosis. To offer a

theoretical foundation for the use of quercetin in the

treatment of cadmium poisoning.
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Proteomics unite traditional
toxicological assessment
methods to evaluate the toxicity
of iron oxide nanoparticles
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Iron oxide nanoparticles (IONPs) are the first generation of nanomaterials

approved by the Food and Drug Administration for use as imaging agents

and for the treatment of iron deficiency in chronic kidney disease. However,

several IONPs-based imaging agents have been withdrawn because of toxic

effects and the poor understanding of the underlying mechanisms. This study

aimed to evaluate IONPs toxicity and to elucidate the underlying mechanism

after intravenous administration in rats. Seven-week-old rats were

intravenously administered IONPs at doses of 0, 10, 30, and 90mg/kg body

weight for 14 consecutive days. Toxicity and molecular perturbations were

evaluated using traditional toxicological assessment methods and proteomics

approaches, respectively. The administration of 90 mg/kg IONPs induced mild

toxic effects, including abnormal clinical signs, lower bodyweight gain, changes

in serum biochemical and hematological parameters, and increased organ

coefficients in the spleen, liver, heart, and kidneys. Toxicokinetics, tissue

distribution, histopathological, and transmission electron microscopy

analyses revealed that the spleen was the primary organ for IONPs

elimination from the systemic circulation and that the macrophage

lysosomes were the main organelles of IONPs accumulation after

intravenous administration. We identified 197 upregulated and

75 downregulated proteins in the spleen following IONPs administration by

proteomics. Mechanically, the AKT/mTOR/TFEB signaling pathway facilitated

autophagy and lysosomal activation in splenic macrophages. This is the first

study to elucidate the mechanism of IONPs toxicity by combining proteomics

with traditional methods for toxicity assessment.
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1 Introduction

Iron oxide nanoparticles (IONPs) are used for a wide variety

of biomedical and bioengineering applications, such as magnetic

resonance imaging, drug delivery, cancer therapy, hyperthermia,

and tissue repair, because of their unique physical and chemical

properties (Anderson et al., 2019; Soetaert et al., 2020). Some of

the IONPs evaluated in preclinical and clinical trials have been

approved by the European Medicines Agency and United States

Food and Drug Administration for the treatment of iron

deficiency in chronic kidney disease and imaging of liver

lesions and lymph node metastasis (Bobo et al., 2016).

However, several approved IONPs-based imaging agents were

later withdrawn because of severe toxic effects (Frtus et al., 2020).

Emerging evidence indicates that traditional preclinical safety

models might neglect secondary toxic effects, leading to

inadequate comprehension of the mechanisms by which

IONPs act at the cellular and subcellular levels (Frtus et al.,

2020; Chrishtop et al., 2021). Although numerous in vitro and in

vivo studies have explored the mechanisms of IONPs-mediated

toxicities such as neurotoxicity, immunotoxicity, and

cardiovascular toxicity (Mahmoudi et al., 2012; Chrishtop

et al., 2021), the results have been inconsistent or even

contradictory. Indeed, IONPs are known to affect multiple

organelles and signaling pathways to mediate different

biological responses (Zhang et al., 2016). Therefore, the

mechanisms underlying IONPs-mediated toxicity should be

investigated using an integrative and systematic approach.

As an emerging branch of life science research, proteomics is

a high-throughput technology with high sensitivity. Several

proteomics studies have revealed the toxic effects of

nanomaterials and the underlying mechanisms (Frohlich,

2017; Zhang et al., 2018). New toxicological mechanisms of

nanomaterials at the protein level can be revealed based on

the analysis of the whole proteome using this approach

(Matysiak et al., 2016). In recent years, proteomics studies

have revealed several novel toxicological mechanisms of

IONPs. For example, Askri et al. (2019a) used proteomics

techniques to show that IONPs affected signaling pathways

regulating cytoskeleton, apoptosis, and carcinogenesis in SH-

SY5Y cells. However, compared to various in vitro proteomics

studies investigating nanoparticles (Nath Roy et al., 2016), to our

knowledge, only one in vivo proteomics study examined the

effects of IONPs in the liver, brain, and lungs after intranasal

exposure (Askri et al., 2019b). In fact, proteomics techniques

should be considered a powerful tool to identify potential

biomarkers and to evaluate toxicity following IONPs

exposure. Furthermore, the identification of differentially

expressed proteins (DEPs) after IONPs exposure can aid in

gaining a deep insight into the mechanisms of toxicity.

However, no study to date has examined the changes in the

proteome following the administration of IONPs through

clinically used routes, especially intravenous injection.

Furthermore, no study has investigated the effects of IONPs

using proteomics in combination with traditional preclinical

safety assessment methods.

In the present study, we aimed to evaluate IONPs toxicity

following intravenous administration for 14 days in rats using

emerging proteomics methods in combination with traditional

toxicological assessment methods, including hematology, serum

biochemistry, histopathology, and toxicokinetics. Furthermore,

we aimed to reveal the molecular mechanisms of IONPs toxicity

by comparing traditional toxicological and proteomics

parameters in this animal model.

2 Material and methods

2.1 Physicochemical characteristics of
injected iron oxide nanoparticles

Injected IONPs in the form of polyethylene glycol-coated

Fe3O4 nanoparticles in water, which contained a concentration of

Fe 10 mg/ml, were kindly provided by Mingyuan Gao and

Jianfeng Zeng from Soochow University, China. The IONPs

were prepared using the flow synthesis method as previously

reported (Jiao et al., 2015). The characteristic morphology of

injected IONPs was determined using transmission electron

microscopy (TEM, Tecnai G20, FEI, United States) operating

at an acceleration voltage of 200 kV. The zeta potential and

hydrodynamic particle size of injected IONPs were measured at

25°C using dynamic light scattering with a particle size analyzer

(Zetasizer Nano ZS90, Malvern Instruments, United Kingdom).

2.2 Animal care

In total, 62 male and 62 female specific pathogen-free

Sprague-Dawley rats aged 7 weeks were purchased from Vital

River Laboratory Animal Technology (Beijing, China). The

animals were dosed after one week of acclimation. During the

study, all procedures for the care and use of animals were

reviewed and approved by the Institutional Animal Care and

Use Committee of National Beijing Center for Drug Safety

Evaluation and Research (IACUC-2021-009). The laboratory

animal program is fully accredited by the Association for

Assessment and Accreditation of Laboratory Animal Care.

2.3 Study design

IONPs were intravenously administrated through the tail

vein. IONPs were diluted to desired concentrations in 5% glucose

solution (dissolved by sterile water) under sterile conditions.

Animals were randomly assigned to four groups with 11 rats per

sex (rats/sex) for vehicle group and 17 rats/sex which six rats/sex
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served as toxicokinetic animals in IONPs treated groups. IONPs

at doses of 10, 30, and 90 mg/kg or the vehicle (5% glucose

solution) were administered once daily for 14 days. The

parameters evaluated during the in-life phase included clinical

observations such as mortality, moribundity, general health, and

signs of toxicity (once daily); food consumption (twice weekly);

and body weight (twice weekly).

2.4 Clinical chemistry, hematology, and
coagulation

Clinicopathological evaluations, including clinical

chemistry, hematology, and coagulation parameters, were

conducted on 5 rats per sex per group after intravenous

IONPs administration for 14 days. In all animals, blood

samples were collected from the inferior vena cava with the

animal anesthetized using pentobarbital at the time of sacrifice.

Serum chemistry parameters were analyzed using an auto

analyzer (Hitachi 7,180, Hitachi). Hematological parameters

were analyzed using an automatic hematology analyzer

(Sysmex XN-1000v, Sysmex). Coagulation parameters were

analyzed using an automated coagulation analyzer (Sysmex

CS-5100, Sysmex).

2.5 Determination of organ coefficients

In all animals, body weight was measured immediately before

sacrifice. A full necropsy was conducted in all animals, and the

brain, heart, liver, spleen, and kidney were removed and

immediately weighed in 5 rats/sex/group. Organ coefficients

were calculated as the ratio of tissue wet weight (mg) to body

weight (g).

2.6 Histopathological examination

The following organs were collected from 5 rats/sex/group

and fixed in 10% neutral-buffered saline: brain, heart, liver,

spleen, kidneys, lungs, thymus, adrenal glands, trachea,

esophagus, aorta, thyroid, and parathyroid glands, pancreas,

stomach, small and large intestines, mesenteric lymph nodes,

uterus, vagina, ovaries, prostate gland, epididymis, seminal

vesicles, urinary bladder, biceps femoris muscle, femur and

sternum with bone marrow, sciatic nerve, mammary glands,

and skin. Eyes with Harderian glands and testes were fixed in

modified Davidson’s fixative and transferred to 10% neutral-

buffered formalin within 24–48 h. Paraffin-embedded sections

(3–4 μm) were prepared from all tissues and stained with

hematoxylin and eosin. Microscopic examination was

conducted for all tissues in all groups. Additionally, spleen

sections were stained with Perls’ Prussian blue for iron detection.

2.7 Immunohistochemistry and
immunofluorescence

For immunofluorescent staining for light chain 3 (LC3) in

spleen sections, nonspecific binding was blocked with 5% goat

serum (cat. No: SL038, Solarbio Life Sciences), followed by

immunolabeling using a primary antibody against LC3 (cat.

No: 4,108; Cell Signaling Technology) and a secondary

antibody conjugated to fluorescein isothiocyanate (cat. No:

ZF-0311, ZSGB-BIO). Immunofluorescence images were

acquired using a 3DHISTECH P250 FLASH confocal

microscope with a ×63 objective. For immunohistochemistry,

tissue sections were incubated with a primary antibody against

lysosome-associated membrane protein (LAMP) 2 (cat. No:

125,068, Abcam) or ferritin heavy chain 1 (FTH1, cat. No:

4,393, Cell Signaling Technology) and visualized using a

streptavidin–biotin immunoenzymatic antigen detection

system (cat. No: PV-9000, ZSGB-BIO).

2.8 TEM and TEM-energy-dispersive
spectrometer analysis

Spleens collected at sacrifice were cut into approximately 1-

mm3 pieces, fixed in 2.5% glutaraldehyde in 0.1 M phosphate

buffer, and postfixed with 1% osmium tetroxide. After washing in

double distilled H2O, the samples were gradually dehydrated in

ethanol, embedded in epoxy resin, and sliced into 70-nm-thick

sections. The sections were observed under bright field using an

electron microscope (JEM-7610EX, JEOL, Japan) operated at

80 kV.

The samples prepared from the animals in the vehicle and

90 mg/kg IONPs groups were also analyzed to determine the

element distribution of iron using TEM (JEM-2100, JEOL, Japan)

equipped with an energy-dispersive spectrometry (EDS) device.

The TEM images were captured at 200 kV and used for

qualitative elemental analysis of the energy-dispersive spectra

of the whole area.

2.9 Toxicokinetic and tissue distribution
analyses

In animals used for toxicokinetic analysis (three rats per sex

in IONPs treated groups), approximately 0.25 ml of whole blood

was collected via jugular vein puncture prior to; 5, 15, and

30 min; and 1, 3, 6, and 24 h after the first (day 1) and last

(day 14) doses. The collected blood samples were maintained at

room temperature (18–26°C) for 30–60 min, followed by

centrifugation at 1800 g for 10 min at 4°C to obtain serum

samples, which were stored at −80°C. Following sacrifice, the

spleen, liver, lungs, mesenteric lymph nodes, kidneys, heart, and

brain (cerebellum and cerebrum) from three rats/sex/group were
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dissected and stored at −80°C. Concentrations of IONPs

(expressed as total iron, ng/mL) of three rats/sex/group were

determined using an inductively coupled plasma (ICP)-mass

spectrometry (MS) method. The lower limits of quantitation

were 25 and 75 ng/ml for serum and tissue samples, respectively.

The WinNonlin software package was used for the calculation of

serum toxicokinetic parameters, and the predose value was

subtracted prior to the calculation.

2.10 Tandem mass tag-labeled
quantitative proteomics

Proteomics analysis of the spleen tissue samples of the

vehicle and 90 mg/kg IONPs groups was performed using

the tandem mass tag (TMT)-labeled quantitative proteomic

approach. The procedures included protein sample

preparation, proteolysis and TMT labeling, liquid

chromatography-tandem MS and high-performance liquid

chromatograph analysis, and proteomics data analysis.

Briefly, the spleen tissues of 12 animals (6 animals/group)

were collected and ground into powder with liquid nitrogen.

Lysis buffer supplemented with 1 mM phenylmethylsulfonyl

fluoride (cat. No: A610425-0005, Sangon Biotech) was added to

the samples, which were sonicated on ice for 3 min, followed by

centrifugation twice at 12,000 g for 10 min at room temperature

to collect the supernatants. The protein concentrations were

confirmed using a bicinchoninic acid protein assay kit (cat. No:

23,225, Thermo Fisher Scientific) per the manufacturer’s

descriptions. Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis was performed for protein quality control

prior to proteomic experiments. The protein solutions were

digested with trypsin, reduced/alkylated, precipitated with

acetone, and enzymatically hydrolyzed at 37°C. The obtained

peptides were reconstituted and labeled using a TMT kit (cat.

No: A44520, Thermo Fisher Scientific). The labeled peptides

were fractionated using a high-performance liquid

chromatograph (Agilent 1,100 series, Aglient) with an

Agilent Zorbax Extend C18 column (5 μm, 150 mm ×

2.1 mm). The tryptic peptides were dissolved in mobile

phase A (aqueous solution containing 0.1% formic acid) and

injected into Q Exactive MS (Thermo Fisher Scientific) for

separation using liquid chromatography-tandem MS. The

liquid phase gradient was set as follows: 0–1 min, 2%–6%

mobile phase B (acetonitrile solution containing 0.1% formic

acid); 1–49 min, 6%–25% mobile phase B; 49–54 min, 25%–

35% mobile phase B; 54–56 min, 35%–90% mobile phase B; and

56–60 min, 90% mobile phase B. The flow rate was maintained

at 350 nL/min. Full MS scanning was acquired in a mass

resolution of 120,000 with a mass range of 350–1,650 m/z,

and the target automatic gain control was set at 3e6. Fifteen

most intense peaks in MS were fragmented using higher energy

collisional dissociation with a collision energy of 32. The MS/

MS spectra were obtained with a resolution of 60,000, target

automatic gain control of 1e5, and max injection time of 55 ms.

The Q Exactive dynamic exclusion time was set to 40 s and run

in positive mode.

2.11 Database search and bioinformatics
analysis

Proteome Discoverer v2.4 (Thermo Fisher Scientific) was

used to thoroughly search the experimental data against the

UniProt database for Rattus norvegicus (https://www.uniprot.

org, database released in July 2021, uniprot-proteome_

UP000002494) with trypsin digestion specificity. The search

settings were as follows: tolerance of first-stage precursor iron

mass error, 10 ppm; number of missed cleavages, 2; and mass

error tolerance of the secondary fragment ion, 0.02 Da. Cysteine

alkylation was set as a fixed modification. False discovery rate

(FDR) was adjusted to <1%, and the quantification of protein

groups required ≥2 peptides. The screening criteria for DEPs

with significance were a p value of <0.05 and a fold change of >2
(90 mg/kg IONPs group vs. vehicle group). The Gene Ontology

(GO) database (http://www.geneontology.org/, released in July

2021) was used for GO analysis. The DEPs were annotated into

three ontological categories (biological process, molecular

function, and cellular component) using GO terms. Gene-

related metabolic pathways were identified using the Kyoto

Encyclopedia of Genes and Genomes (KEGG) database

(http://www.genome,jp.kegg/, released in July 2021). GO and

KEGG pathway enrichment analysis based on hypergeometric

distribution R. For each category, a two-tailed Fisher’s exact test

was used to test the enrichment of DEPs. The GO terms or the

KEGG pathways with corrected p values of <0.05 were

considered significant. An enrichment score was calculated

based on the formula of (mn)/(MN) to indicate the number of

DEPs enriched to this GO term or KEGG pathway. In this

formula, “N” is the number of GO/KEGG annotations in rat

proteins; “n” is the number of GO/KEGG annotations in

differential proteins; “M” is the number of a specific GO

terms or KEGG pathways annotated in the protein of rats;

“m” is the number of DEPs annotated as a specific GO term

or KEGG pathway.

2.12 Parallel reaction monitoring for
protein expression verification

The abundances of LAMP1 and Niemann–Pick C1 (NPC1),

two of the DEPs identified in the 90 mg/kg IONPs group, were

validated using parallel reaction monitoring of all groups

administered IONPs as well as the vehicle group. The

experimental and data analysis methods were previously

described by Chen et al. (2021).
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2.13 Western blot analysis

Western blotting was performed in the spleen the of 10, 30, and

90 mg/kg IONPs treated and vehicle groups. The expression levels of

LAMP2, FTH1, LC3, AKT, phosphorylated (p)-AKT, mammalian

target of rapamycin (mTOR), p-mTOR, transcription factor EB

(TFEB), and p-TFEB were detected. The rabbit anti-LAMP2

antibody (ab125068, 1:2000) was purchased from Abcam. The

rabbit antibodies against LC3 (cat. No: 4,108; 1:1,000), FTH1 (cat.

No: 4,393; 1:1,000), AKT (cat. No: 4,691; 1:1,000), p-AKT (cat. No:

4,060; 1:1,000), mTOR (cat. No: 2,983; 1:1,000), p-mTOR (cat. No:

5,536; 1:1,000), TFEB (cat. No: 83,010; 1:1,000), glyceraldehyde-3-

phosphate dehydrogenase (cat. No: 5,174; 1:1,000), and β-actin (cat.

