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Metabolomics analysis of the effects of quercetin on renal
toxicity induced by cadmium exposure in rats
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Abstract This study aims to explore the protective
effects of quercetin against cadmium-induced nephro-
toxicity utilizing metabolomics methods. Male Spra-
gue-Dawley rats were randomly assigned to six
groups: control, different dosages of quercetin (10
and 50 mg/kg-bw, respectively), CdCI2 (4.89 mg/
kg-bw) and different dosages quercetin plus CdCI2
groups. After 12 weeks, the kidneys were collected for
metabolomics analysis and histopathology examina-
tion. In total, 11 metabolites were confirmed, the
intensities of which significantly changed (up-regu-
lated or down-regulated) compared with the control
group (p < 0.00067). These metabolites include xan-
thosine, uric acid (UA), guanidinosuccinic acid
(GSA), hypoxanthine (Hyp), 12-hydroxyeicosate-
traenoic acid (tetranor 12-HETE), taurocholic acid
(TCA), hydroxyphenylacetylglycine (HPAG), deoxyi-
nosine (DI), ATP, formiminoglutamic acid (FIGLU)
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and arachidonic acid (AA). When high-dose quercetin
and cadmium were given to rats concurrently, the
intensities of above metabolites significantly restored
(p <0.0033 or p <0.00067). The results showed
quercetin attenuated Cd-induced nephrotoxicity by
regulating the metabolism of lipids, amino acids, and
purine, inhibiting oxidative stress, and protecting
kidney functions.

Keywords Cadmium - Quercetin - Metabolomics -
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Introduction

Cadmium (Cd) is a toxic heavy metal pollutant
generally distributed in the environment, mainly
existed in air, mining, smelting, electroplating, phos-
phate fertilizer and sludge (Tian et al. 2020; Turner
2019). Due to numerous industrial and human activ-
ities, environmental pollution is inevitable. For the
non-occupational population, cadmium exposure is
primarily through food, water, air, and dust (Bartho-
lomew et al. 2020; Lamtai et al. 2020). In addition,
smoking is another important way for the general
population to contact cadmium. Cadmium, with an
exceptionally long biological half-life of 10 to
30 years, is the most easily accumulated toxic sub-
stance in the body (Jarup and Akesson 2009). Long-
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term intake can cause different degrees of damages to
the body.

Studies have found that Cd exposure had many
impacts on metabolism, such as mitochondrial energy
metabolism, amino acid metabolism, phospholipid
metabolism, purine metabolism, intestinal flora meta-
bolism, bile acid metabolism, tricarboxylic-acid cycle,
etc. (Chen et al. 2018; Hu et al. 2018). And Cd
exposure can also lead to lung, kidney, pancreatic and
prostate cancers (Djordjevic et al. 2019). The Inter-
national Agency for Research on Cancer (IARC) has
classified cadmium as the first class of carcinogens. It
is widely reported in populations and diverse exper-
imental models that the kidney is a key target of
chronic Cd exposure. Numerous studies have demon-
strated that the pathological biochemical mechanism
of renal damage caused by cadmium is carried out
mainly through the induction of oxidative stress (Sun
et al. 2019). Cadmium indirectly produces reactive
oxygen species (ROS) after entering human cells,
alters renal endogenous antioxidant status, and causes
peroxidative damage to biofilm lipids and DNA,
eventually leads to apoptosis, has a certain damage
to the kidney (Ghosh and Indra 2018; Joardar et al.
2019). Therefore, reducing the harm of cadmium to
human body especially the target organ kidney should
be paid more and more attention.