No: 8,457; 1:3,000) were purchased from Cell Signaling Technology.

The rabbit polyclonal p-TFEB antibody (cat. No: PA5-114662; 1:

1,000) was purchased from Thermo Fisher Scientific. Briefly, the

spleens of three rats/sex/group were homogenized and lysed in

radioimmunoprecipitation assay buffer containing phosphatase

and protease inhibitors. The lysates were centrifugated at 12,000 g

for 10 min at 4°C, and protein concentrations were determined using

the bicinchoninic acid protein assay kit (cat. No: 23,225, Thermo

Fisher Scientific). Equal amounts of protein lysates were separated on

sodium dodecyl sulfate-polyacrylamide gels and transferred to

polyvinylidene difluoride membranes, which were blocked with

5% nonfat dry milk in Tris-buffered saline containing 0.05%

Tween 20 for 1 h at room temperature. Next, the membranes

were incubated with primary antibodies in primary antibody

dilution buffer (cat. No: P0023A; Beyotime) overnight at 4°C.

After washing three times with Tris-buffered saline containing

0.05% Tween 20, 5 min each, the membranes were incubated

with anti-rabbit immunoglobulin G antibody (cat. No: 7,074; 1:

10,000; Cell Signaling Technology) for 1 h at room temperature. The

signals were detected by incubating the membranes with an

enhanced chemiluminescence reagent (cat. No: 34,577; Thermo

Fisher Scientific), and band intensities were analyzed using ImageJ.

2.14 Statistical analysis

Data were expressed as means ± standard deviation and

analyzed using GraphPad Prism 5.0 (GraphPad, San Diego, CA,

United States). One-way analysis of variance, followed by

Dunnett’s test, was used for all statistical analysis. A p value

of <0.05 was considered to indicate statistical significance.

3 Results

3.1 Characterization of the injected iron
oxide nanoparticles

The TEM images of the injected IONPs and the

corresponding particle size distribution are shown in

Supplementary Figures S1A,B, respectively. The average

particle size was 3.6 ± 0.3 nm (Supplementary Figure S1C).

The zeta potential of IONPs was −7 mV.

3.2 General physiological findings

The careful monitoring of the clinical signs and symptoms

throughout the 14-days consecutive dosing period revealed slight

piloerection and red perirhinal discharge in the 90 mg/kg IONPs

group. No abnormal clinical signs were observed in the vehicle

group and the 10 and 30 mg/kg IONPs groups.

The body weights continually increased during the

experimental period, and the body weight gain was lower in

the IONPs-administered male rats than in the vehicle-

administered male rats (Figure 1A). At the end of the

experimental period, the average body weights of the male

rats in the 10, 30, and 90 mg/kg IONPs groups were

significantly decreased than in the vehicle group with 0.94-,

0.88-, and 0.78-fold of the average body weight, respectively,

especially in later two IONPs groups (p < 0.001). Significantly

decreased food intake was noted in the 90 mg/kg IONPs group,

which was correlated with lower body weight gain (data not

shown).

3.3 Organ coefficients

The organ coefficients, which were determined based on the

terminal organ and body weights following an overnight fasting

period prior to necropsy, were used as a highly sensitive

measurement of toxicity reflecting significant changes even

before the observation of histological changes. The organ

coefficients of the heart and kidneys were higher in the

90 mg/kg IONPs group than in the vehicle group (p < 0.05),

and the organ coefficients of the liver and spleen were

significantly higher in all IONPs groups than in the vehicle

group (p < 0.01) in a dose-dependent manner (Figures 1B–D).

3.4 Clinical chemistry

The clinical chemistry data of the male and female rats are

summarized in Table 1. Briefly, the levels of total bile acids,

cholesterol, triglycerides, and lipase were significantly increased

in both the male and female rats administered 90 mg/kg IONPs

compared to the vehicle group, which suggested the effect of

IONPs on lipid metabolism. All other alterations in clinical

chemistry parameters, including those exhibiting statistically

significant differences, were not considered to be IONPs

toxicity because the changes were negligible in magnitude,

lacked dose dependency, were within normal biological

variation, or were without toxicological significance.
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3.5 Hematology and coagulation

The total leucocyte number and the neutrophil percentage were

significantly higher and the percentage of lymphocytes was

significantly lower in the 90mg/kg IONP group than in the

vehicle group (Table 2). Aforementioned results suggested that the

administration of 90mg/kg IONPs induced a mild inflammatory

response dominated by neutrophils. A significant decrease in mean

corpuscular hemoglobin concentrationwas observed in the female rats

in the 30 and 90mg/kg IONPs groups, although the magnitude was

small and within the range of the historical control data. The increase

in fibrinogen noted in the 90mg/kg IONPs group was not considered

toxicologically meaningful because of the absence of differences in

other coagulation parameters. The other changes noted in hematology

and coagulation parameters were not considered to be related to

IONPs administration because of the inconsistent direction of changes

or the lack of any relationship to dose.

3.6 Histopathology

The histopathological findings are summarized in

Supplementary Table S1. IONPs induced dose-dependent

pigmentation in multiple organs, especially in the spleen

(Figures 2A–D, arrows), and no apparent cellular

structural changes were noted at any dose level. The

pigmentation of macrophages in the spleen was confirmed

as ferric iron using Perls’ Prussian blue staining (Figures

2E–H, arrows).

3.7 Subcellular iron oxide nanoparticles
localization and ultrastructural alterations
in the spleen

TEM was used to investigate the subcellular localization of

the IONPs and the ultrastructural alterations in the spleen.

Hypertrophied macrophages exhibited IONPs incorporated

within the phagolysosomes. Dose-dependent accumulation of

degradative autophagic vacuoles (AVDs) was noticeable in

macrophages (Figures 2I–L, arrows). The corresponding EDS

spectra of whole areas in the 90 mg/kg IONPs group indicated

that the element iron was included in the AVDs with high

electron density (Figures 2M–P). Iron was not detected in other

areas without vesicles in the IONPs groups or the vehicle

group. However, other ultrastructural features were normal,

FIGURE 1
General physiological findings and organ coefficients after IONPs administration: (A) Changes in the body weight of male and female rats
treated with iron oxide nanoparticles (IONPs) for 14 days. Results are expressed as means ± standard deviation (n = 11). (B)Organ coefficients for the
brain, heart, liver, spleen, and kidneys in rats administered indicated doses of IONPs relative to those administered the vehicle. Results are expressed
as means ± standard deviation (n = 10). (C,D) Representative images of the liver and spleen following the administration of vehicle or IONPs for
14 days. *p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle.
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including mitochondria and normal nucleus with regular

nuclear membranes and nucleopores.

3.8 Toxicokinetics and tissue distribution

Sex-related differences in toxicokinetics were not observed

following systemic exposure to IONPs, and the male/female

ratio for Cmax and area under the curve (AUC) were less than

two-fold. Therefore, the toxicokinetic parameters and the

mean concentration–time curves shown in Figures 3A,B

include the combined data of male and female animals.

After intravenous administration of IONPs, Tmax appeared

at 5 min postdose, T1/2 was at approximately 2–4 h, and the

mean residence time was within the range of 2–4 h. Systemic

exposure expressed as Cmax and AUC increased with

increasing IONPs doses from 10 to 90 mg/kg close to or

greater than the dose-proportion manner on days 1 and 14.

IONPs accumulation after administration for 14 consecutive

days was not observed at any dose. Tissue distribution analysis

suggested that iron translocated into a range of tissues

throughout the body, including the brain (cerebellum and

cerebrum), heart, liver, spleen, kidneys, lungs, and mesenteric

lymph nodes (Figures 3C–J). A dose-dependent increase in

iron levels was observed in the spleen, liver, lungs, lymph

nodes, kidneys, and heart. The accumulation pattern in organs

TABLE 1 Clinical chemistry parameters of rats treated with/without IONPs for 14 days.

Parameters Vehicle 10 mg/kg 30 mg/kg 90 mg/kg

Male Female Male Female Male Female Male Female

Liver profile

Total protein (g/L) 50.2 ± 0.6 54.9 ± 1.9 50.1 ± 2.6 53.1 ± 6.3 49.0 ± 4.5 51.1 ± 2.9 58.1 ± 1.6** 56.2 ± 2.9

Albumin (g/L) 28.1 ± 0.4 31.2 ± 0.7 27.0 ± 0.6 28.3 ± 3.1 26.2 ± 2.3 26.5 ± 1.0** 27.4 ± 1.3 26.8 ± 1.0**

Globulin (g/L) 22.1 ± 0.6 23.7 ± 1.2 23.1 ± 2.0 24.8 ± 4.2 22.7 ± 2.3 24.6 ± 2.5 30.6 ± 1.1*** 29.3 ± 2.1*

ALP (U/L) 181 ± 31 94 ± 31 144 ± 27 96 ± 16 126 ± 31 * 87 ± 53 201 ± 25 191 ± 43**

ALT (U/L) 36 ± 5 25 ± 4 33 ± 8 23 ± 2 30 ± 9 23 ± 3 52 ± 35 25 ± 5

AST (U/L) 166 ± 63 129 ± 30 106 ± 13 127 ± 20 93 ± 19 111 ± 21 172 ± 94 129 ± 30

Total bilirubin (μmol/L) 0.62 ± 0.14 0.47 ± 0.18 0.95 ± 0.30 0.52 ± 0.16 0.83 ± 0.25 0.63 ± 0.19 1.64 ± 0.19 1.46 ± 0.74**

Total bile acid (μmol/L) 5.6 ± 1.4 55.3 ± 6.5 6.2 ± 2.5 68.1 ± 9.7 6.0 ± 4.0 70.8 ± 7.8 24.3 ± 9.3*** 79.5 ± 16.0*

Renal profile

Creatinine (μmol/L) 37.8 ± 2.4 47.5 ± 2.2 39.0 ± 2.7 41.4 ± 3.3 38.8 ± 4.2 41.8 ± 4.8 45.9 ± 2.2** 37.0 ± 4.2**

Blood urea (mmol/L) 5.12 ± 0.73 4.87 ± 0.69 5.04 ± 0.51 4.16 ± 0.41 5.15 ± 1.08 3.95 ± 0.48 6.05 ± 0.74 4.91 ± 0.96

Cardiac profile

Creatine kinase (U/L) 820 ± 393 762 ± 273 474 ± 61* 810 ± 401 345 ± 127** 416 ± 118 334 ± 56** 404 ± 116

LDH (U/L) 1,600 ± 507 1,557 ± 506 1,017 ± 235 1,613 ± 382 649 ± 296 1,144 ± 248 582 ± 104 951 ± 232

Lipid profile

Cholesterol (mmol/L) 1.20 ± 0.29 1.54 ± 0.21 1.64 ± 0.24 1.78 ± 0.32 2.22 ± 0.34*** 2.11 ± 0.44 2.68 ± 0.26*** 2.99 ± 0.52***

Triglyceride (mmol/L) 0.39 ± 0.11 0.27 ± 0.07 0.82 ± 0.47 0.29 ± 0.03 0.99 ± 0.08* 0.57 ± 0.19** 0.75 ± 0.22 0.63 ± 0.16**

Lipase (U/L) 26 ± 1 28 ± 2 28 ± 1 28 ± 1 30 ± 1** 31 ± 2 38 ± 3*** 38 ± 2***

Serum electrolytes

Na+ (mmol/L) 144.1 ± 0.6 145.1 ± 2.0 143.8 ± 1.7 144.5 ± 2.6 143.3 ± 1.1 144.8 ± 0.5 142.3 ± 1.4 144.5 ± 2.3

K+ (mmol/L) 4.66 ± 0.27 4.54 ± 0.36 4.19 ± 0.32 4.74 ± 0.43 4.11 ± 0.36* 4.76 ± 0.65 3.97 ± 0.26** 4.49 ± 0.52

Cl- (mmol/L) 109.0 ± 2.6 102.6 ± 0.4 106.8 ± 2.4 102.2 ± 1.7 107.6 ± 2.8 101.4 ± 2.7 103.2 ± 2.0** 101.0 ± 1.2

Ca (mmol/L) 2.44 ± 0.07 2.50 ± 0.05 2.34 ± 0.06 2.45 ± 0.11 2.38 ± 0.07 2.42 ± 0.12 2.47 ± 0.06 2.41 ± 0.05

P (mmol/L) 2.96 ± 0.19 2.54 ± 0.25 2.67 ± 0.15* 2.41 ± 0.09 2.54 ± 0.13*** 2.50 ± 0.18 2.65 ± 0.09** 2.36 ± 0.13

Mg (mmol/L) 0.76 ± 0.03 0.79 ± 0.02 0.74 ± 0.01 0.79 ± 0.02 0.72 ± 0.02 0.78 ± 0.03 0.73 ± 0.02 0.77 ± 0.02

Glucose profile

Glucose (mmol/L) 6.65 ± 1.24 6.42 ± 0.71 5.50 ± 1.05 7.61 ± 1.43 6.73 ± 0.24 6.94 ± 0.66 6.68 ± 0.40 6.65 ± 0.52

Notes: Values are means ± standard deviation (n = 5).

*p < 0.05.

**p < 0.01.

***p < 0.001 vs. vehicle.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase.
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was as follows: spleen > liver > lungs > mesenteric lymph

nodes > kidneys > heart > brain.

3.9 Proteomics analysis of differentially
expressed proteins in the spleen after iron
oxide nanoparticles administration

3.9.1 Protein identification
Traditional toxicological analyses indicated that spleen

was the primarily affected organ, which was also involved in

elimination after the intravenous administration of IONPs.

However, no study has studied proteins with differential

abundance in the spleen after IONPs exposure in vivo.

Therefore, we used the TMT-based proteomics to

investigate the changes in protein abundance in the spleen

between the 90 mg/kg IONPs administration and vehicle

groups.

The proteomes of the different administration groups were

compared using Principal Component Analysis (PCA). As

shown in Figure 4A, the PCA scatter plot showed differences

in the DEPs profile between the 90 mg/kg IONPs and vehicle

groups.

A total of 5,269 proteins were identified, and 5,104 proteins

were quantified in the vehicle and IONPs groups. Among these,

272 DEPs, including 197 upregulated and 75 downregulated

proteins, were in the IONPs group based on the comparison

with the vehicle group (Figure 4B).

3.9.2 Gene Ontology functional enrichment
analysis of differentially expressed proteins

To further analyze the functional characteristics, the DEPs

were annotated and enriched using GO analysis and classified

into three ontological categories of cellular component, biological

process, and molecular function. The GO enrichment analysis

graph in Figure 4C shows the top 10 items enriched by p values in

each category.

Briefly, in the 90 mg/kg IONPs group, 268 DEPs were

enriched in 1,571 terms in the biological process category,

including 110 terms that were significantly enriched. The

most abundant biological process terms were the

complement activation classical pathway (GO: 0006958),

negative regulation of endopeptidase activity (GO:

0010951), acute-phase response (GO: 0006953), cellular

iron ion homeostasis (GO: 0006879), and vasodilation

(GO: 0042311). In the cellular component category,

TABLE 2 Hematological parameters of rats treated with/without IONPs for 14 days.

Parameters Vehicle 10 mg/kg 30 mg/kg 90 mg/kg

Male Female Male Female Male Female Male Female

WBC (10̂9/L) 4.42 ± 1.81 3.81 ± 1.16 8.14 ± 1.43* 3.91 ± 1.30 6.48 ± 1.91 6.43 ± 1.63 13.33 ± 2.21*** 10.65 ± 3.05***

Ne (%) 13.4 ± 5.7 11.2 ± 4.8 15.3 ± 3.0 13.8 ± 5.5 16.6 ± 5.4 18.7 ± 5.3 30.5 ± 7.2*** 24.2 ± 5.3**

Mo (%) 9.7 ± 3.6 8.1 ± 2.1 9.0 ± 1.4 9.9 ± 2.8 10.2 ± 2.5 10.1 ± 1.3 14.5 ± 4.0 10.5 ± 2.7

Ly (%) 76.0 ± 9.5 79.2 ± 7.0 75.1 ± 4.2 75 ± 7.4 72.4 ± 6.7 70.1 ± 5.2 54.1 ± 9.4** 64.1 ± 6.3**

Eo (%) 0.7 ± 0.5 1.1 ± 0.2 0.5 ± 0.3 1.0 ± 0.4 0.7 ± 0.4 0.9 ± 0.2 0.6 ± 0.3 0.9 ± 0.4

RBC (10̂12/L) 6.56 ± 0.51 6.76 ± 0.35 6.67 ± 0.21 6.03 ± 0.52* 7.07 ± 0.45 6.23 ± 0.39 6.35 ± 0.38 6.47 ± 0.18

HGB (g/L) 134 ± 7 138 ± 7 137 ± 5 124 ± 6** 146 ± 4* 130 ± 4 131 ± 7 136 ± 2

HCT (%) 38.9 ± 1.8 39.5 ± 1.6 39.6 ± 0.8 36.3 ± 2.0* 41.9 ± 1.2** 38.3 ± 1.1 37.4 ± 1.5 40.0 ± 1.0

MCV (fL) 59.4 ± 2.4 58.4 ± 1.9 59.4 ± 0.8 60.3 ± 1.9 59.3 ± 2.7 61.5 ± 3.1 59.0 ± 1.7 61.8 ± 2.3

MCHC (g/dl) 34.4 ± 0.7 34.9 ± 0.6 34.6 ± 0.7 34.1 ± 0.4 34.9 ± 0.2 34.0 ± 0.7* 34.9 ± 1.0 33.9 ± 0.3*

PLT (10̂9/L) 1,068 ± 88 1,142 ± 75 1,470 ± 178*** 1,085 ± 577 1,245 ± 135 1,404 ± 158 1,037 ± 93 1,440 ± 112

MPV (fL) 7.5 ± 0.4 7.1 ± 0.2 7.1 ± 0.1 7.2 ± 0.4 7.2 ± 0.1 6.9 ± 0.2 7.6 ± 0.4 7.1 ± 0.1

Coagulation

Fbg (g/L) 2.19 ± 0.11 1.79 ± 0.21 2.56 ± 0.09 2.26 ± 0.51 2.53 ± 0.12 2.30 ± 0.63 3.68 ± 0.54*** 2.78 ± 0.31**

PT (s) 9.5 ± 0.3 7.4 ± 0.2 9.4 ± 0.9 7.2 ± 0.2 11.1 ± 1.6 7.1 ± 0.1* 9.1 ± 0.7 7.2 ± 0.1

APTT (s) 18.9 ± 1.1 12.7 ± 1.6 16.6 ± 3.7 13.8 ± 1.9 21.3 ± 2.8 13.3 ± 3.4 16.1 ± 3.0 12.5 ± 1.2

TT (s) 34.8 ± 1.7 30.3 ± 2.5 31.7 ± 5.3 29.5 ± 0.5 35.4 ± 4.9 30.1 ± 2.8 33.9 ± 1.8 30.1 ± 2.0

Notes: Values are means ± standard deviation (n = 5).

*p < 0.05.

**p < 0.01.

***p < 0.001 vs. vehicle.

Abbreviations: WBC, white blood cell count; Ne, neutrophil; Mo, monocyte; Ly, lymphocyte; Eo, eosinophil RBC, red blood cell count; HGB, hemoglobin; HCT, hematocrit; MCV, mean

corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; PLT, platelet count; MPV, mean platelet volume; Fbg, fibrinogen; PT, prothrombin time; APTT, activated

partial thromboplastin time; TT, thrombin time.
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32 out of the 287 terms were significantly enriched and the

five terms with the highest enrichment degree were

extracellular space (GO: 0005615), lysosome (GO:

0005764), lysosomal membrane (GO: 0005765), late

endosome (GO: 0005770), and high-density lipoprotein

particle (GO: 0034364). Of a total of 442 terms enriched

in the molecular function category, 37 were significantly

enriched. The five most enriched terms were identical

protein binding (GO: 0042802), protein-containing

complex binding (GO: 0044877), serine-type

endopeptidase inhibitor activity (GO: 0004867), heparin

binding (GO: 0008201), and proton-transporting ATPase

activity, rotational mechanism (GO: 0046961) (Figure 4C).

3.1.3 Pathway enrichment analysis of
differentially expressed proteins

We also analyzed the effect of IONPs 90 mg/kg

administration on protein expression using KEGG pathway

analysis. The analysis showed enrichment in 153 differentially

abundant proteins in 226 pathways in the IONPs group, and

37 pathways were significantly enriched (p < 0.05). We noted

significant enrichment in the expression of proteins involved in

the lysosome, phagosome, rheumatoid arthritis, mTOR signaling

pathway, oxidative phosphorylation, complement and

coagulation cascades, collecting duct acid secretion, neutrophil

extracellular trap formation and cholesterol metabolism were

significantly enriched compared with the vehicle group,

FIGURE 2
Histopathology and ultrastructural alterations in the spleen: (A–H) Representative images of specimens stained with hematoxylin and eosin
(A–D) and Perls’ Prussian blue (E–H) after treatment with vehicle or IONPs for 14 days. (I–L) Representative transmission electronmicroscopy (TEM)
images of spleen specimens following treatment with vehicle or IONPs for 14 days. (M–P) TEM-energy-dispersive spectrometry (EDS) analysis of the
spleen after treatment with vehicle or 90 mg/kg IONPs for 14 days; (M,O) and (N,P) show the TEM and corresponding iron element distribution
in the EDS images of the spleens after treatment with vehicle and IONPs, respectively. The EDS images show the element distribution of iron in the
entire TEM image.
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respectively. Overall, transport and catabolism, and the immune

and excretory systems were significantly enriched by DEPs

identified between the 90 mg/kg IONPs group and vehicle

group (Figure 4D).

3.9.4 Iron oxide nanoparticles administration
leads to lysosomal activation and autophagy in
splenic macrophages

We analyzed proteomic data of 90 mg/kg spleen after

IONPs administration using heatmaps and found

significant differences in most proteins associated with

lysosomal activation and autophagy (Figure 5A). The

abundance of LAMP1, LAMP2, and NPC1 was

significantly higher in the 30 and 90 mg/kg IONPs groups

than in the vehicle group (Figures 5C–F). LAMP1 and

LAMP2 play crucial roles in lysosomal enzyme targeting,

autophagy, and lysosomal biogenesis (Fukuda, 1991;

Eskelinen et al., 2003; Eskelinen et al., 2004; Huynh et al.,

2007). NPC1 is a polytopic membrane protein located in the

membranes of endosomes and lysosomes (Qian et al., 2020).

TEM results showed dose-dependent increase of AVDs in

splenic macrophages after IONPs administration. Therefore,

these results indicated the lysosomal activation of splenic

macrophages after IONPs administration. Meanwhile, the

increase in LC3-II expression and the turnover of LC3-I to

LC3-II indicated the activation of autophagy in spleen

(Figures 5B,C). The activation of the lysosome-dependent

autophagy can lead to IONPs degradation and to the liberate

of free iron ions, which may trigger the excessive production

of reactive oxygen species, cellular damage, and inflammatory

response. FTH1 is the major protein responsible for the

intracellular storage of iron in a soluble and nontoxic

state. In the present study, the increase in FTH1 protein

levels indicated that the degraded iron released from the

IONPs was sequestered and stored in a nontoxic and

bioavailable state (Figures 5C,D).

3.9.5 The AKT/mTOR/TFEB signaling pathway
facilitates in iron oxide nanoparticles-induced
autophagy

We also found that the IONPs-induced autophagy by

inhibiting the AKT/mTOR signaling pathway in a dose-

FIGURE 3
Toxicokinetics and tissue distribution after IONPs administration: (A)Mean serum concentration–time curves of IONPs after the first (day 1) and
last doses (day 14). (B) The area under the concentration–time curve on days 1 and 14 of IONPs administration at different doses (C–J) Organ-
specific distribution of IONPs after administration for 14 consecutive days. All results are expressed as means ± standard deviation (n = 6). *p < 0.05,
**p < 0.01, ***p < 0.001 vs. vehicle.
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dependent fashion (Figures 6A,B). As an important

transcription factor of autophagy downstream of the mTOR

signaling pathway, TFEB in the spleen was significantly

activated after IONPs administration. TFEB has been

shown to be able to couple with autophagosomes to

promote the maturation of LC3-driven autophagosomes

and to regulate the fusion of autophagosomes with

lysosomes. In the present study, we observed that the AKT/

mTOR signaling pathway was inhibited and that the TFEB

activity was significantly increased, which might be a primary

mechanism by which IONPs induce autophagy in the spleen.

4 Discussion

IONPs have vast potential for utility in biomedical applications,

especially magnetic resonance imaging (Liu et al., 2013; Dadfar

et al., 2019). However, the toxicity profile of intravenously

administered IONPs has not been fully elucidated. In the

present study, we intravenously delivered IONPs in rats and

evaluated toxicity and IONPs mechanisms using traditional

toxicological assessment methods, such as physiological

observations, clinical pathology, and histopathology, in

combination with emerging proteomics analyses.

FIGURE 4
Proteomics analysis of differentially expressed proteins in the spleen after IONPs administration: (A) Principal Component Analysis of case
(90 mg/kg IONPs) and control (vehicle) samples. (B) Volcano plots showing the number of differentially abundant proteins and the distribution of
significance and fold change between the vehicle and 90 mg/kg IONPs groups. The gray dots are proteins with nonsignificant difference in expression,
and the red and blue dots indicate significantly upregulated and downregulated proteins, respectively. (C) The Gene Ontology (GO) enrichment
analysis graph showing top 10 terms enriched by p values in each of the ontological categories of biological process, cellular component, andmolecular
function in the 90 mg/kg IONPs group. (D) The Kyoto Encyclopedia of Genes and Genomes pathways enriched by DEPs identified between the
90 mg/kg IONPs and vehicle groups. The ListHits indicates the number of differentially abundant proteins enriched in specific pathways.
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FIGURE 5
IONPs administration leads to lysosomal activation and autophagy in splenic macrophages: (A) Clustering heatmap of differentially expressed
proteins associated with lysosomal activation (B) Immunofluorescence staining showing the expression of light chain 3 (LC3) in spleen specimens
collected from rats treatedwith vehicle or different doses of IONPs. Nuclei are stained with DAPI. Scale bars: 50 μm. (C) The protein levels of LC3, FTH1,
and LAMP2were analyzed usingwestern blotting, and β-actinwas used as internal reference (D) Immunochemical staining showing the expression
of ferritin heavy chain 1 (FTH1) and lysosome-associatedmembraneprotein (LAMP) 2 in spleen specimensof rats treatedwith vehicle or different doses of
IONPs. (E) and (F) The verification of LAMP1 andNPC1 abundance using parallel reactionmonitoring. Data are shown asmeans ± standard deviation (n=
6). **p < 0.01, ***p < 0.001 vs. vehicle.
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The established toxicological tests revealed that the

administration of 90 mg/kg IONPs led to mild clinical signs

and lower body weight gains in male rats. Serum biochemical

analyses indicated that IONPs did not exert an obvious adverse

effect on hepatic, renal, and cardiac functions. However, the

increases in total bile acids, cholesterol, triglycerides, and lipase

suggested a lipid metabolism disorder. Similarly, persistent iron-

enriched diet fed to rats led to the impairment in the plasma lipid

transport and hepatic sterol metabolism (Brunet et al., 1999).

Dietary iron overload induces lipid peroxidation and increases in

cholesterol and triglycerides, indicating the risk of

hyperlipidemia. Meanwhile, the increase in total bile acids is

related to cholesterol metabolism. Overall, these findings

indicated that the altered lipid transport and cholesterol

metabolism were related to the iron overload following IONPs

administration. Hematological assessment revealed increases in

leucocyte count and neutrophil percentage in the 90 mg/kg

IONPs group, although there were no findings of evident

inflammation during histopathological examination in entire

organs. Neutrophils drive effecting mechanisms through

phagocytosis, degranulation, and neutrophil extracellular traps

(NET) formation (Burn et al., 2021). Studies investigating

nanomaterial clearance by the immune system indicate that

NETs act as physical barriers for nanoparticles (Bartneck

et al., 2009). Consistently, Kuźmicka et al. demonstrated that

excess iron increased the release of NETs and reactive oxygen

species (Kuzmicka et al., 2022). Therefore, the observed increases

in the leucocyte count and neutrophil percentage indicate a

primary immune response and a potential mechanism of

clearance of the IONPs from the systemic circulation after

intravenous administration.

Toxicokinetic analysis showed that IONPs exhibited an

appropriate elimination rate and a favorable dose–response

relationship in the blood after intravenous administration.

The tissue distribution results indicated that IONPs were

delivered to a range of organ systems after entering the

systemic circulation, in accordance with the results from

numerous studies (Yu et al., 2018; Gaharwar et al., 2019;

Bolandparvaz et al., 2020). In the present study, the highest

IONPs deposition in the spleen and liver indicated that these

two organs played the most important role in IONPs

elimination from the systemic circulation. The increases in

the size and organ coefficient of the spleen and liver were

consistent with the iron levels obtained through the tissue

distribution analysis. Both the spleen and the liver contain a

large number of macrophages, including Kupffer cells in the

liver, and are highly vascular, which are considered to exhibit

prominent ability to actively capture the IONPs (Allard-

Vannier et al., 2012; Barrefelt et al., 2013; Vercoza et al., 2019).

Histopathology findings were limited to pigmentation in

multiple organs, which was confirmed as iron deposits using

Perls’ Prussian blue staining, and cellular structural alterations

were absent. These results demonstrated that IONPs

administration had no adverse effect on microscopic

morphology in any of the examined organs (Supplementary

Table S1). Further ultrastructure examination of the spleen,

which exhibited the highest iron accumulation, indicated that

IONPs did not lead to subcellular structural changes, except for

the dose-dependent increase in AVDs. TEM-EDS revealed the

elemental enrichment of these AVDs as the subcellular

distribution of the IONPs expressed as elemental iron. Our

results are in accordance with previous in vitro studies in

FIGURE 6
The AKT/mTOR/TFEB signaling pathway facilitates in IONPs-induced autophagy: (A) Representative western blotting image for p-ATK, AKT,
p-mTOR, mTOR, p-TFEB, and TFEB in spleen samples of rats after IONPs administration. The protein expression levels of p-ATK, AKT, p-mTOR,
mTOR, p-TFEB, and TFEB were semiquantitatively determined by measuring the integrated optical density of bands based on the western blot
images. GAPDH was used as an internal reference. (B) Corresponding graph showing relative changes in protein expression levels. ***p <
0.001 vs. vehicle.
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macrophages demonstrating the internalization of IONPs in a

membrane-bound manner (Gu et al., 2011).

Proteomics is a powerful method to examine the mechanism of

IONPs toxicity in studies evaluating their safety. The identification of

the DEPs and the GO enrichment analysis revealed that the DEPs

induced by the IONPs, comparedwith the vehicle group, weremainly

involved in the cellular component category. Extracellular space, the

GO term with the highest enrichment in the cellular component

category, is potentially related to the gross pathological finding of

increased spleen size (Mo, 2017). Complement activation, which was

enriched in both the GO and KEGG pathway analyses, was not

considered toxicologically meaningful because of the possible

development of pseudoallergy by the rapid injection of iron-

containing products (Rampton et al., 2014; Hempel et al., 2017).

The significant enrichment of the term cholesterol metabolism was

consistent with the changes in total bile acids, cholesterol,

triglycerides, and lipase noted in serum biochemical analysis.

NPC1, a multimembrane-spanning protein, is the central protein

for lysosomal transfer of cholesterol (Meng et al., 2020). The trend in

the protein expression was fully consistent with the results of the

serum biochemistry tests. Therefore, the proteomics analyses used in

the present study revealed the mechanisms of IONPs toxicity.

Numerous studies investigating nanoparticle uptake

mechanisms have exhibited that endocytosis is the main route

for the cellular entry of the nanoparticles and that the endocytic

entry can be subdivided into the categories of phagocytosis,

clathrin/caveolin-independent endocytosis, clathrin-mediated

endocytosis, caveolin-mediated endocytosis, and

micropinocytosis (Mailänder and Landfester. 2009; Nel et al.,

2009; Francia et al., 2020; Yao et al., 2020). Phagosome was a

highly enriched term in the KEGG pathway analysis of the

proteomics results, demonstrating phagocytosis as the main

mechanism of IONPs entry into splenic macrophages.

Notably, the increase in AVDs and the abundance of

lysosome-related terms noted in the GO and KEGG analyses

indicate that lysosome-mediated degradation plays a crucial role

in responses to IONPs administration. In fact, macrophages were

shown to engulf and accumulate IONPs in lysosomes (Lunov

et al., 2011a; Lunov et al., 2011b; Beddoes et al., 2015). The

process for the intracellular biodegradation of IONPs can be

quite long, and IONPs may retain in the body from several days

to several weeks after intravenous injection (Lunov et al., 2010;

Feng et al., 2018; Van de Walle et al., 2020). Therefore, it is

plausible that IONPs substantially modulate lysosome-related

signaling pathways. Many processes involved in cell death and

pathological conditions have been shown to be associated with

lysosomal dysfunction (Boya and Kroemer, 2008). Overall, our

results revealed that the lysosome-related signaling pathways are

the primary mechanism of IONPs toxicity in the spleen after

intravenous administration.

The upregulation of both LAMP1 and LAMP2 confirmed in the

present study indicates increases in lysosomal biogenesis and

autophagic activity after IONPs administration. Notably, IONPs

induce autophagy in numerous cultured cell types in vitro (Jin

et al., 2019; Uzhytchak et al., 2020), which has not been

thoroughly confirmed in animal models in vivo. Interestingly, the

degree of autophagy, expressed as the turnover of the microtubule-

associated protein LC3 (Mizushima et al., 2010), was significantly

increased in a dose-related manner after IONPs administration in the

present study. The AKT/mTOR signaling pathway inhibition has

been reported to induce autophagy in human fetal neural stem cells

fNSCs (Liang et al., 2016) and human lung cancer cells H460 cells (Fu

et al., 2009) as well as themousemammary epithelial cellsHC11 (Hou

et al., 2020). mTOR is generally located on the lysosomal membrane,

and TFEB in the cytoplasm is phosphorylated by mTOR under

normal conditions, inducing mTOR activation (Settembre et al.,

2012). Conversely, under pathological conditions, TFEB

translocates from the cytoplasm to the nucleus, leading to the

upregulation of autophagic proteins while mTOR is released from

the lysosomal membrane, and the ensuing inhibition of mTOR

activity can promote autophagy (Sardiello et al., 2009; Roczniak-

Ferguson et al., 2012). In the present study, the AKT and mTOR

activities in the spleen were significantly decreased after IONPs

administration. The mTOR/TFEB signaling pathway, which is

crucial for lysosomal biogenesis and autophagy activation, was

significantly activated. Interestingly, the p-TFEB increased in the

IONPs treated groups, but it was not higher in the 90mg/kg

group than in the 30mg/kg group. This may because of the in

vivo environment has been significantly altered by the administration

of 90mg/kg IONPs, which may reduce p-TFEB, consistent with in

previous study (Ballabio, 2016). This is worth exploring more

profound in future work. Autophagy is dependent on lysosomal

degradation, which has been demonstrated to be an important

regulator of various diseases and conditions (Mizushima and

Levine, 2020; Jiang et al., 2021; Viret et al., 2021). Park et al.