Quercetin (QE) is a typical flavonoid, ubiquitously
found in onions, peppers, blueberries, apples, cherries
and other fruits and vegetables (Mao et al. 2018). It has
various kinds of physiological activities, such as anti-
oxidation, anti-inflammation, immune regulation and
so on (Ou et al. 2020; Roy et al. 2018). Many studies
have found quercetin can regulate the intestinal
microflora and various metabolic pathways, including
tricarboxylic-acid cycle and energy metabolism, bile
acid, amino acid and nucleic acid metabolism (Zhang
et al. 2018). In recent years, the protective effects of
quercetin on toxicity induced by exogenous harmful
substances have attracted increased attention (Pingili
et al. 2020). Studies have demonstrated that quercetin
can prevent oxidative damage induced by cadmium
through scavenging oxygen free radicals, reducing the
lipid peroxidation, improving intracellular antioxidant
status and inhibiting apoptosis (Mao et al. 2018;
Pingili et al. 2020). However, most of these studies
focused only on the level of tissues or organs, few have
been reported to study the protective effects from the
metabolic level of the organism.
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Metabolomics is defined as “quantitative measure-
ment of dynamic multiparameter metabolic responses
of the life system to pathophysiological stimuli or
genetic modifications” (Xu et al. 2019b). Metabolo-
mics is usually performed on biological samples (such
as serum, urine, stool, tissues, etc.), and can provide a
comprehensive view of the whole system biology. As
an emerging analytical tool, metabolomics has been
widely used in food safety assessment, drug develop-
ment, disease diagnosis, environmental contamination
evaluation and other fields in recent years (Garcia-
Sevillano et al. 2015; Griffin 2020; Su et al. 2019).

In a previous work, we have reported the effects of
quercetin on cadmium-induced toxicity in rat urine by
metabolomics methods, and the results showed that
quercetin had a partial protective effect on cadmium-
induced nephrotoxicity (Liu et al. 2019). However, the
protective mechanism of quercetin remains unclear.
Therefore, this study used metabolomics techniques to
analyze rat kidneys, and comprehensively explained
the protective mechanism of quercetin against Cd in
combination with previous urine results.

Materials and methods
Chemicals and reagents

Cadmium chloride (99.99% purity) and quercetin
(98% purity) were purchased from Sigma-Aldrich
(Germany). High-performance liquid chromatography
(HPLC) grade methanol and acetonitrile were
obtained from Dikma Science and Technology, Co.
Ltd. (Ontario, Canada). And HPLC grade formic acid
was purchased from Beijing Reagent Company (Bei-
jing, China). Leucine enkephalin was supplied by
Sigma-Aldrich (St. Louis, MO, USA). Assay kits for
creatinine (CRE), blood urea nitrogen (BUN), and uric
acid (UA) were obtained from Wako Pure Chemical
Industries Ltd. (Nagoya, Japan). The ELISA Kits for
phospholipase A2 (PLA2) were purchased from
Jiangsu Jingmei Biological Technology Co. Ltd
(Jiangsu, China) and glutathione peroxidase (GPx)
kits were purchased from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). Carboxymethy-
lated cellulose (CMC) and other chemicals used were
of HPLC grade or reagent grade. Water was prepared
using a Milli-Q water purification system (Millipore,
Billerica, MA, USA).
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Animals and experimental design

Sixty SPF-grade male Sprague-Dawley rats (weigh-
ing 180 = 20 g) were procured from Vital Laboratory
Animal Technology Co. Ltd (Beijing, China). The rats
were fed adaptively for a week before be used. The rats
were housed singly in cages with free access to
American Institute of Nutrition (AIN)-93M rodent
diets and distilled water in a temperature-controlled
facility (equivalent temperature 22 &+ 2 °C, relative
humidity 50-60%, natural 12-h/12-h light/dark cycle).
The whole animal experiment process conformed to
the guide for the care and use of laboratory animals of
Harbin Medical University (Heilongjiang, China), and
had been approved by the medical ethics committee of
Harbin Medical University.