(2014) at Demonstrated that autophagy was an important

protective mechanism of IONPs-induced apoptotic cell death and

endoplasmic reticulum stress inRAW264.7 cells.Not surprisingly, rats

treatedwith IONPs for 14 days did not exhibit severe inflammatory or

toxic reactions based on the roles of autophagy in stress adaptation,

immune, and inflammatory response (Cadwell, 2016). However,

some studies showed that IONPs caused cell damage by inducing

autophagy (Du et al., 2016; Zhang et al., 2020). Therefore, the role of

autophagy in IONPs toxicity remains to be further elucidated.

Iron is an essential component of the human body, playing a

crucial role in the activity of cytochromes, hemoproteins, and

hemoglobin (Andrews, 2000). However, iron overload causes cell

dysfunction and death, leading to tissue damage and organ

dysfuntion (Trinder et al., 2002). FTH1 is a universally expressed

and highly conserved protein that plays a major role in iron balance

by sequestering and storing ions in a nontoxic and bioavailable

manner (Munro et al., 1988; Edison et al., 2008). In the present

study, FTH1 expressionwas significantly upregulated, suggesting the

sequestration of iron released from the lysosomal IONPs

degradation. Therefore, no obvious toxicity due to iron overload

was noted after the intravenous IONPs administration in rats.
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5 Conclusion

This is the first study utilizing a combination of traditional and

emerging proteomics methods to assess IONPs toxicity following

intravenous administration in rats and to elucidate underlying

mechanisms. We showed that the lysosome is the master

regulator of IONPs-mediated toxicity in spleen, the target organ

of intravenously administered IONPs, and that the lysosome-related

signaling pathways are the primary mechanism of toxicity in splenic

macrophages. We also showed that the AKT/mTOR/TFEB

signaling pathway facilitates in the IONPs-induced autophagy of

splenic macrophages.
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As a traditional Chinese herbal medicine, Panax ginseng C. A. Meyer (PG) has

preventive and therapeutic effects on various diseases. Ginsenosides are main

active ingredients of PG and have good pharmacological effects. Due to the

diversity of chemical structures and physicochemical properties of

ginsenosides, Currently, related studies on PG monomer saponins are mainly

focused on the cardiovascular system, nervous system, antidiabetic, and

antitumor. There are few types of research on the toxin treatment,

predominantly exogenous toxicity. PG and its monomer ginsenosides are

undoubtedly a practical option for treating exogenous toxicity for drug-

induced or metal-induced side effects such as nephrotoxicity,

hepatotoxicity, cardiotoxicity, metal toxicity and other exogenous toxicity

caused by drugs or metals. The mechanism focuses on antioxidant, anti-

inflammatory, and anti-apoptotic, as well as modulation of signaling

pathways. It summarized the therapeutic effects of ginseng monomer

saponins on exogenous toxicity and demonstrated that ginsenosides could

be used as potential drugs to treat exogenous toxicity and reduce drug

toxicities.

KEYWORDS

ginsenosides, exogenous toxicity, Panax ginsengmonomer saponins, treatment, mini-
review

Introduction

Panax ginseng C. A. Meyer (PG) has been used worldwide as a traditional medicine

for thousands of years; numerous studies have shown that ginsenosides are the main

active ingredients of PG. Currently, more than 150 natural ginsenosides have been

isolated and identified from various parts of ginseng herbs (Christensen, 2009). According

to the different skeletons of ginsenoside glycosides, ginsenosides can be divided into three

saponins, protopanxdiol, protopanaxtriol and oleanolic acid (Wang et al., 2006). There

are numerous reports on the biological effects of ginsenosides, such as immune

enhancement (Bai et al., 2019), hepatoprotection (Fan et al., 2019), neuroprotection

(Ying et al., 2019), anti-inflammatory (Chen et al., 2021), anti-tumour (Liu and Fan,
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2019), and ginsenosides also reverse the drug resistance of

tumour cells caused by other chemotherapy drugs (Meng

et al., 2019). Different ginsenoside monomers have different

functions. For example, ginsenoside Rh2 can inhibit the

metastasis of cancer cells to other organs (Shi et al., 2014);

ginsenoside Rg1 has the effect of excitation of the central

nervous system and inhibition of platelet agglutination (Sun

et al., 2016); ginsenoside Rg3 can inhibit the synthesis of

proteins and adenine nucleoside triphosphate (ATP) in cancer

cells during mitotic prophase and delay the proliferation and

growth of cancer cells (Jiang et al., 2017).

Many western drugs are effective in the therapy

treatment of diseases and play an essential role in the

clinical management of tumors in particular, but their

limitations are also evident; for example, the commonly

used oncological drug Doxorubicin (DOX) causes

cardiotoxicity. The items that contacted by us in our daily

life may also contain toxic ingredients, for example,

Trimethyltin in plastic stabilizers can cause neurotoxicity,

and the presence of toxicity in metals such as iron and

aluminum can also induce disease. Therefore, it is crucial

to discover drugs from natural plants to mitigate drug

toxicity and treat exogenous toxicity.

This paper reviewed the effects of ginsenosides on the

treatment of exogenous toxins, and we hope that this review

will lay the foundation for an in-depth study of biochemical

mechanisms and pharmacological impact of ginsenosides

and provide a reference for further development and

utilization of ginsenosides in the treatment of exogenous

toxicity.

Effects of ginsenosides on
cardiotoxicity

Tumours and cardiovascular diseases have become the top

two causes of death in China’s urban population (Ma et al.,

2020). In addition, it has been reported in the literature that the

two disciplines are cross-cutting and that some long-term

surviving malignant tumour patients may eventually die

from heart disease rather than tumour, and heart disease has

become the leading cause of non-cancer-related death in

tumour patients (Zaorsky et al., 2017). In clinical practice,

some antitumor therapies can also cause cardiotoxicity.

Anthracyclines, alkylating agents, 5-FU and paclitaxel, are

common chemotherapeutic drugs with cardiotoxicity, which

can cause cardiovascular diseases such as heart failure,

coronary artery lesions, hypertension and thrombosis (Luis

Zamorano et al., 2016). Although there are many drugs for

clinical use in oncology, current information on the exogenous

cardiotoxic effects of ginsenosides for the treatment of the heart

is focused on the cardiotoxicity caused by DOX and

Trastuzumab (TZM).

Although DOX is an anthracycline antibiotic with

powerful anti-tumor effects, it causes cumulative and dose-

dependent cardiotoxicity, which leads to an increased risk of

death in cancer patients. Thus, its clinical application is

limited (Zhao et al., 2018, 2; Rawat et al., 2021).

Ginsenosides protect the heart from various cardiovascular

diseases by regulating multiple cellular signaling pathways.

Ginsenoside Rg1 ameliorates DOX-induced cardiac

insufficiency by inhibiting endoplasmic reticulum stress

and autophagy (Xu et al., 2018). Rg1 increases

phosphorylation of Akt and Erk, increases the ratio of Bcl-

2 and Bax, and reduces cytochrome c release in mitochondria,

thereby protecting the heart from DOX-induced apoptosis

(Zhu et al., 2017). Ginsenoside Rg2 attenuates DOX-induced

apoptosis by upregulating Akt phosphorylation and inhibiting

p53 expression through the PI3K/Akt pathway in

cardiomyocytes (Qiu et al., 2021). In summary, Rh2 may

become a new protective agent in the clinical application of

DOX (Wang H. et al., 2012).

Similarly, ginsenosides can achieve cardioprotective effects

by regulating autophagy. Rb1 attenuates DOX-induced

reduction in cardiomyocyte viability and inhibits the

increase in autophagy-related structures, the conversion of

light chain 3-I to light chain 3-II, and the reduction in

p62 protein expression (Li et al., 2017). In addition,

endoplasmic reticulum stress is another cause of cardiac

dysfunction, closely associated with autophagy activation

(Rashid et al., 2015). Echocardiographic and pathological

findings suggest that ginsenoside Rg1 can significantly

reduce DOX -induced cardiotoxicity. Endoplasmic reticulum

stress and inhibition of autophagy may be the mechanism by

which Rg1 ameliorates DOX-induced cardiac dysfunction (Xu

et al., 2018).

TZM is a standard clinical treatment for breast cancer, but it

has significant cardiotoxicity (Koulaouzidis et al., 2021).

Rg2 induces autophagy in human cardiomyocytes (HCMs) by

upregulating the expression levels of (p)-Akt, p-mTOR, beclin 1,

light chain 3 (LC3) and autophagy protein 5 (ATG5), thereby

treating TZM-induced cardiotoxicity (Liu et al., 2021). Liu et al.

(2022) suggested that Rg2 could inhibit TZM-induced cardiac

cytotoxicity. The mechanism might be related to the

downregulation of proapoptotic proteins caspase-3, caspase-9,

and BAX expression, which inhibited TZM-induced apoptosis in

cardiac myocytes.

Effects of ginsenosides on
neurotoxicity and brain toxicity

Ginsenosides attenuate neurotoxicity

Trimethyltin (TMT) is a by-product of the production of

plastic stabilizers. It has been found in domestic water
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supplies, aquatic specimens, and marine environments

(Gomez et al., 2007). TMT is a toxic organotin compound

which selectively induces neurodegeneration in the limbic

system, especially prominent in the hippocampus (Lee

et al., 2016). Ginsenoside Re can against TMT-induced

neurotoxicity through the PI3K/Akt signalling pathway of

IL-6 (Tu et al., 2017). Another study discovered that

Rg3 and Rh2 treat TMT-induced neurodegeneration by

reducing oxidative stress and neuroinflammatory

neurotoxicity (Hou et al., 2018). Hou et al. (2017)

administered a single injection of 2 mg/kg body weight of

TMT to ICR mice after pretreating them with ginsenoside Rd.

Compared with saline-treated controls, Rd was found to act as

a neuroprotective agent to prevent TMT-induced

neurotoxicity. Cadmium (Cd) is a toxic and non-essential

element for humans, which enters and accumulates in

organisms through occupational exposure, contaminated

air, water and food (Huang et al., 2017), Ren et al. (2021)

reported that Rg1 eliminated Cd-induced toxicity and

restored oxidative stress and inflammatory responses, and

accordingly restored behavioural performance in animals,

suggesting that Rg1 has an eliminating effect on Cd-

induced neurotoxicity.

Ginsenosides protect the brain from β-
amyloid-induced toxicity

β-Amyloid (Aβ) aggregates cause complex neurotoxicity and

play a vital role in the progression of Alzheimer’s disease (AD)

(Ho et al., 2015). Prevention of Aβ-induced toxicity could lead to
drug development for Alzheimer’s disease. In a double-

transgenic AD mouse experiment, Yun et al. (2022) found

that ginsenoside F1 exerts its beneficial effects by increasing

insulin-degrading enzyme (IDE) and neprilysin (NEP)

expression, providing scientific evidence regarding the

applicability of Aβ treatment in AD patients. It has been

suggested that Rb1 is likely to protect neurons from Aβ
toxicity through the antioxidant pathway (Qian et al., 2009).

Xie et al. (Xie et al., 2010) pretreated cells with Rb1 for 24 h and

then added Aβ25-35 to the medium for another 24 h. They found

that Rb1 pretreatment inhibited Aβ-induced Reactive oxygen

species (ROS) overproduction and lipid peroxidation, increased

the Bcl-2/Bax ratio, and attenuated caspase-3 activation, thereby

increasing cell survival and protecting against Aβ-induced cell

damage.

Effects of ginsenosides on metal-
induced toxicity

Iron accumulation is thought to be involved in the

pathogenesis of Parkinson’s disease (PD) (Jiang et al., 2007).

Several studies have shown that selectively high iron levels and

oxidative stress due to elevated iron levels in the substantia

nigra pars compacta (SNpc), play a crucial role in developing

PD (Youdim et al., 2004, 28; Zecca et al., 2008). Rg1 reduces

cellular iron accumulation and attenuates the inappropriate

upregulation of divalent metal transporter 1 with the iron-

responsive element (DMT1 + IRE) through the IRE/Iron

regulatory protein (IRP) system to achieve neuroprotective

effects against iron toxicity (Xu et al., 2010a). In addition, it

was found that Rg1 could reduce iron influx and iron-induced

oxidative stress by inhibiting the upregulation of DMT1-

IRE(Xu et al., 2010b). Wang et al. (Wang et al., 2009)

suggested that the neuroprotective effect of Rg1 on

dopaminergic neurons against 1-Methy-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) is due to the ability to reduce

nigrostriatal iron levels, which is achieved by regulating the

expression of divalent metal transporter 1 (DMT1) and

Ferroportin1 (FP1).

Aluminum (Al)-induced disorders of bone metabolism

are a significant cause of osteoporosis. The research

concluded that Rb1 significantly reverses osteoblast

viability and osteoblast growth regulators, inhibits

oxidative stress, and attenuates histological damage to

osteoblasts by AlCl3(Zhu et al., 2016), activating the TGF-

β1/Smad signaling pathway is one of the mechanisms by

which Rg3 alleviates Al-induced bone damage (Song et al.,

2021). Song et al. (2020) reported that Rg3 effectively

alleviated AlCl3-induced osteoporosis by increasing the

mRNA expression of transforming growth factor-β1, bone
morphogenetic protein-2, insulin-like growth factor I, and

core binding factor α1 to promote growth regulators and

attenuate Al accumulation.

Effects of ginsenosides on
hepatotoxicity

Frequent overdose of acetaminophen (APAP) is one of the

most common and essential triggers of acute hepatotoxicity (Xu

et al., 2017). Ginsenoside Rg5 exerts hepatoprotective effects

against APAP-induced acute hepatotoxicity. Wang et al. (2017)

administered Rg5 to mice and found the protein expression of

proliferating cell nuclear antigen (PCNA), Bax, cytochrome c,

caspase-3, caspase-8, and caspase-9 was significantly inhibited in

the Rg5 group compared with the control group. In contrast, the

expression level of Bcl-2 protein was increased, indicating that

Rg5 has anti-apoptotic ability in APAP-induced hepatotoxicity.

Rk1 pretreatment significantly reduced serum alanine

aminotransferase, aspartate aminotransferase, tumour necrosis

factor, and interleukin-1β levels and significantly reversed

APAP-induced liver tissue necrosis (Hu et al., 2019).

Rb1 exhibits significant hepatoprotective effects against

APAP-induced ALI by modulating MAPK and PI3K/Akt

Frontiers in Pharmacology frontiersin.org03

Wang et al. 10.3389/fphar.2022.1022266

85

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1022266


TABLE 1 Therapeutic effect of ginsenosides on CP-induced nephrotoxicity.

Ginsenosides Experimental
model

Dosage and
method

Mechanisms Effects References

Rb3 ICR mouse 10 and 20 mg/kg by
oral gavage

(↓) p62, ATG3, ATG5, ATG7,
p-mTOR, the ratio of LC3-I/LC3-II

Rb3 regulates AMPK-/mTOR-mediated
autophagy and inhibits apoptosis in vitro
and in vivo, thereby alleviating CP-
induced nephrotoxicity

Xing et al.
(2019)

Rh2 Male SPF grade ICR
mice (22–25 g)

20 and 40 mg/kg by
gavaged (P.O)

(↑) Bcl-2 Rh2 protects against CP-induced
nephrotoxicity by acting on caspase-
mediated pathways

Qi et al. (2019)

(↓) p53, Bax, cytochrome c,
caspase-8, caspase-9, and caspase-3

Re Male ICR mice 25 mg/kg by oral
gavage

(↓) Renal dysfunction,
inflammatory cytokines, apoptosis,
malondialdehyde in the kidney

The renal protective potential of Re may be
partly related to its antioxidant, anti-
inflammatory and anti-apoptotic effects

Wang et al.
(2018)

Rh3 pig kidney epithelium,
CL-101

(↓) JNK, ERK, p38, caspase-3,
Proportion of apoptotic cells in
LLC-PK1

Inhibition of JNK and ERK mitogen-
activated protein kinase signaling cascade
plays an important role in the
renoprotective effects of Rh3

Lee and Kang,
(2017)

Rg5 Male ICR mice
(6–8 weeks old)

10 and 20 mg/kg
administered
intragastrically

(↑) Bcl-2 Rg5 attenuates CP-induced nephrotoxicity
by reducing oxidative stress, inhibiting
inflammation, and suppressing apoptosis
in CP-treated mice

Li et al. (2016)

(↓) NF-κB p65, COX-2, Bax

ATG3, autophagy related three; ATG5, autophagy related five; ATG7, autophagy related seven; LC3-I, light chain 3-I; LC3-II, light chain 3-II; JNK, c-Jun N-terminal kinase; ERK,

extracellular signal-regulated kinase; LLC-PK1, porcine renal proximal epithelial tubular; NF-kB, nuclear factor-kappa B; COX-2, cyclooxygenase 2.

FIGURE 1
The effects of ginsenosides on the treatment of exogenous toxins. Abbreviations: ROS, reactive oxygen species; Erk, extracellular signal-
regulated kinases; mTOR, mammalian target of rapamycin; LC3, light chain three; ATG5, autophagy related five; IL-1b, interleukin-1b; Nrf2, nuclear
factor erythroid related factor 2; ATG3, autophagy related three; JNK, c-jun N-terminal kinase; ERK, extracellular signal-regulated kinase; COX-2,
cyclooxygenase two; DMT1 + IRE, divalent metal transporter 1 with iron responsive element.
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signalling pathway-mediated inflammatory responses (Ren et al.,

2019). Rg3 exerts hepatoprotective effects on APAP-induced

hepatotoxicity by inhibiting oxidative stress and inflammatory

responses (Zhou et al., 2018).

Cisplatin (CP) is an effective antitumor drug widely used in

cancer treatment, and hepatotoxicity is one of its side effects

(Taghizadeh et al., 2021). Rg1 effectively prevents cisplatin-

induced hepatotoxicity, mainly by inhibiting the binding of

Keap1 and Nrf2, partly through the accumulation of p62 (Gao

et al., 2017).

Effects of ginsenosides on
nephrotoxicity

Nephrotoxicity is a common side effect of chemotherapy and

drugs. For example, the commonly used drug CP may cause severe

nephrotoxicity, including tubular injury and renal failure (Miller et al.,

2010; Manohar and Leung, 2017). Numerous studies have

demonstrated that ginsenosides can promote the recovery of kidney

function by regulating inflammation apoptosis and reducing kidney

damage (Baek et al., 2006; Park et al., 2015; Wang et al., 2018). In CP

mice, Rh2 treatment significantly increased the expression of Bcl-2. It

decreased the expression of p53, Bax, cytochrome c, caspase-8, caspase-

9, and caspase-3 in renal tissues, suggesting that Rh2 prevents CP-

induced nephrotoxicity by acting on the cystein-mediated pathway (Qi

et al., 2019). The increase in the percentage of apoptotic LLC-PK1 cells

induced by CP treatment was also significantly reduced after

Rh3 treatment (Lee and Kang, 2017). Thus, ginsenosides are

potential agents for treating CP-induced nephrotoxicity (Table 1).

Effects of ginsenosides on
reproductive toxicity

The value of ginsenosides in reproductive function was

demonstrated in several reports. Many studies have shown

that bisphenol A (BPA) can cause reproductive toxicity.

Wang et al. (Wang L. et al., 2012) showed that ginsenosides

(75 μg/ml) significantly inhibited the decrease in cell viability

and increase in apoptosis inhibited by BPA through in vitro cell

culture model experiments. These effects are mediated by

preventing ERK1/2 phosphorylation and enhancing cellular

antioxidant capacity. Testicular toxicity is one of the side

effects of chemotherapeutic drugs. Ji et al. (2007) reported

the therapeutic and preventive effects of protopanaxatriol

saponin (PT) on the testicular organs of male mice under

toxicity induction of the chemotherapeutic drug busulfan,

and the damage to spermatogenic tubules in mice injected

with PT was less than that of busulfan treatment alone.

These results suggest that PT is effective in recovering male

reproductive organs and overcomes the toxicity of busulfan. PT

may be indicated for recovering male infertility caused by

azoospermia and oligospermia. Endometriosis (EMS) is an

estrogen-dependent gynaecological disorder, impaired NK

cell cytotoxic activity is associated with clearance obstruction

of ectopic endometrial tissue in the abdominal and pelvic

cavity. Zhang et al. (2018) reported that PPD-pretreated

ectopic endometrial stromal cells (eESCs) enhanced the

cytotoxic activity of NK cells against eESCs, reduced the

number of ectopic lesions and inhibited the growth of

ectopic lesions in a mouse EMS model. They suggest that

this effect may be through limiting estrogen-mediated

autophagy regulation and enhancing NK cell cytotoxicity.

Summary and observations

Due to the mutual influence and restriction of various

saponin monomers, the unique medicinal and health-care

properties of various monomeric saponins cannot be

displayed, which significantly reduces the application value.

In recent years, researchers at home and abroad have devoted

themselves to the use of biological methods to produce

ginsenoside products and have made corresponding

progress and breakthroughs in biotechnology in various

research fields such as tissue culture, transgenic plants,

biosynthetic pathways and synthetic biology, which have

laid an essential foundation for the preparation or

production of ginsenoside products in large quantities.

Most ginsenoside monomers on the market are relatively

cheap, such as Rb1, Re, etc. The average price is about

0.289 USD/mg; individual monomeric saponins are rarer

and more costly, with an average price of about

5.797 USD/mg.

This review briefly summarizes the therapeutic potential of

ginsenosides in drug toxicities and exogenous toxins, and

explains the mechanism of action (Figure 1). Ginsenosides

play an essential role in treating drug toxicity, especially in

treating cancer patients, and can reduce drug toxicity and

improve the survival quality of cancer patients after the cure.

The underlying mechanism may be related to an increase in

antioxidant enzymes and anti-apoptotic, anti-inflammatory

signalling and immunostimulatory factors, as well as a

decrease in pro-apoptotic, pro-inflammatory,

immunosuppressive and pro-oxidant indices. Further studies

revealed that this mechanism involves several signalling

pathways, such as the classical antioxidant pathway: P62/

KEAP1/NRF2, the apoptosis-related pathway: JNK/P53/

CASPASE3, and the AMPK/mTOR signalling pathway, which

plays a crucial role in the development of autophagy. In addition,

ginsenosides play an essential role in the treatment of metal

toxicity and the accumulation of toxins that may be caused by

chemicals added to household products. In conclusion,

ginsenosides are potential drugs for preventing and treating

exogenous toxins.
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White adipose tissue as a target
for cadmium toxicity
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1Laboratory Animal Research Center, Qatar University, Doha, Qatar, 2Department of Biological and
Environmental Science, Qatar University, Doha, Qatar

Cadmium (Cd) is a widespread heavy metal known as a toxic environmental

pollutant. Cd exposure is threatening due to its bioaccumulation trait in living

systems that exceeds 35 years without a beneficial biological role. Acute

exposure to high Cd doses was reported to impact adipose tissue (AT)

function adversely. The main aim of this study is to investigate the effect of

low-dose chronic Cd exposure on the genes involved in adipose tissue (AT)

functions. Adult male Sprague-Dawley rats were exposed to a low Cd dose

(15 mg/kg B.W./day) for 10 weeks. Then, three AT depots-subcutaneous AT

(SUB-AT), abdominal AT (AB-AT), and retroperitoneal AT (REtrop-AT) were

excised for Cd accumulation measures and gene expression analysis.

Adiponectin and leptin gene expression levels were investigated as markers

for adipocytes function and homeostasis. Our results showed that Cd

accumulated in all the tested adipose depots, but SUB-AT was found to be

the depot to most accumulate Cd. Also, it was exhibited that chronic exposure

to low Cd doses altered the gene expression of adipocytokines. The levels of

adiponectin and leptin mRNA expression were downregulated in all tested AT-

depots after Cd exposure. The significant adverse effect on SUB-AT compared

to other depots indicates different responses based on AT depots location

toward Cd exposure. Collectively, these results suggest a toxic effect of Cd that

influenced adipocyte function.

KEYWORDS

cadmium, heavy metals, environmental pollutant, adipose tissue, adipocytes
dysfunction, adipokines

Introduction

Environmental pollution is increasing due to the extensive urbanization and

expanded industries. Cadmium (Cd) is classified as a toxic environmental pollutant

that is listed among the top ten toxic substances by the Agency for Toxic Substances and

Disease Registry (ATSDR, 2019). The recent global production of Cd reached

23,000 metric tons, highlighting the current challenge of Cd exposure worldwide

(USGS, 2020). The main routes of Cd exposure are inhalation and ingestion of

contaminated food and water (Andjelkovic et al., 2019; Fatima et al., 2019). Cadmium

pose a toxic risk because of its prolonged biological half-life (10–30 years) with no known

beneficial physiological function (Jacobo-Estrada et al., 2017; Rahimzadeh et al., 2017).
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Cadmium accumulates in different tissues such as liver, kidney,

skeletal muscle, pancreas, and also the adipose tissue (Ficková

et al., 2003; Lee et al., 2012; Buha et al., 2018).

Adipose tissue (AT) is a key organ that regulates various

physiological processes such as lipid metabolism and energy

homeostasis. In addition, AT is responsible for releasing

factors known as adipokines that regulate appetite, energy

expenditure, and fat distribution. Adipokines are involved in

metabolic regulation and play an essential role in maintaining

systemic functions such as inflammatory and immunological

responses, vascular events, reproductive functions, appetite

regulation, and insulin sensitivity (Henriques et al., 2019).

Additionally, some of these secreted adipokines exert both

autocrine and paracrine actions, which mainly affect the

processes of AT remodeling, angiogenesis, and adipogenesis

(Ordovas and Corella, 2008; Henriques et al., 2019; Attia

et al., 2022). The AT secretory status depends on the changes

of cellular tissue composition, including alterations in the

phenotypes, numbers, and site of adipose tissue depots (Ouchi

et al., 2011). There are two types of adipokines- pro-

inflammatory such as leptin, monocyte chemoattractant

protein 1 (MCP-1), tumor necrosis factor-α (TNF-α),
interleukin 6 (IL-6) and anti-inflammatory such as

adiponectin and interleukin 10 (IL-10) (Mancuso, 2016; Hui

and Feng, 2018; Henriques et al., 2019).

Regarding the adipokines, leptin is an adipokine secreted by

AT and was the main reason for adipose tissue recognition as an

endocrine organ when first discovered in 1994 (Zhang et al.,

1994). Leptin signals have an essential contribution to regulating

AT metabolism, appetite, satiety, puberty, fertility, and

reproductive function (Fasshauer and Blüher, 2015; Stern

et al., 2016). Moreover, leptin can directly increase pro-

inflammatory cytokines such as TNF-α and IL-6 in monocytes

and enhance the production of chemokines like MCP-1 and IL-8

in macrophages and the lipid mediators PGE2 cysteinyl

leukotrienes (Ouchi et al., 2011; Mancuso, 2016). Adiponectin

is an adipokine produced exclusively by adipocytes with a high

level in the blood that ranges between 3 and 30 μg/ml, and it

targets different cell types (Fasshauer and Blüher, 2015;

Mancuso, 2016). The metabolic properties of adiponectin are

favorable since it is an anti-inflammatory adipokine that can

inhibit the activation of nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB). As a result, it inhibits

inflammation, reduces the expression of TNF-α and IL-6, and

regulates glucose metabolism and energy homeostasis

(Chandrasekar et al., 2008; Novotny et al., 2012;

Vasiliauskaité-brooks et al., 2017). Studies showed that a

dysregulation in the adipocyte secretion of adiponectin, leptin,

resistin, and TNF-α is related to increased risk of type 2 diabetes

and arteriosclerosis (Kawakami et al., 2010; Samaras et al., 2010).

The crosstalk between the adipokines and cytokines under

cadmium exposure were extensively reviewed by Attia et al.

(2022).

White adipose tissue (WAT) is considered the main site of

metabolic dysregulation in several metabolic diseases (Henriques

et al., 2019). There are two main subtypes of WAT: the

subcutaneous and the visceral. The latter also can be further

subdivided into omental, mesenteric, perirenal, and peritoneal fat

depots (Choe et al., 2016). Subcutaneous AT is located in the

innermost layers of the skin and has a primary function of energy

storage (Badimon and Cubedo, 2017; Henriques et al., 2019;

Kahn et al., 2019). Moreover, subcutaneous AT is responsible for

thermal insulation and providing a protective cushion against

mechanical damage (Choe et al., 2016; Chait and den Hartigh,

2020). On the other hand, the visceral AT is located in the

internal organs and is known for its high metabolic response

(Badimon and Cubedo, 2017; Kahn et al., 2019). Both

subcutaneous AT and visceral AT have different metabolic

functions and different adipokine expression profiles.

Adipose tissue is a potential target for Cd accumulation.

Recent study reported that Cd accumulates in AT of the human

body with an average concentration of 12.6 µg/kg (Egger et al.,

2019). Moreover, results reported by Echeverría et al. (2019)

showed that the mean Cd concentration in AT of breast and waist

regions was 32 and 42 µg/kg, respectively. The authors correlated

this accumulation of Cd in AT with several parameters such as

age, smoking, the types of food consumed, and body mass index.

Data collected earlier from animal studies showed similar results.

Kawakami et al. (2010) reported a correlation between Cd dose

increments and elevation of Cd concentration in AT of male SIc:

ICRmice. The risk of Cd accumulation in AT includes disrupting

its capability to accommodate the surplus energy and produce

the required adipokines for its endocrine function. Consequently,

this may affect systemic homeostasis since AT occupies a large

part of the whole body. Of note, few studies investigated the

direct effect of Cd on AT function. Thus, this study aims to

investigate the effect of chronic exposure to low dose of Cd on

AT, where the pattern of adipocyte secretion will be evaluated to

assess the white adipose tissue function.

Materials and methods

The study designwas established byAl-Naemi andDas (2020),

and approved by the Institutional Animal Care and Use

Committee (Approval# QU-IACUC 038/2017) Briefly, adult

male Sprague-Dawley (SD) rats (8 weeks old) were divided into

two groups, control (C) and cadmium-treated (Cd-T). The control

group received standard chow and normal drinking water while

cadmium treated group received standard chow and cadmium in

drinking water with dose of 15 mg Cd/kg body weight as CdCl2
(BDH Chemicals, England) for 10 weeks, ad libitum. During the

study, the health status of the animals were observed and recorded.

After 10 weeks, the animals were anesthetized, sacrificed and

adipose tissue depots: subcutaneous and visceral (abdominal,

and retroperitoneal) were collected as indicated in Figure 1,
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frozen in liquid nitrogen and stored in the repository at −80°C. The

administered dose was chosen to represent the human equivalent

dose (HED) of 2.4 mg/kg and similar to the reported intake in

epidemiological studies (Reagan-Shaw et al., 2008, Bernhoft, 2013;

Chunhabundit, 2016; Ghosh et al., 2018).

Cadmium accumulation in adipose tissues

Sample preparation was adapted as previously published by

Ishak et al. (2015). Harvested adipose tissue samples were weighed

and digested in 69% of trace metal analysis grade nitric acid (VWR

International) overnight at room temperature. Following digestion,

samples were incubated at 60°C for 1 h, allowed to cool, and

incubated in hydrogen peroxide at 60°C for 1 h. Then, samples

were diluted to a final volume of 10 ml with deionized water and

filtered using a 0.2 µm injection filter (GE Healthcare Life Sciences,

United Kingdom) to remove any debris. Digested samples were

analysed for cadmium quantification by Inductively Coupled

Plasma Optical Emission Spectrometry (ICP-OES, Model:

Optima 7300 DV) performed by Central Laboratories Unit,

Qatar University. The limit of detection for the instrument is

0.0001 µg/g. Concentrations are represented as µg/g of tissue.

Evaluation of Cd effect on white adipose
tissues

The effect of Cd on WAT was evaluated by gene expression

assay. Adipose tissue previously stored at −80°C were

homogenized using both liquid nitrogen and probe sonicator

(QSonica 500), then total RNA was extracted from adipose tissue

using TRIzol™ LS Reagent (ThermoFisher Scientific,

United States; 10296010). Slight modifications were followed

at the washing step, where the RNA pellet was resuspended in

ice cold 75% ethanol and kept at −20°C overnight. Then, the

sample was washed three times to enhance the RNA purity. Total

RNA was quantified using nanophototmeter (Implen; P330). A

known amount of RNA (150 ng) was reverse transcribed into

cDNA using the high capacity cDNA transcription kit (Applied

Biosystems, Lithuania) following the manufacturer’s

instructions. Final volume of the reaction was 20 µl and stored

at −20°C until the performance of Real Time-PCR gene

expression assays. RT-PCR was performed using diluted

cDNA (1:3) and TaqMan® Fast Advanced Master Mix

(Applied Biosystems, United States) for six targets as

following: adiponectin (Rn00595250_m1), leptin

(Rn00565158_m1), MCP-1 (Rn00580555_m1), IL-6

(Rn01410330_m1), IL-10 (Rn01483988_g1), TNF-α
(Rn01525859_g1), GAPDH (Rn01775763_g1). GAPDH was

assigned as the endogenous control gene. The amplification

was carried out in QuantStudio 6 flex system (Applied

biosystem™). The relative quantity of gene expression was

calculated using 2−ΔΔCt method. Results are presented as fold

change (log2) versus the mean values of the control samples

normalized against the endogenous gene.

Statistical analysis

Gene expression results were generated using 2−ΔΔCt method.

Experiments were conducted in duplicate. The values are

presented as means ± SEM. Data was analyzed by Kruskal-

Wallis test, one-way and two-way ANOVA followed by

Tukey’s multiple comparison test. Statistical analysis was

performed using GraphPad Prism version 9.3 (GraphPad

Software, San Diego, California United States, www.graphpad.

com). p-value < 0.05 is considered a significant value.

Results

Effect of Cd exposure on the monitored
parameters

Body weight, water, and chow intake of control and Cd-T rats

were recorded weekly for 10 weeks (Table 1). Initially, no

significant differences were observed in the body weight.