After an initial habituation period of 7 days, 60
rats were randomly allocated to six groups of 10 rats
in each: control group (C), low-dose quercetin
treatment group (Q1), high-dose quercetin treatment
group (Q2), cadmium treatment group (D), Cd plus
low-dose quercetin treatment group (DQ1) and Cd
plus high-dose quercetin treatment group (DQ2). The
dose of cadmium (4.89 mg/kg-bw) was determined
from previous studies, indicating obvious toxic
effects in rats (Liu et al. 2019). Cadmium chloride
was dissolved in distilled water and given to rats in
groups D, DQI and DQ2 through daily drinking,
whereas rats in groups C, Q1 and Q2 were simply
given distilled water in the same way. The low-dose
quercetin treatment group (10 mg/kg bw/day) and
the high-dose quercetin treatment group (50 mg/
kg-bw/day) were determined respectively based on
the minimum intake (5.96 mg/day) and the maximum
intake (29.4 mg/day) of quercetin in the population
(Zhang et al. 2010). Quercetin was dissolved in 0.5%
CMC and given to rats in groups Q1, Q2, DQI and
DQ2 by oral gavage once per day, while rats in C and
D groups were treated with intragastric injection of
0.5% CMC. Body weight was weighed weekly and
water consumption of each rat was recorded daily
during the experimental period of 12 weeks.
Throughout the whole experiment, no significant
differences were observed in water consumption
among all groups at each time point (p > 0.05) (Liu
et al. 2019).

Sample collection and preparation
Rat serum collection and preparation

After the experiment completed, rats were anes-
thetized with intraperitoneal (i. p.) injection of 10%
chloral hydrate (3 ml/kg-bw). Blood samples were
collected from the abdominal artery using coagula-
tion-promoting tubes and then centrifuged at
3000 rpm for 15 min at 4 °C. The supernatants
(serum) were used for metabolomics analysis (Jia
et al. 2020) using UPLC-MS, and biochemical indi-
cators (CRE, BUN, and UA) detection using Hitachi
7100 automated biochemical analyzer (Hitachi Co.
Japan).

Rat kidney collection and preparation

After the rats were sacrificed, the kidneys were
dissected out, weighed, and washed using 0.9% NaCl.
One kidney of each rat was placed in 10% formalin for
subsequent histopathology analyses. The rest of the
kidney tissues were wrapped in tin-foil, immediately
snap-frozen in liquid nitrogen and stored at — 80 °C
for metabolomics analysis and subsequent associated
enzyme activities (PLA2, GPx) and cadmium content
detection.

Before analysis, 0.1 g kidney tissues were weighed
and then homogenized using a homogenizer contain-
ing chloroform (600 pL), methanol (600 pL), distilled
water (400 pL). After homogenization, the samples
were vortexed and placed on ice for 10 min, followed
by centrifugation at 12,000 rpm at 4 °C for 10 min
(Allegra™ 64 R, Beckman, USA). Then the super-
natants were collected, dried in a vacuum concentrator
(CHRIST RCV2-25 CDplus) for 4 h. Before injection,
the samples were re-dissolved with 280 pL distilled
water and 120 pL acetonitrile (distilled water/acetoni-
trile = 7/3, V/V), and centrifuged again at 12,000 rpm
for 10 min at 4 °C. The supernatants were collected
for metabolomics analysis. Meanwhile, the stability
and repeatability of the system were monitored using
quality control (QC) sample. The QC sample was
prepared by pooling equal aliquots (10 pL) from the 60
renal samples to contain a mean concentration of all
analyzed metabolites, and every ten kidney samples
injections were successively followed by one QC
samples.
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Measurement of Cd concentration in kidney

The concentration of Cd in kidneys was examined
using atomic absorption spectrometer (AAS, Thermo
Fisher Scientific; ICE 3500). 0.5 g samples were
weighed and digested in conical flasks with 10 ml
mixed acid (HNO3/HCIO4 = 4/1, V/V) for 12 h.
Subsequently, the samples were placed in a digestion
furnace (KXL-1010) until the liquid turned colorless
and transparent. After cooling, the liquids were
transferred to colorimetric tubes and diluted to 10 ml
with deionized water. Finally, the digestion solution
was analyzed by AAS with a wavelength of 228.8 nm.

Determination of GPx and PLA?2 activities
in kidney

0.1 g kidney sample was homogenized with 900 pL
0.86% physiological saline, the homogenate was
centrifuged at 3000 rpm for 10 min at 4 °C. The
supernatant was collected to detect GPx activities
according to the kit instructions.

0.1 g kidney sample was homogenized with 900 pL
PBS, the homogenate was centrifuged at 3000 rpm for
20 min at 4 °C. The supernatant was collected to
detect PLA2 activities according to the ELISA kit
instructions.

Histopathological examinations

The kidney tissues were individually immersed in
10% formalin solution for at least 24 h. Dehydration
was carried out according to standard procedures.
Approximate 4 pm thick sections were prepared after
embedded in paraffin wax. Standard light microscopy
was performed after being stained with hematoxylin
and eosin (HE).

Chromatography

Chromatographic separation was implemented on an
HSS T3 column (100 mm x 2.1 mm, 1.8 pm i. d.;
Waters Corporation., Milford, Massachusetts, USA)
using a Waters’ ACQUITY UPLC system (Waters
Corp.). The temperatures of the autosampler and the
column were set at 4 °C and 35 °C, separately. The
UPLC mobile phases contained A (water with 0.1%
formic acid) and B (acetonitrile). The gradient elution
was 16 min at a flow rate of 0.45 mL/min. The
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protocols for the mobile phase gradient were applied
as follows in the positive and negative ion modes: 0-
2% B for 0-0.5 min; 2-5% B for 0.5-1 min; 5-12% B
for 1-2 min; 12-20% B for 2-5 min; 20-32% B for
5-6.5 min; 32-45% B for 6.5-8.5 min; 45-65% B for
8.5-10 min; 65-98% B for 10-11 min; 98% B for
11-12 min; 98-30% B for 12—-13 min; 30-2% B for
13-14 min; and 2% B for 14—16 min. A 2 pL aliquot
of each sample solution was injected into the column.

Mass spectrometry

Mass spectrometry was carried out on a Xevo G2
Q-TOF mass spectrometer (Waters Corp, Milford,
MA) equipped with electrospray ionization ion source
in the positive (ESI™") and negative (ESI™) ion mode.
The centroid data were obtained with the full scan
mode from m/z 50-1000 for 0-16 min. The ESI
source conditions were set as follows: desolvation gas
(nitrogen, 900 L/h); cone gas (nitrogen, 50 L/h);
desolvation temperature (450 °C); source block tem-
perature (120 °C); capillary voltage (positive and
negative ion modes were both 0.5 kV) and cone
voltage (30 V). To ensure accuracy and reproducibil-
ity, a lock-mass of leucine enkephalin for positive ESI
mode (m/z = 556.2771) and negative ESI mode (m/
z = 554.2615) was used via a Lock Spray "™ interface
at a flow rate of 10 pL/min. The lock spray frequency
was set at 10 s in the positive ion mode and 15 s in the
negative ion mode.

Data processing and metabolite identification

The UPLC-MS data were analyzed using software
Progenesis QI (version 2.1; Waters Corporation,
Milford, MA). The metabolites were filtered according
to one-way analysis of variance (ANOVA), p-value <
0.05 and max fold change > 2.

Then, a multivariate analysis of the data was carried
out by using EZinfo statistical analysis software
(version 2.0; Umetrics AB, Umed, Sweden). Before
multivariate statistical analysis, normalization and
Pareto-scaling of the ion peaks were performed. To
obtain a general overview of separation trends and
verify the reproducibility and reliability of the method,
unsupervised principal component analysis (PCA)
was performed on all samples. The contribution of
variables to each classification can be identified by
corresponding loading plots. Then, supervised partial
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least-squares discriminant analysis (PLS-DA) was
used to further observe the discrimination between the
groups and select potential metabolites. To avoid the
over-fitting of supervised models, a cross-validation
(seven folds) procedure and permutations test (200
iterations) were carried out using SIMCA-P software
(version 12.0; Umetrics AB, Umea, Sweden). Param-
eters describing the variable importance in the
projection (VIP) for each metabolite were calculated
based on the PLS-DA model. VIP value reflects the
contribution of every variable on the classification.
Variables with VIP value > 1 have above-average
influences on the classification of metabolites. There-
fore, the metabolites with VIP value above 1.0 were
selected for further study.