However, at week 10 statistically significant difference was

observed in the mean body weight between the groups

(p-value < 0.001). The weekly water intake in both groups

remained stable with slight non-significant fluctuations during

the study period, with a significantly reduced intake in the Cd-T

FIGURE 1
Locations of the collected adipose tissues (Created with
BioRender.com).
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group (p-value < 0.001). The Cd-T group had a reduced initial

water intake of about 52% relative to the control. At the end of the

study, the difference in water intake of the Cd-T group was

11 percent lesser than the control. The initial mean chow intake

of the Cd-T group was about 15% lesser than the control group,

whereas the final mean chow intake of the Cd-T group was found

to be like the control group. The differences in weekly chow

intake were found to be statistically significant from week 1 until

week 10 (p-value < 0.05).

Accumulation of Cd in adipose depots

The concentration of Cd in the adipose depots was

determined by Inductively Coupled Plasma-Optical Emission

Spectrometry (ICP-OES). The three adipose depots collected

from Cd-T rats exhibited Cd accumulation (Table 2). The

increasing order of Cd accumulation was found to be in

REtrop-AT < AB-AT < SUB-AT. The differences in the mean

Cd concentrations, considering each depot, was found to be

highly significant in SUB-AT (p-value < 0.01) compared to AB-

AT and REtrop-AT.

Evaluation of Cd exposure on adipose
tissues

Adipose tissue samples from control and Cd-T rats were

analyzed for gene expression to explore the effect of Cd on AT. In

Figure 2, the expression patterns of adipokines (adiponectin and

leptin) and chemokine (MCP-1) are illustrated in the three fat

depots. Subcutaneous adipose tissue exhibited a pattern of

downregulated expression for both adiponectin and leptin.

Similarly, adiponectin and leptin gene expression were

decreased in REtrop-AT and AB-AT. However, the fold

change for both adiponectin and leptin in SUB-AT was

significant by more than two folds compared to REtrop-AT

and AB-AT. For chemokine MCP-1, a downregulation trend

is observed in both REtrop-AT and SUB-AT with a significant

value (−3.8-fold) in the latter. Conversely, a trend of up-

regulation of MCP-1 was observed in AB-AT.

Cd exposure and the inflammatory
mediators in adipose tissue

After observing differences in MCP-1 among the depots, we

investigated the relationship between the expression level of MCP-1

and the inflammatory mediators in each depot under the condition

of Cd exposure (Figure 3). Results showed an upregulation trend of

TNF-α in AB-AT with no significant fold change. Similar results

were observed in REtrop-AT. In contrast, in SUB-AT, TNF-α
expression level showed a downregulation trend with no

significant fold change. Both IL-6 and IL-10 were downregulated

in all AT depots despite varying levels of change ofMCP-1. Also, IL-

6 was below the detection limit in SUB-AT. Put together, within

each AT depot, there was no significant difference between the

expression level of MCP-1 and the inflammatory mediators (TNF-

α, IL-6, and IL-10). However, when comparing the effect of Cd

exposure on the inflammatorymediators between depots (Figure 4),

TABLE 1 Body weight, water intake and chow intake during the period of the study.

Control group Cd-treated group

Initial (Week 1) Final (Week 10) Initial (Week 1) Final (Week 10)

Mean body weight (g) 378.06 ± 4.63 579.32 ± 7.87 358.88 ± 5.04 512.34 ± 10.58***

Mean water intake (mL/rat/week) 276.68 ± 16.47 227.67 ± 30.54 132.78 ± 1.42*** 203.12 ± 39.86***

Mean chow intake (g/rat/week) 185.45 ± 2.88 182.65 ± 6.59 158.11 ± 2.66* 180.68 ± 22.21*

*p < 0.05, ***p < 0.001 when compared to control group at the corresponding time point.

FIGURE 2
Effect of Cd treatment on the expression level of adiponectin
(ADIPO.), leptin (LEP.) and monocyte chemoattractant protein 1
(MCP-1) in three different adipose depots ofmale Sprague-Dawley
rats after 10 weeks Cd treatment. Gene expression results
were generated using 2−ΔΔCt method and the mean fold change
(log2) values of the targets mRNA expression were normalized to
control samples and the endogenous gene. (significance: more
than 2-fold change) and Two-way ANOVA was performed using
GraphPad Prism version 9. The significant difference is
represented by **p < 0.01, ***p < 0.001, (n = 6).
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a significant difference was found between SUB-AT and other

depots for TNF-α and IL-10 with a p-value < 0.001.

Discussion

The accumulative properties of Cd in living systems were

found to impose adverse effects on tissues and influence their

functions (Kumar and Sharma, 2019; Genchi et al., 2020). In this

study, the effect of Cd on adipose tissue was investigated in three

different depots of adult male SD rats. Our results showed that

Cd exposure caused a significant decrease in rats’ body weight.

The reduction of the body weight agrees with former studies that

recorded Cd exposure caused a downregulation in the body

weight of murine (Kawakami et al., 2010; Prabhu et al., 2020).

The reduction of the body weight in the Cd-T group is suggestive

of either losing adipocytes or dysregulated adipogenesis.

Additionally, our results showed a downregulation of

adiponectin and leptin mRNA expression levels in all AT

depots. This downregulation of adiponectin and leptin mRNA

expression level agrees with a previous finding, reporting that

acute Cd exposure significantly decreased the mRNA expression

level of adiponectin in mice (Kawakami et al., 2010). Another

study conducted by Kawakami et al. (2013) using

metallothionein-null mice reported that Cd exposure reduced

the expression level of leptin and adiponectin in a dose-

dependent manner. In our experimental model, we

administered chronic low dose exposure of Cd which resulted

in a decline in body weight and the expression level of

adiponectin and leptin in Cd-T SD rats. The added value of

the current work comes from the experimental design that was

established to be realistic and proportional to the population

exposure in real life (Das et al., 2021).

Under physiological conditions, the mature differentiated

adipocytes produce adiponectin and leptin. Therefore, changes in

the production of these adipokines are used as markers to assess

changes in adipocytes maturation and functions. Conventionally,

the expression patterns of adipokines differ between adipose depots

(Lee et al., 2013). Subcutaneous adipose tissue expresses leptin and

adiponectin more than visceral adipose tissue (Samaras et al., 2010;

Lee et al., 2013;Mazaki-Tovi et al., 2016). This alignswith our results

where the expression level of adiponectin and leptin is greater in

SUB-AT than AB-AT and REtrop-AT.

However, Cd exposure caused a decrease in the gene

expression of adiponectin and leptin and was significantly

FIGURE 3
The expression level of MCP-1and the inflammatory mediators in three different adipose depots of male Sprague-Dawley rats. (A)
Subcutaneous adipose tissue (SUB-AT), (B) Abdominal adipose tissue (AB-AT), (C) Retroperitoneal adipose tissue (REtrop-AT). Gene expression
results were generated using 2−ΔΔCt method. Themean fold change (log2) values of the targetsmRNA expressionwere normalized to control samples
and the endogenous gene. significance: more than 2 fold change, compared to the control. (n = 6). nd, not detected.

FIGURE 4
The comparison between the three adipose depots in term of
the expression level of the inflammatory mediators. (black)
Subcutaneous adipose tissue (SUB-AT), (dotted) Abdominal
adipose tissue (AB-AT), (diagonal lined) Retroperitoneal
adipose tissue (REtrop-AT). Gene expression results were
generated using 2−ΔΔCt method and the mean fold change (log2)
values of the targets mRNA expression were normalized to control
samples and the endogenous gene. Two-way ANOVA and Tukey’s
post hoc test was performed using GraphPad Prism version 9, (n =
6). ***p < 0.001. nd, not detected.
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downregulated by more than two folds in SUB-AT (Figure 2).

These changes in the mRNA expression pattern of adiponectin and

leptin can be linked with the disruption of adipogenesis including

adipocytesmaturation. Reaching thematuration stage and achieving

the healthy expansion for adipocytes are regulated by critical factors

such as peroxisome proliferator-activator receptor gamma (PPARγ)
and CCAAT/enhancer-binding protein alpha (C/EBPα). A previous

study reported that Cd adversely affects the differentiation of

preadipocytes by downregulating the expression level of PPARγ
and C/EBPα in 3T3-L1 adipocytes (Lee et al., 2012). This also

accords with studies by Kawakami et al. (2010) and Kawakami et al.

(2013) where results showed that Cd exposure altered the expression

level of the critical regulators of adipogenic differentiation, PPARγ
and C/EBPα in mice models. Alterations of adiponectin and leptin

expression levels indicate the abnormal adipocytes which could be

attributed to disrupted maturation process.

The level of Cd accumulation differs in the three adipose depots.

The Cd accumulation results (Table 2) showed that the SUB-AT has

the highest amount of Cd among other depots, elucidating its vital

role as a sink for storage and buffering of Cd. These accumulated Cd

levels resulted in a significant downregulation of adiponectin, leptin

and MCP-1 expression levels in SUB-AT compared to other depots

(Figure 2). According to literature, MCP-1 production and the

macrophages’ infiltration are enhanced by leptin which is a pro-

inflammatory adipokine (Mancuso, 2016). However, in the current

work, leptin is downregulated, which could explain the

downregulated trend of MCP-1. Moreover, leptin and MCP-1

expression levels are correlated with adiposity (Bruun et al., 2005;

De Victoria et al., 2009). Thus, the reduced body weight could

negatively affect their expression level. A prior study investigated the

inflammatory infiltration patterns in different AT depots and

reported that visceral AT had more macrophages than

subcutaneous AT (Jonas et al., 2015). Moreover, visceral AT is

associated with inflammatory events. This could explain the

upregulated trend of MCP-1 and TNF-α in AB-AT of our study

(Figure 3).

The link between the abnormal adipocytes and the induction

of inflammation, such as in the case of obesity, is extensively

reported (Rull et al., 2010; Greevenbroek et al., 2016). This link is

characterized by the presence of activated macrophages and

inflammatory cytokines such as TNF-α and IL-6. These

cytokines mediate the inflammatory response and are

produced by macrophages. Moreover, MCP-1 is responsible

for the recruitment of monocytes/macrophages and the

induction of inflammatory cytokines in the states of AT

abnormality. Therefore, inflammatory cytokines can be used

as markers for the activity of macrophages. Additionally,

macrophages’ function is determined by macrophages’

quantity, activation state, and metabolic phenotypes (Li et al.,

2020). Under pathological conditions, adipose tissue

macrophages (ATM) can exhibit mixed phenotypes in

response to the local environment (Wang et al., 2021).

Furthermore, studies found that preadipocytes have the ability

to differentiate into macrophages which highlights the plasticity

of AT under different conditions (Charrière et al., 2003; Thomas

and Apovian, 2017). Based on the literature, Cd adversely affects

the differentiation capacity into macrophages and interferes with

the immune cells’ development (Wang et al., 2021). As

mentioned earlier, Cd can disrupt the differentiation of

preadipocytes through diminishing the transcription factor

PPARγ. Another vital role of PPARγ is promoting the

differentiation of macrophages into the M2 phenotype

(Thomas and Apovian, 2017). Adipose tissue-derived MCP-1

was found to be associated with resident macrophages content,

stromal vascular cells, and AT location under both conditions

(Bruun et al., 2005). Our results show a trend of downregulation

of both IL-6 and IL-10 in all AT depots (Figure 4). However,

TNF-α showed a trend of upregulation in AB-AT and REtrop-

AT but not in SUB-AT (Figure 4). Thus, the downregulation of

both anti-inflammatory and pro-inflammatory mediators further

supports the hypothesis of impaired macrophages. Likewise, the

impaired differentiation capacity of preadipocytes could explain

the downregulation of MCP-1 and the inflammatory cytokines.

According to the literature, former studies showed that Cd

significantly reduced the phagocytic activity and decreased the

inflammatory responses of murine macrophages in a dose-

dependent manner (Loose et al., 1978; Jin et al., 2016). Moreover,

a subtoxic Cd dose (10 µM) was found to inhibit the expression level

of both IL-10 and IL-6 inmurinemacrophages (Riemschneider et al.,

2015). Furthermore, Cox et al. (2016) proposed that Cd can induce

immune dysfunction in macrophages and confirmed it with the

lipopolysaccharide treatment after Cd exposure to find that

macrophages’ transcription and cytokine release abilities were

disrupted (Cox et al., 2016). A single-cell transcriptomic study

reported that chronic Cd exposure induces phenotypic alterations

in the immune system and reduces the number of monocytes when

comparing the circulating immune cells with the plasma Cd level (Lu

et al., 2021). Taken together with the current work, chronic Cd

exposure disrupts the function of immune cells, especially

macrophages.

Former studies that investigated the macrophages infiltration

patterns in different AT depots reported that in normal-weight

and obese conditions, visceral AT was found to have more

macrophages than subcutaneous AT (Jonas et al., 2015).

Subcutaneous AT acts as a metabolic sink that stores excess

TABLE 2 Accumulation of cadmium in the different white adipose
depots.

Cd concentration (µg/g
tissue wt.)

Cadmium-treated
group (n = 8)

Subcutaneous adipose tissue 2.285 ± 0.600**

Abdominal adipose tissue 0.255 ± 0.070

Retroperitoneal adipose tissue 0.189 ± 0.097

Concentration is represented as mean ± S.E.M. Data was analyzed using Kruskal-Wallis

test. **: p < 0.01 when compared between the adipose depots.
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free fatty acids and glycerol in the form of triglycerides. Visceral

AT accumulates when the capacity of SUB-AT is exceeded due to

chronic stress (Ibrahim, 2010). Also, visceral AT is associated

with inflammatory events. This could explain the upregulation

trend of MCP-1 and TNF-α in AB-AT of our study. Although the

MCP-1 expression level was found to be disrupted, the

inflammatory markers were found to be downregulated which

suggests that chronic exposure to low-dose Cd is not an

inflammatory promotor. It is possible that Cd exposure

negatively affected SUB-AT but not to the level that causes

significant lipid accumulation in visceral AT.

On the other hand, Kawakami et al. (2013) reported an

increment in the number of macrophages and elevation of the

mRNA expression level of MCP-1 in the MT-null mice model in

a dose-dependent manner. A recent study reported that acute

exposure of Cd has a pro-inflammatory effect on human

adipocytes (Gasser et al., 2022). An additional study reported

acute Cd exposure caused an upregulation of MCP-1 mRNA

expression levels in glioblastoma cell lines (Kasemsuk et al.,

2020). Moreover, chronic low dose exposure to Cd was found

to induce inflammatory infiltration in hepatocytes with an

upregulation of MCP-1 mRNA expression level in the

pubertal mice model (Li et al., 2021). However, as mentioned

earlier, our study followed a different experimental design,

including different conditions, tissues, and models which

explain the different outcomes regarding MCP-1. This was

evident in an in vitro study comparing mouse and rat

macrophage cell lines which reported that mouse macrophage

cell lines were more sensitive to Cd exposure than rat

macrophages cell lines (García-Mendoza et al., 2019). Despite

the dose, acute exposure of Cd caused an upregulation of MCP-1

mRNA expression level within the first 24h, but the longer time

of Cd exposure caused downregulation of MCP-1 expression

level for two rats strains (Harstad, 2002). This suggests a different

response based on the duration of Cd exposure. Thus, the

downregulation of MCP-1 after 10 weeks of exposure to low

Cd dose in the current study is the response of ATs of the SD

model to the chronic Cd exposure treatment. Of note, the

expression of TNF-α was not significant, which may indicate

that low-dose Cd is not a pro-inflammatory factor in AT. This is

in accordance with previous studies reporting that the pro-

inflammatory cytokines were downregulated in the condition

of low-dose Cd (Låg et al., 2010; Messner and Bernhard, 2010).

Conclusion

In conclusion, the current work reported that chronic low-

dose Cd exposure leads to accumulation of cadmium in AT depots

and the most accumulated amounts were detected in SUB-AT.

This altered the gene expression profile of adiponectin and leptin

which resulted in its downregulation. The dysregulation of these

vital adipokines indicates a toxic effect of Cd that influences

adipocyte functions. To the best of our knowledge, the present

study is the first to investigate the effect of chronic low-dose Cd on

different white adipose depots. Further investigation is required to

study the effect of chronic low-dose Cd on the protein level to

explore whether Cd induces posttranscriptional alterations that

change the functionality of AT proteins. In addition, a

histopathological study is required to study the structural

changes of each depot. The outcomes of these experiments

could further elucidate the role that Cd plays through

adipocytes in developing various metabolic complications.
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Copper (Cu) could be seriously hazardous when present at excessive levels,

despite its vital contribution to various cellular processes. Selenium-enriched

yeast (SeY) was reported to improve the health and metabolic status in broiler

chicken. Hence, our studywas endeavored to illustrate themitigating efficacy of

SeY on Cu-induced hepatic and renal damage. Cobb chicks aged 1 day were

allocated into four experimental groups and offered a basal diet, SeY

(0.5 mg/kg), CuSO4 (300 mg/kg), or SeY plus CuSO4 in their diets for

42 days. Our results revealed that SeY supplement antagonized significantly

the Cu accumulation in livers and kidneys of exposed birds. Marked declines

were also detected in the AST, ALT, urea, and creatinine levels, besides marked

increases in total protein, glycerides, and cholesterol in the SeY-supplemented

group. Moreover, enhancement of cellular antioxidant biomarkers (superoxide

dismutase, CAT, GPx, and GSH) along with lowered MDA contents were

achieved by SeY in hepatic and renal tissues. Further, SeY exerted a
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noteworthy anti-inflammatory action as indicated by decreased inflammatory

biomarkers (IL-1β and TNF-α) and NO levels in both organs. Noticeable

histopathological alterations of both organs further validated the changes in

the markers mentioned above. To sum up, our findings indicate that SeY can be

considered a potential feed supplement for alleviating Cu-induced hepatic and

renal damage in broilers, possibly via activation of antioxidant molecules and

lessening the inflammatory stress.