The selected metabolites were imported into Pro-
genesis QI software again for metabolite identifica-
tion. The Human Metabolome Database (HMDB) was
used for the initial identification of metabolites, then
multiple ambiguous identification for every compound
was obtained. The confirmation of metabolites iden-
tified was based on the “Score”, “Fragmentation
score”, and “Isotope similarity” given by Progenesis
QL and then the MS/MS fragmentation data from
Progenesis QI software were further provided. The
MS/MS spectra of metabolites were matched with the
structure information from the Progenesis QI soft-
ware. To reduce the false-positive identifications,
structural confirmation was conducted by comparison
with the standards (MS/MS spectrum). Open database
sources, including the HMDB (https://www.hmdb.ca/
), KEGG (https://www.kegg.com/), METLIN (https://
metlin.scripps.edu) and MetaboAnalyst (https://www.
metaboanalyst.ca/) were used to support the potential
pathways of metabolites.

Statistical analysis

All statistical analyses were carried out using a
computer software package (SPSS version 21.0;
Beijing Stats Data Mining Co. Ltd, China). All results
were expressed as mean =+ standard deviations (SD).
Differences between control and treatment groups
were analyzed using ANOVA by post hoc LSD test
when the data were normally distributed and the
variance was homogenous. If not the non-parametric
Kruskal-Wallis test was used. The statistical tests
were considered to be significant at the p < 0.05 and
highly significant at the p < 0.01 with 95% confidence

interval. To determine the specificity and sensitivity of
the metabolites to distinguish the treated groups from
the control group, the area under the curve (AUC)
value for receiver-operating characteristic (ROC)
curve was calculated by using SPSS 21.0 software.
Metabolites with AUC > 0.9 had high accuracy and
were selected as potential biomarkers (Xu et al.
2019a). To reduce the inflation of false positive rates
due to multiple testing, Bonferroni correction
(p < 0.0033 or p < 0.00067) was used to test for
differences in the intensities of metabolites among six
groups. A statistical correlation analysis was applied
to normalize the intensities of metabolites found to be
significantly different with Cd treatment to establish
possible association between metabolites in the urine
and kidneys. Pearson’s correlation coefficients were
computed between influential metabolite relative
intensities derived from the urine and kidney meta-
bolic profiles from the same rats with the same
treatment (Feng et al. 2011).

Results

Impact of Cd or/and quercetin on biochemical
parameters in serum

Serum CRE, UA and BUN are widely interpreted as
indicators for assessing renal function in clinical
practice today. At the end of the experiment, the
biochemical parameters in serum were detected
(Table 1). A significant (p < 0.01) increase in the
level of UA, BUN and CRE in serum was observed in
Cd-treated rats when compared with control group.
Administration of high-dose quercetin along with Cd
significantly (p < 0.01) restored the levels of UA,
BUN and CRE when compared with Cd-alone-treated
rats. There were significant differences in the above
parameters between groups C and DQ2 (p < 0.05 or
p < 0.01), while no significant differences among
groups C, QI and Q2 or between groups D and DQ1
(p > 0.05).

Impact of Cd or/and quercetin on weights, Cd
concentration and histological changes in kidney

After the 12 weeks of the experiment, the kidney of

each rat was weighed, and the ratio of kidney weight to
the corresponding total body weight (bw) (namely, the
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Table 1 Biochemical parameters in serum

Groups BUN (mmol/L) UA (umol/ L) CRE (pmol/L)
C 6.63 £ 0.61 64.28 + 3.00 35.36 + 2.57
Ql 6.54 £ 0.75 63.57 + 3.12 35.08 + 1.79
Q2 6.55 + 0.68 64.56 + 3.68 35.13 £ 2.00

D 8.48 + 0.59%* 98.07 + 3.73%* 39.45 4 2.21%*
DQ1 8.34 4 0.78%* 96.58 & 4.84% 39.34 £ 1.87%*
DQ2 7.64 £ 0.55%+" 81.81 & 5.56%+* 37.17 + 1.17+%#

Values expressed as mean £+ SD (n = 10)

BUN blood urea nitrogen; UA uric acid; CRE creatinine; C control group; Q/ low-dose quercetin-treated group; Q2 high-dose
quercetin-treated group; D Cd-treated group; DQI low-dose quercetin plus Cd-treated group; DQ2 high-dose quercetin plus Cd-

treated group

*Significantly different from the control group at p < 0.05 (one-way ANOVA)

**Significantly different from the control group at p < 0.01 (one-way ANOVA)
#Significantly different from the Cd-treated group at p < 0.05 (one-way ANOVA)
##Significantly different from the Cd-treated group at p < 0.01 (one-way ANOVA)

kidney viscera coefficient) was calculated. As shown
in Fig. S1, no significant difference was observed in
the relative weights of the kidney between the groups
(p > 0.05). Cadmium accumulation was measured in
the kidneys according to the method of the National
Food Safety Standard of the People’s Republic of
China (GB5009.15-2014). As shown in Fig. S2, the
kidney Cd concentration in rats no exposed to Cd
(groups C, Q1 and Q2) was under the limit of
quantitative detection (0.003 mg/kg). Cd concentra-
tion of group D (235.74 4+ 10.14 mg/kg tissue) sig-
nificantly elevated compared with that of group C
(p < 0.01), while the concentration of group DQ2
(140.06 + 9.66 mg/kg tissue) significantly decreased
compared with that of group D (p < 0.01). There was
no significant difference in Cd concentration between
group DQI1 (229.28 £ 14.24 mg/kg tissue) and D
(p > 0.05). To determine renal toxicity, histopatho-
logic analyses on the kidney were conducted. No
significant histopathological changes were observed in
the renal tissues of the control group and the different
doses of quercetin treatment group (Fig. 1a—c, respec-
tively). In group D and DQI, there were pathological
changes such as edema and vacuole degeneration of
renal tubular epithelial cells, erythrocyte tubular type,
nucleus swelling, mesangial cell and endothelial cell
proliferation, interstitial inflammatory cell infiltration
and so on (Fig. 1d—g, respectively). Histopathological
changes in group DQ2 were relatively milder than
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those in groups D and DQ1, with only a small amount
of swollen glomerulus existed (Fig. 1h).

Impact of Cd or/and quercetin on indicators related
to metabolic pathways

The activities of PLA2 and GPx in the kidney are
illustrated in Fig. 2. The activity of PLA?2 significantly
increased and GPx activity decreased in group D
compared to those in group C (p < 0.01). After the
administration of high-dose quercetin along with Cd,
the activity of PLA2 significantly decreased and GPx
activity significantly increased (p < 0.01), but there
were still statistical differences from those in group C
(p < 0.01).

Impact of Cd or/and quercetin on the changes
of renal metabolic profiles

UPLC-MS method was used to analyze kidney
specimens of rats in positive and negative detection
modes. After data pre-processing, a total of 3718
positive-mode features and 8374 negative-mode fea-
tures were identified and exported into EZinfo statis-
tical analysis software for multivariate statistical
analysis. PCA is the most widely used unsupervised
clustering or classification method in metabolomics
research to obtain an overview of grouping trends. The
PCA score plots with QC samples in the two modes are
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Fig. 1 Histopathological examination of rat kidney sections
(hematoxylin and eosin staining, x 400) a control group; b low-
dose quercetin-treated group; ¢ high-dose quercetin-treated

80+

PLA2(ng/mg prot)