KEYWORDS

copper residue, selenium yeast, oxidative stress, inflammatory cytokines, broiler
chicken

1 Introduction

Heavymetals are naturally distributed inorganic compounds,

that can be discharged from various sources and negatively affect

the health of living organisms (Habotta et al., 2022). Among

these hazardous environmental metals, copper (Cu) is an element

of concern owing to its wide distribution and high toxicity (Zhao

et al., 2018). Cu is widely incorporated in many agrochemicals as

pesticides, including cupric sulfate (CuSO4), which is toxic to

different living organisms. In addition, increased Cu release to

the environment may happen through melting, mining,

industrial, and waste removal activities (Yang et al., 2020).

Since it is highly soluble in water, CuSO4 can easily

disseminate to the environment; therefore, Cu exposure is

inevitable to animals via polluted food or water (Liu et al.,

2018a). Notably, it contributes substantially to cellular

metabolism and numerous physiological processes such as

hematopoiesis, mitochondrial respiration, antioxidation, and

immunity (Yang et al., 2020). Despite its valuable

physiological functions, former studies had reported that

excess Cu could evoke toxicity and damage to hepatic, renal,

nervous, and digestive systems (Hashem et al., 2021a; Liao et al.,

2021). Cu can impair the respiratory enzyme complexes that

stimulate the over-generation of highly reactive radicals and

cellular oxidative injury (Hashem et al., 2021a).

The metabolism of Cu is controlled principally by the hepatic

tissue, where it accumulates upon excess exposure with no

noticeable signs. When the exposed Cu overwhelms the hepatic

storage capability, hepatocellular lesions are developed together

with release into the circulation causing damage to other tissues

(Lu et al., 2010). Dietary exposure to CuSO4 elicited notable

elevations in serum aminotransferases, alkaline phosphatase

together with declines in total protein, albumin, globulins,

triglycerides, total cholesterol, low-density lipoprotein-

cholesterol, and high-density lipoprotein-cholesterol levels in

broilers (Hashem et al., 2021b). Likewise, dietary

supplementation of inorganic Cu at a dose of 150 mg/kg

significantly decreased liver and meat lipids, cholesterol, plasma

lipids, triglycerides and cholesterol, beside increasing plasma AST

and ALT in exposed ducks (Attia et al., 2012). Further, Cu-

intoxicated chickens had higher serum levels of urea, creatinine,

and uric acid in comparison with the control group (Elazab et al.,

2021). The deleterious effects of Cu are associated with reactive

oxygen species (ROS) formation that surpasses the antioxidant

defense system (Liu et al., 2018a). The cellular oxidative stress is

accompanied by augmented inflammatory reaction by triggering

the proinflammatory mediators (Liu et al., 2018b; Abdeen et al.,

2021; Ismail et al., 2022). Liu et al. showed that dietary Cu exposure

encouraged oxidative damage and peroxidation of lipid in chicken

liver (Liu et al., 2018a). Notable suppression was observed in the

antioxidant enzymes with triggered inflammatory responses in

immune organs (Yang et al., 2020) and kidneys (Wang et al., 2017)

of chicken fed with a Cu-contaminated diet. Further, Cu-induced

oxidative damage was reported to trigger mitochondrial

fragmentation leading to leakage of cytochrome-c, which in

turn facilitates the cell death (Zhao et al., 2018).

Selenium is another essential element crucial for maintaining

the intracellular redox balance via scavenging the harmful

reactive radicals, thus alleviating cellular oxidative injury (Li

et al., 2022). Selenium-enriched yeast (SeY) is an organic form

of selenium that is lower in toxicity with higher digestibility and

bioavailability than sodium selenide (Arnaut et al., 2021). Yeast

cells can bind with selenium’s organic and inorganic forms and

incorporate them permanently into their cell structure. Yeast can

bioaccumulate and convert inorganic selenium (sodium selenate

and sodium selenite) into organic forms (SeY) (Kieliszek et al.,

2015). Supplementation of Oreochromis niloticus for SeY over a

period of 60 days counteracted hypoproteinemia, elevated serum

aminotransferases, urea, and creatinine induced by

organophosphorus intoxication (Hassan et al., 2022). Se-

enriched yeast reduced creatinine, and blood urea nitrogen

levels in the kidneys of chromium-exposed broilers (Zhao

et al., 2022). SeY was reported to counteract ochratoxin

A-mediated suppression in the levels of antioxidant enzymes

and genes in the hepatic and renal tissues of treated chickens (Li

et al., 2020b; Li et al., 2020a). Former results unveiled that SeY

protected against hepatic and renal oxidative stress and

necroptosis elicited by cadmium toxicity in chicken (Wang

et al., 2020a; Chen et al., 2021). Furthermore, SeY exerted a

remarkable anti-inflammatory effect induced by lead by

downregulating the gene transcription levels of inflammatory

mediators in skeletal muscles such as interleukin (IL)-1β, IL-4,
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and IL-10 of exposed chicken (Liu et al., 2019). Similarly, dietary

supplementation of chicken by 0.5 mg/kg SeY lessened markedly

the expression levels of gene and protein related to hepatic

inflammatory markers like iNOS, NF-κB, TNF-α, and

prostaglandins (Wang et al., 2020b).

Up to our knowledge, the mitigating efficiency of SeY against

Cu-evoked organ injury in broiler chickens has not been

investigated. Therefore, this study was designed to explore the

potential protective action of SeY as a feed supplement against

Cu-induce oxidative and inflammatory stresses in liver and

kidney tissues. Hence, this study appraises the protective

impact of SeY against excess dietary inclusion of Cu and

enriches its application for improvement of health status in

young broiler chicks.

2 Materials and methods

2.1 Materials

Copper (II) sulphate pentahydrate (CuSO4.5H2O; CAS

number 7758–99-8) was purchased from Sigma Aldrich Co.

(St. Louis, MO, United States). Selenium yeast (Se, 2000 ppm)

was provided by Angel Yeast (Hubei, China; purity >99:5%). All

other used chemicals and reagents were of high analytical grade.

2.2 Experimental birds and protocol

One day old chicks of Cobb strain broilers were attained from

the Faculty of Agriculture, Mansoura University, Egypt. They were

raised in clean, well-ventilated floor pens under complete hygienic

measures, one replicate per each pen (three birds/replication).

Chicks were offered a balanced commercial ration and tap water

ad libitum. The ideal temperature was changed; for example, it was

set at 32°C for the first week and then dropped by 1°C each

following week to reach 25°C. The lighting systemwas 24 h per day

for the first week, then changed to 16 h of light and 8 h of darkness

starting on day 7 and lasting until the completion of the

experiment. The relative humidity was held between 60 and

70%. The basic diet was developed in accordance with Cobb

500 broilers’ Broiler Performance and Nutrition Supplement.

From day 1 through day 10, birds were given a beginning diet;

from day 11 through day 22 they were given a growing diet; from

day 23 to the completion of the experiment, they were given a

finisher diet. At 7 and 14 days old, all birds received vaccinations

against Newcastle disease; at 11 and 22 days old, they received

vaccinations against Gumboro disease (Giambrone and Clay,

1986). Table 1 lists the feed components and chemical makeup

of the basic diet. The experiment design, procedures and

techniques were done in accordance with the guidelines of the

Institutional Animal Care and Use Committee of Faculty of

Veterinary Medicine, Mansoura University (R/133).

2.3 Experimental protocol and sampling

The chicks were haphazardly allocated into four groups of

15 each, with 5 replicates in each group (3 birds x 5 replicates), as

follows;

1 The first group (Con) received a daily, additive-free

basal diet.

2 The second group (Cu) was dietary administered with

300 mg/kg CuSO4 following the method of Cinar et al.

(Cinar et al., 2014; Hashem et al., 2021b).

3 The third group (selenium yeast; SeY) received a SeY-

supplemented diet at a dose of 0.5 mg/kg (Wang et al., 2020a;

Chen et al., 2021).

4 The last group (Cu+SeY) was administered basal diets

supplemented with CuSO4/kg diet plus SeY at previously

mentioned doses.

All birds were carefully observed for any abnormal signs

during the experimental time, which lasted for 42 days. Six

TABLE 1 Proximate and chemical composition of the basal diets (%).

Experimental diets

Starter Grower Finisher

Ingredients (%)

Corn, yellow 59.39 63.41 69.17

Soybean meal 48% crude protein 30.00 26.83 18.92

Corn gluten 60% crude protein 4.53 3 6.30

Soybean oil 2.60 3.4 2.60

Lime stone 1.90 1.83 1.74

Dicalcium phosphate 0.41 0.33 0.20

Common salts 0.30 0.3 0.30

Vit. Premix* 0.25 0.25 0.25

DL Lysine HCL 0.39 0.35 0.38

DL methionine 0.13 0.15 0.08

L-Threonine 0.08 0.08 0.06

L-Valine 0.02 0.02 0

Chemical composition (%)

Calculated crude protein 21.50 19.50 18.50

Calculated metabolized energy (Kcal/kg) 3034 3107 3180

Analyzed crude protein* 21.32 19.40 18.41

Analyzed ether extract* 5.40 5.82 5.80

Analyzed Ash 5.97 6.36 5.00

Calcium 0.9 0.84 0.76

Available Available phosphate 0.46 0.43 0.38

*Vitamins and minerals premix used to cover the required vitamins and minerals per

each kilogram diet (Vit. A, 10,000 I.U.; Vit. D3, 1,500 I.U.; Vit. E, 10 mg; Vit. K3, 2 mg;

Vit. B1, 2 mg; Vit. B2, 5 mg; Vit. B6, 3 mg; Vit. B12, 0.01 mg; Niacin, 27 mg; Folic acid, 1

mg; Biotin, 0.05 mg; Pantothenic acid, 10 mg; Mn, 60 mg; Zn, 50 mg; Cu, 10 mg; I, 0.1

mg; Se, 0.1 mg; Co, 0.1 mg; Fe, 50 mg).
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randomly chosen birds from each group had blood drawn from

their wing veins, which were then centrifuged at 3000 x g for

10 min. Sera were then separated and kept at -20°C in deep

freezing until further biochemical analyses. Following the

recommendations of the American Veterinary Medical

Association (Schaumburg, IL, United States), the birds were

killed via cervical dislocation (Leary et al., 2016). Liver and

kidney tissue were divided into different portions to evaluate

antioxidant enzymes, inflammatory biomarkers, Cu and Se

residues in both tissues, and histological alterations.

2.4 Assessment of Cu and Se
concentrations in liver and kidney

Following the mineral measurement method (AOAC)

(Chemists and Chemists, 1925), 3 ml of concentrated nitric

acid and 1.5 ml of concentrated perchloric acid were used to

digest 0.5 gm of liver or kidney tissue. The digestion process was

then finished by incubating the samples in a water bath adjusted

at 53°C/overnight. The resulting mixture was filtered, left to cool

to room temperature, and then 20 ml of deionized water was

added for dilution. The concentrations of Cu and Se were

determined using a flame atomic absorption

spectrophotometer (Buck Scientific 210 VGP, Inc., Norwalk,

Connecticut, CT, United States).

2.5 Hepatic function parameters

As directed by the manufacturer, serum samples were

utilized to calculate hepatic and renal damage indications.

According to Reitman and Frankel, the enzymatic activity of

alanine aminotransferase (ALT) and aspartate

aminotransferase (AST) were estimated (Reitman and

Frankel, 1957). Following the protocol of Lowry et al., the

serum level of total protein was examined (Lowry et al., 1951).

In addition, Roeschlau et al. (1974) and McGowan et al. (1983)

were used to estimate the total serum cholesterol and

triglycerides levels, respectively.

2.6 Renal function biomarkers

According to Coulombe and Favreau’s (Coulombe and

Favreau, 1963) and Larsen’s (Larsen, 1972), we evaluated the

renal function markers, urea and creatinine.

2.7 Hepatorenal oxidative stress markers

The peroxidation of lipids was assessed

spectrophotometrically by measurement of its secondary

metabolite, malondialdehyde (MDA), in liver and

kidney homogenates, according to Ohkawa et al.

(1979). Depending on the reducing ability of glutathione

to 5,5′-dithiobis (2-nitrobenzoic acid) to give yellow-

colored 5-thionitrobenzoic acid, glutathione (GSH) was

analyzed spectrophotometrically at 405 nm as stated by

Ellman (1959).

2.8 Hepatorenal antioxidant enzymes
activities

The activity of superoxide dismutase (SOD) was evaluated

depending on the nitroblue tetrazolium dye reduction rate to

diformazan following themethod established by Sun et al. (1988).

Catalase (CAT) activity was assessed based on the depletion of

H2O2 into H2O and molecular O at 240 nm, as mentioned by

Aebi (1984). Additionally, the evaluation of glutathione

peroxidase (GPx) activity was assessed by Paglia and

Valentine (1967).

2.9 Hepatorenal inflammatory biomarkers

Griess reagent was utilized to estimate nitrite/nitrate

(Nitric oxide; NO) levels as stated by Green et al. (1982).

The concentrations of IL-1β (Cat number MBS261118) and

TNF-α (Cat number MBS2509660) were analyzed

using specific ELISA assay kits (MyBioSource, CA,

United States).

2.10 Histopathological investigations

Liver and kidney specimens were fixed in 10% neutral

buffered formalin for 24 h, dehydrated, cleared with xylene,

and embedded in molten paraplast. For microscopical

examination, a 5 µm thick paraffin section was stained with

hematoxylin and eosin.

2.11 Statistical analyses

Obtained data were analyzed by one-way analysis of

variance (ANOVA) followed by post hoc Duncan’s

multiple range test to decide the significance among

groups. Data were displayed as mean ± standard error (SE).

At p values <0.05, statistical significance was determined

between groups. A multivariate analysis among variables

and different treatments was performed through the

principal component analysis (PCA) conduction. Together,

a clustering heatmap was analyzed by RStudio (R

version 4.0.2).
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3 Results

3.1 Selenium yeast decreased hepatorenal
Cu bioaccumulation

In relation with the control group, significant increases (p <
0.05) were seen in the Cu contents in the liver and kidney of

chickens that received dietary CuSO4, as illustrated in Figure 1.

Contrarily, the Cu level in the Cu+SeY group was markedly less

than (p < 0.05) in the Cu-intoxicated group. Moreover, there was

no discernible difference in hepatic Cu levels between the control

and SeY groups. SeY group’s renal Cu levels were lower than

those of the control group.

Additionally, measurements of the Se content in both organs

were made across all groups. The Se contents significantly

increased (p < 0.05) in the Cu+SeY and SeY administered

groups but notably diminished (p < 0.05) in the Cu-exposed

chickens (Figure 1).

3.2 Selenium yeast modulated the serum
biochemical markers

The indices of liver integrity, including TP, ALT, and AST

were measured in serum samples. Noteworthy rises (p < 0.05)

were noticed in ALT and AST activities with marked decreases in

TP in respect to the control group. Adversely, dietary

supplementation with SeY markedly reversed (p < 0.05) Cu-

induced alterations relative to the Cu-treated group (Figure 2). In

addition, marked declines (p < 0.05) were noticed in serum levels

of TC and TG in the Cu-treated group in relation to the sham

group, but the supplement of SeY resulted in prominent rises (p <
0.05) in their level compared to Cu treated only (Figure 2).

Regarding the effect of SeY on Cu-induced renal functions,

serum levels of urea and creatinine were investigated. Our results

showed that dietary Cu exposure induced substantial increments

(p < 0.05) in urea and creatinine levels in relation to the control.

However, their levels notably decreased (p < 0.05) with the

combined treatment with Cu plus SeY (Figure 2).

3.3 Selenium yeast decreased Cu-
mediated hepatorenal oxidative stress

To investigate the impact of Cu and/or SeY on hepatic

oxidative stress, enzymatic and non-enzymatic biomarkers

were investigated. As shown in Figure 5, significant depletions

were noticed in the contents of SOD, CAT, GPx, and GSH (p <
0.05) in the Cu-administered group compared to the control

group. These changes were obviously reversed (p < 0.05) after

FIGURE 1
The copper (Cu) and selenium (Se) residual levels in the hepatic and renal tissues following dietary exposure to copper sulphate (CuSO4,
300 mg/kg) and/or selenium yeast (SeY, 0.5 mg/kg) in broiler chicken for 42 days. The values were represented as means ± SE (n = 6). Each bar
carrying different letters is significantly different (p < 0.05).
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dietary supplementation with SeY. The lipid peroxidation

expressed in MDA level showed a substantial rise (p < 0.05)

in hepatic tissue of Cu group in relation to the control. The SeY

group had a marked lower MDA level (p < 0.05) than that of the

group that received Cu only (Figure 3).

The renal contents of SOD, CAT, GPx, and GSH were

meaningfully decreased (p < 0.05) in CuSO4-exposed chicken

compared to the controls. Contrarily, a remarkable decline (p <
0.05) was detected in renal MDA level in CuSO4 group relative to

the sham group. Moreover, the Cu-induced alterations in renal

lipid peroxide level and antioxidative biomarkers were

counteracted by SeY supplementation compared to the Cu

group (Figure 4).

3.4 Selenium yeast blocked Cu-mediated
hepatorenal inflammation

As depicted in Figure 5, the CuSO4-exposed group displayed

meaningfully higher levels (p < 0.05) of pro-inflammatory

cytokines, such as IL-1β and TNF-α, along with NO, in both

tissues compared to controls. However, after SeY

supplementation, their levels declined (p < 0.05) compared to

the Cu-treated group, indicating the anti-inflammatory potential

of SeY dietary inclusion.

3.5 Selenium yeast alleviated hepatorenal
pathological alterations evoked by Cu

Microscopic pictures of hepatic sections from a control group

and group that received SeY showed normally arranged

hepatocytes in radial plates around central veins with normal

sinusoids and portal areas. Further, liver sections in birds

received Cu showing portal fibrosis, periportal coagulative

necrosis of hepatocytes, and large lymphocyte follicular

aggregation. In contrast, mild portal fibrosis with small

lymphocytes follicular aggregation was seen in Cu+SeY group

(Figure 6).

Microscopical screening of kidney sections from control

and SeY groups showing normal tubules, glomeruli, and

interstitial tissue. However, those from Cu-intoxicated birds

exhibited prominent tubular necrosis, few apoptotic cells,

congested inter-tubular blood vessels, and severe

FIGURE 2
Serum biochemical markers following dietary exposure to copper sulphate (CuSO4, 300 mg/kg) and/or selenium yeast (SeY, 0.5 mg/kg) in
broiler chicken for 42 days. The values were represented as means ± SE (n = 6). Each bar carrying different letters is significantly different (p < 0.05).
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lymphocytic infiltration. On another hand, mild tubular

necrosis, congested inter-tubular blood vessels, and mild

lymphocytic aggregation in interstitial tissue were recorded

after supplementation of SeY to the Cu-exposed chicks

(Figure 7).

3.6 Variable influence and clustering
heatmap

A multivariate analysis (principal component analysis, PCA)

was conducted and a smaller set of “summary indices” were

elaborated as exhibited in Figure 8A. These data set showed how

the studied variables contributed and grouped together along

Dimension1 and 2 in response to different treatments. The

present PCA indicated that Dimension 1 and 2 had the major

contribution (80.7% and 8.2%, respectively). In the same data

frame, the PCA score plot revealed that NO, TNF-α, IL-1β,
MDA, urea, creatinine, and Cu residues have a tendency to

change in the same way in response to Cu toxicity, hence they

are grouped oppositely to the Control and SeY groups.

Interestingly, the Cu+SeY group is located in the middle

between both arms.

Moreover, the clustering heatmap seen in Figure 8B

summarizes the concentrations of all determined variables in

groups. The heatmap shows the variable concentrations in the

Cu-exposed birds are negatively correlated to the same

corresponding concentrations in other treatments.

4 Discussion

The current experiment unveiled that SeY was able to

reverse the hepatorenal impairment raised by Cu toxicity via

improving organ functions, enhancing the antioxidant

enzymatic activity, and lessening the tissue inflammation in

growing broiler chicks. The excess Cu which cannot be

digested and absorbed can induce liver injury and

negatively affects other organs through circulation (Gaetke

et al., 2014). In our study, we measured both Cu and Se levels

in hepatic and renal tissues. The results revealed that chicken

feeding on a Cu-containing diet resulted in increases in its

residues in the liver and kidney compared to the control birds.

Former studies showed that hepatic Cu retention increased

with dietary Cu supplementation (Kim and Kil, 2015; Wu

et al., 2020). Another study employed in chickens indicated

that the amount of Cu in the kidney increased somewhat as the

amount of time exposed to Cu increased (Elazab et al., 2021).

Interestingly, the supplementation with SeY conferred a

significant antagonistic action against hepatorenal Cu

accumulation in chicken. Lui et al. observed that SeY

supplementation at a dose of 0.3 mg/kg for 35 days could

FIGURE 3
Changes in the glutathione peroxidase (GPx), superoxide dismutase (SOD), and catalase (CAT) activities and reduced-glutathione (GSH) and
malondaialdehyde (MDA) levels in the liver tissue following dietary exposure to copper sulphate (CuSO4, 300 mg/kg) and/or selenium yeast (SeY,
0.5 mg/kg) in broiler chicken for 42 days. The values were represented as means ± SE (n = 6). Each bar carrying different letters is significantly
different (p < 0.05).
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FIGURE 4
Changes in the glutathione peroxidase (GPx), superoxide dismutase (SOD), and catalase (CAT) activities and reduced-glutathione (GSH), and
malondaialdehyde (MDA) levels in the renal tissue following dietary exposure to copper sulphate (CuSO4, 300 mg/kg) and/or selenium yeast (SeY,
0.5 mg/kg) in broiler chicken for 42 days. The values were represented as means ± SE (n = 6). Each bar carrying different letters is significantly
different (p < 0.05).

FIGURE 5
Hepatic and renal levels of IL-1β, TNF- α, and NO following dietary exposure to copper sulphate (CuSO4, 300 mg/kg) and/or selenium yeast
(SeY, 0.5 mg/kg) in broiler chicken for 42 days. The values were represented as means ± SE (n = 6). Each bar carrying different letters is significantly
different (p < 0.05).
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FIGURE 6
Microscopic picture of HE-stained liver sections from Control and SeY groups show normally arranged hepatocytes in radial plates around
central veins with normal sinusoids and portal areas. However, liver sections from Cu group show portal fibrosis (thin black arrows), periportal
coagulative necrosis of hepatocytes (black arrowheads), large lymphocytes follicular aggregation (thick black arrows). Cu+SeY group exhibited mild
portal fibrosis (thin black arrows) with small lymphocytes follicular aggregation (thick black arrows). Bars = 50 µm.
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markedly decrease lead overload in the skeletal muscles of

intoxicated chickens (Liu et al., 2019). Additionally,

raising chicken on 3 mg/kg SeY for 90 days evoked a

noticeable reduction in the accumulation of cadmium in

the chicken heart (Ge et al., 2021a). These findings

indicated that SeY possesses an efficient metal chelation

power via forming inactive complexes with heavy metals

and enhancing its excretion with subsequent decreases in

their concentrations.

The accumulation of excess Cu in both hepatic and renal

tissues resulted in disturbance in these organs’ functions. Our

findings showed significant increases in serum transaminases

and decreased serum TP levels in the Cu-exposed group,

implying hepatotoxicity because the liver is the central

FIGURE 7
Microscopic pictures of HE-stained kidney sections from Control group and SeY group show normal tubules, glomeruli, and interstitial tissue.
Kidney sections from Cu-treated group exhibit prominent tubular necrosis (thin black arrows), few apoptotic cells (arrowheads), congested inter-
tubular blood vessels (red arrows), and large lymphocytes follicular aggregation in interstitial tissue (thick black arrows). Cu+SeY group presents mild
tubular necrosis (thin black arrows), congested inter-tubular blood vessels (red arrows), and small lymphocytes follicular aggregation in
interstitial tissue (thick black arrows). Bars = 50 µm.
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location for Cu accumulation. These findings agree with former

studies (Wu et al., 2020; Hashem et al., 2021a). This may be

endorsed for the hepatic damage that resulted in excess release of

hepatic intracellular enzymes into the bloodstream (Atta et al.,

2009). Additionally, the observed hypoproteinemia in our results

may refer to the impairment in protein synthesis because of liver

damage and/or excess protein loss due to renal insufficiency (Al

Aboud et al., 2021). These results are well reinforced by the

histopathological findings’ periportal coagulative necrosis of

hepatocytes. However, supplementation of 450 mg/kg copper

proteinate decreased ALT in Bovans laying hens after

exposure for 4 weeks, that may be due to the slightly

restricted food consumption (Güçlü et al., 2008).

On the contrary, the present study showed that the dietary

supplement SeY improved these liver damage biomarkers and

decreased the hepatic histological irregularities caused by Cu

stress. Similar outcomes were stated by Malyar et al, (2021), who

found that selenium-rich Saccharomyces cerevisiae restored the

liver function biomarkers in rats kept under high heat stress for

42 days. Moreover, SeY protected against ochratoxin-induced

elevations in hepatic AST and ALT in chicken exposed to a

contaminated diet for 21 days (Li et al., 2020b). Hence, the

modulating effect of SeY on liver function markers indicated its

protective effect on the cell membrane of hepatocytes and block

the enzyme leak into the blood circulation.

Since the kidney is the leading platform for the excretion of

Cu, the renal tubules are vulnerable to Cu harm (Elazab et al.,

2021). The analysis of renal function tests unveiled momentous

upsurges in serum levels of urea and creatinine in CuSO4-

intoxicated birds. As the kidney discharges the nitrogenous

end products of the catabolic process, the increases in both

biomarkers indicate the impairment in kidney functions

(Abdeen et al., 2021; Othman et al., 2021). The

histopathological screening of the kidney validated these

results characterized by prominent tubular necrosis, few

apoptotic cells, congested inter-tubular blood vessels, and

large lymphocytes follicular aggregation in the interstitial

tissue. These outcomes align with former reports illustrating

the adverse renal pathology induced by Cu toxicity in various

animal models (Baruah et al., 2018, Hashem et al., 2021b). Wang

and colleagues (Wang et al., 2017) reported that chickens

exposed to CuSO4 at 300 mg/kg food level for 12 weeks also

developed atrophied glomeruli and tubular casts. The tubular

cells also experienced degeneration and necrosis. Hence, it could

be concluded that Cu impaired both glomerular and tubular

functions with deteriorations of overall renal performance.

FIGURE 8
Principal components analysis (PCA) and clustering heatmap of SeY versus Cu-induced hepatorenal damage. (A) Score biplot of PCA and
variable contribution. (B) Clustering heatmap enables intuitive visualization of all variable concentration values (dark red is the highest and blue
represents the lowest values). C1-6, Samples of Control group; CAT, catalase; Cu1-6, Samples of Cu group; CuSe1-6, Samples of Cu+SeY group;
GPx, glutathione peroxidase; GSH, reduced-glutathione; MDA, malondialdehyde; Se1-6, Samples of SeY group; SOD, superoxide dismutase;
TG, triglycerides; T. protein, total protein.

Frontiers in Pharmacology frontiersin.org11

Habotta et al. 10.3389/fphar.2022.1026199

109

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1026199


Remarkably, this study’s findings showed that SeY obviously

counteracted Cu-encouraged renal dysfunction in exposed

chicken. Ge et al, (2021b) reported similar results in

cadmium-exposed chicken and co-treated with SeY for

90 days. Also, renal function-related biomarkers (creatinine,

urea, and uric acid) displayed significant decreases in the SeY-

supplemented chicken related to the ochratoxin-intoxicated

group (Li et al., 2020a). This nephroprotective effect of SeY

refers to its antioxidant effect, and this was confirmed

pathologically by the improved renal histoarchitecture.

Our results also showed that birds supplemented with excess

CuSO4 had marked declines in serum TG and TC compared with

the controls, which coincides with previous reports (Idowu et al.,

2011; Hashem et al., 2021a). The rate-limiting enzyme in the

catabolic process of cholesterol 7-hydroxylase was found to be

more active when Cu-supplemented meals were administered

(Konjufca et al., 1997). Further, adding Cu to the chicken diet

diminished the contents of GSH which suppressed the activity of

β-methylglutaryl-CoA reductase with a subsequent decrease in

the cholesterol level (Kim et al., 1992). Additionally, dietary Cu

caused substantial drops in the hepatic lipogenic enzyme activity,

17 beta-estradiol, and plasma lipid levels (Pearce et al., 1983).

Therefore, these reductions in TC and TG of Cu-exposed

chickens are caused by reduced cholesterol synthesis,

increased lipid degradation, or excretion rate. However,

different outcomes were reported by earlier studies. Cinar and

collaborators did not find any alteration in plasma total

cholesterol levels in copper-exposed broilers (Cinar et al.,

2014). Additionally, marked decreases were reported in

plasma triglycerides and cholesterol in Arbor-Acre unsexed

broilers exposed to dietary CuSO4 or copper proteinate at 50,

100, or 150 mg/kg doses for 56 days (Jegede et al., 2011). These

differences may endorse breed, diet components, and the

investigational strategy. On the other side, the administration

of SeY decreased the opposing effect of Cu on lipid metabolism-

related markers. This might be attributed to the capacity of SeY to

scavenge free radicals and defense against lipid structure

peroxidation.

In addition to the induction of hepatorenal impairments in

exposed broilers, Cu elicits over-generation hydroxyl radicals

and hydrogen peroxide via Fenton and Haber-Weiss reactions

(Wang et al., 2018). Many scholars have pointed out that the

excess generation of ROS that overwhelm the cellular capacity

is one of the hallmarks of heavy metals’ harmful actions

(Albarakati et al., 2020; Kassab et al., 2020; Al Aboud et al.,

2021). These highly reactive radicals could modify the

structure or/and function of cellular molecules. The current

findings revealed that chickens exposed to dietary Cu

developed an imbalance in their liver and kidney’s oxidant/

antioxidant status. SOD can hamper the superoxide anion and

convert it into H2O2, which CAT dissociates into water

(Albarakati et al., 2020). GPx significantly contributes to

the protective function of CAT and is required for the

regeneration of GSH. The significant increase in the levels

of MDA in both organs indicated that Cu exposure enhanced

the formation of OH•, which directly interacted with the

FIGURE 9
The molecular mechanisms located behind the ameliorative action of SeY toward Cu-stressed chickens.
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polyunsaturated fatty acids in cellular membrane lipid, which

led to lipid peroxidation (Wang et al., 2018). Zhao et al. (Zhao

et al., 2018) found significant decreases in SOD activity and

GSH content in the chicken jejunum in a time-dependent

manner after dietary exposure to 300 mg/kg Cu. In another

related study, decreases in SOD, CAT, and GPx with increases

in MDA in the immune organs were reported in chicken fed on

a diet containing Cu at different concentrations for 49 days

(Yang et al., 2020). Nevertheless, CuSO4 exposure for 30 days

did not evoke significant differences in total antioxidant

capacity in chicken jejunum (Zhao et al., 2018).

In contrast, our data demonstrated that SeY could enhance the

hepatorenal antioxidant capacity by decreasing MDA levels and

restoring the activity of GPx, SOD, CAT, and GSH concentrations.

Se is a crucial cofactor for enzymes involved in scavenging ROS and

dietary supplements of sodium selenide, and SeY increases birds’

stress tolerance (Arnaut et al., 2021). Li et al. recorded upregulation

of hepatic GPx, GLRX2, andMnSODmRNA expression along with

Nrf2 protein expression and its downstream (Keap-1 and HO-1)

after dietary inclusion with 0.4 mg/kg SeY in broilers (Li et al.,

2020a) suggesting the possible involvement of Nrf2/HO-1/Keap-

1 in the protective role of SeY (Li et al., 2020b). Our data were in

agreement with those obtained by Cao et al. who reported a reduced

aluminum-induced testicular damage in mice after SeY

supplementation via modifying the redox status (Cao et al.,

2020). Elevated ROS can trigger the production of pro-

inflammatory cytokines and different inflammatory cells and the

release of inflammatory mediators (AL-Megrin et al., 2020). High

dietary Cu exposure has been documented to enhance the IL-1β and
TNF-α levels in chicken immune organs (Yang et al., 2020) and liver

(Liu et al., 2018a). Concurrently, the existing experiment presented

that Cu intoxication caused significant elevations in the IL-1β and

TNF-α. Interestingly, the proposed findings indicated that SeY

could antagonize the Cu-enhanced hepatic and renal

inflammatory responses. Se-rich S. cerevisiae downregulated the

hepatic gene expression of IL-6, TNF-α, COX-2, and NF-κB of heat

stressed (Malyar et al., 2021) and aluminium-intoxicated (Luo et al.,

2018) Wister rats. Supporting a former study (Cao et al., 2020), SeY

significantly mitigated aluminum-induced testicular toxicity by

decreasing the level of NO and NOS activities. Therefore, we

strongly assume that SeY might mitigate hepatorenal

inflammation induced by Cu exposure via down-regulation of

the inflammatory mediators.

Moreover, the PCA data indicated that all studied variables

are clustered into four zones along Dimension1 (80.7%

contribution) and Dimension2 (8.2% contribution). Such

distribution was depending on different treatments, where,

Cu-intoxicated birds were clustered on the left side and could

be markedly discriminated from other treated groups

confirming the occurrence of Cu toxicity. PCA also

confirmed the protective effects of SeY supplementation

since the Cu+SeY group has deviated to the midplane

between Cu-intoxicated birds and non-intoxicated ones

(Control and SeY groups). Moreover, the clustering

heatmap summarizes the concentration levels of all

measured parameters among different groups. The heatmap

suggests that the variable concentrations in the Cu-intoxicated

group are negatively correlated to the same corresponding

concentrations in other groups. The molecular mechanisms

located behind the ameliorative action of SeY toward Cu-

stressed chickens are illustrated in Figure 9.

5 Conclusion

Collectively, this study introduced the alleviating effect of

SeY against Cu-induced liver and kidney damage. SeY could

reduce the extra-release of inflammatory mediators (IL-1β, TNF-
α, and NO) and suppress lipid peroxidation and metal

bioaccumulation. These protective mechanisms may be

achieved by enhancing the antioxidant enzymatic of SOD,

CAT, and GPx, alongside elevating the GSH contents. We

strongly suggest that SeY could be a potential feed supplement

that offers therapeutic evidence against the Cu-induced liver and

kidney injury in chickens. In the future studies, further

investigations are required for unveiling the underlying

mechanisms for the antagonistic efficacy of Se-Y against heavy

metal-induced damage in birds.
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