Fig. 2 Activities of PLA2 (left) and GPx (right) in kidney in
each group Each bar represents mean £+ SD (n = 10). C, control
group; Q1, low-dose quercetin-treated group; Q2, high-dose
quercetin-treated group; D, Cd-treated group; DQ1, low-dose
quercetin plus Cd-treated group; DQ2, high-dose quercetin plus

displayed in Fig. S3. Four samples outside the limits
imposed by the Hotelling’s T> 95% probability ellipse
were not excluded and included for subsequent
supervised analysis. QC samples (sea green inverted
triangles) showed relatively close clustering. To
evaluate the instrument stability, six ions extracted
from chromatographic peaks of the QC samples (m/z
193.5362, 269.4295, 287.4005, 332.1955, 483.8842,
592.3246 in the positive mode) were randomly
selected. The relative standard deviations (RSDs) of

GP-x(U/mg prot)

group; d—f Cd-treated group; g low-dose quercetin plus Cd-
treated group; h high-dose quercetin plus Cd-treated group

20+
154
104
54
0- W X
c Q1 Q2 D DQ1 DQ2
Groups

Cd-treated group. *p < 0.05 vs. C group (one-way ANOVA).
**p < 0.01 vs. C group (one-way ANOVA). #p <0.05vs. D
group (one-way ANOVA). *p < 0.01 vs. D group (one-way
ANOVA)

peak strength, retention time and m/z were 0.19%—
1.55%, 0.06%—2.21% and 0.13%—0.28%, respec-
tively. The results demonstrate that the method has
good stability and reproducibility. The loading plots
(Fig. S4) seem to suggest that m/z 168.0278,
176.0678, 136.0382, 266.3758, 283.0663, 303.2315,
505.9918, 251.0785, 514.2859, 208.0627 and
173.0575 each aid to separate treatment groups from
the control group. These potential biomarkers are far
from origin in the loading plot. The PLS-DA score
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plots (Fig. 3) showed that group C and D, group DQ2
and D were significantly separated, indicating that Cd
could cause nephrotoxicity, and high-dose quercetin
(50 mg/kg-bw/day) influenced Cd-induced nephrotox-
icity. Additionally, the permutation test and rigorous
cross-validation were presented to validate the model
and avoid over-fitting. The performance of 200
iterations was shown in Fig. S5. In positive mode,
the R2Y and Q2 (predictive ability) were 0.998 and
0.979, respectively. In negative mode, the values of
R2Y, Q2 were 0.986 and 0.911, respectively. The Q2
regression line (blue color) had a negative intercept,
while the R2 regression line (green color) had a
positive intercept. All the permuted values on the left
were lower than the original point on the right. All the
above indicated that the model was suitable for
identification analysis. Besides, the results of the
cross-validation ANOVA analysis showed that the
PLS-DA model was highly significant (Tables S1 and
S2).

Identification and validation of the kidney
metabolites

Twenty-one metabolites, including ten in the positive
mode and eleven in the negative mode, were initially
identified by using Progenesis QI. Considering the
retention time, m/z, and fragmentation information
with standard substances, we finally identified eleven
metabolites (4 positive modes and 7 negative modes).
The MS/MS spectra of these metabolites are shown in
Figs. S6 and S7. The retention times, m/z, and
fragment information of the 11 metabolites are shown
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Fig. 3 PLS-DA score plots in the positive (left) and negative
mode (right) Black dots: Cd-treated group (D); Red squares:
low-dose quercetin plus Cd-treated group (DQ1); Green
triangles: high-dose quercetin plus Cd-treated group (DQ2);
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in Table 2 and Table S3, respectively. The intensities
of metabolites in the kidney of rats under the positive
and negative modes are shown in Fig. 4. Compared
with group C, the intensities of uric acid (UA),
hypoxanthine (Hyp), xanthosine, deoxyinosine (DI),
12-hydroxyeicosatetraenoic acid (tetranor 12-HETE),
guanidinosuccinic acid (GSA), taurocholic acid
(TCA), hydroxyphenylacetylglycine (HPAG), and
ATP in group D significantly up-regulated
(p < 0.00067), the intensities of formiminoglutamic
acid (FIGLU) and arachidonic acid (AA) in group D
down-regulated significantly (p < 0.00067). When
high-dose quercetin along with Cd were administered
to rats simultaneously, the intensities of the above 11
metabolites were significantly restored (p < 0.0033 or
p < 0.00067), but there were still statistical differ-
ences from those in group C (p <0.0033 or
p < 0.00067). There were no statistical differences
in the intensities of 11 metabolites among C, Q1 and
Q2 groups and between D and DQI1 groups
(p > 0.0033). The ROC curve was carried out to
evaluate the specificity and sensitivity of the identified
potential metabolites. The results of the ROC curve
analysis are presented in Fig. 5. The AUC values of
the 11 metabolites are between 0.9 and 1 within a 95%
confidence interval, indicating good predictive per-
formances for the identified potential metabolites.

Discussion

In this study, nephrotoxicity induced by Cd and the
possible protective effects of quercetin were studied
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Blue diamonds: control group (C); Orange stars: low-dose
quercetin-treated group (QIl); Purple crosses: high-dose
quercetin-treated group (Q2); Ellipse: Hotelling’s T* (95%
confidence region). N = 10
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Table 2 Potential metabolites in positive and negative modes

RT (min) Measured mass (Da) Calculated mass (Da) Error (Da) Elemental composition Scan mode Metabolites

6.92 514.2844 514.2839 0.0005 C26HisNO,S - TCA™®

2.37 208.0613 208.0610 0.0003 C1oH,NO, - HPAG™"

1.42 173.0570 173.0563 0.0007 CeH N0, - FIGLU®

251 251.0790 251.0781 0.0009 C1oH12N,0, - Deoxyinosine®”
3.06 505.9883 505.9879 0.0004 C1oH16N5013P; - ATP*P

114 303.2329 303.2324 0.0005 CaoH3,0, - AA™P

1.34 283.0689 283.0679 0.0010 C10H12N,O6 - Xanthosine™®
1.18 169.0363 169.0361 0.0002 CsHN,0; + UA®

7.63 176.0675 176.0671 0.0004 CsHoN;0, + GSA*®

2.07 137.0469 137.0463 0.0006 CsH,N,O + Hyp™®

0.66 267.1971 267.1960 0.0011 C16Ha605 + Tetranor 12-HETE*"

RT retention time, ATP adenosine triphosphate, AA arachidonic acid, FIGLU formiminoglutamic acid, GSA guanidinosuccinic acid,
TCA taurocholic acid, HPAG hydroxyphenylacetylglycine, UA wuric acid, Hyp hypoxanthine, Tetranor 12-HETE
12-hydroxyeicosatetraenoic acid

“The metabolites were identified by comparison to the standards

"The metabolites were identified by comparison to the metabolites of the Human Metabolome Database (HMDB)

by metabolomics. Eleven metabolites were finally
confirmed (Table 2). Through the information
obtained from MetaboAnalyst, HMDB and KEGG
database, the metabolic pathway network was drawn
to interpret the relationship of potential metabolites/
biomarkers and the protective effects of quercetin on
Cd-induced nephrotoxicity (Fig. 6).

The first pathway involves lipid metabolism
(Fig. 6). TCA is a kind of bile acids (BAs) and
produced by the combination of cholic acid and
taurine. Cholic acid is produced by cholesterol in the
liver under the action of cholesterol-7a-hydroxylase
(CYP7A1). BAs biosynthesis is the most crucial
pathway for the liver to degrade cholesterol. As the
final product of cholesterol catabolism, BAs have
much potential toxicity (such as membrane destruc-
tion) (Davis et al. 2002). The effects of BAs on the cell
membranes are induced by binding with the cell
membrane components. As BAs concentrations
increased, binding to the membranes also increased,
which leads to the destruction of cell membranes
integrity, subsequently lysis of hepatocytes and then
plays a certain role in the pathogenesis of the
cholestatic liver disease (Perez and Briz 2009). The
kidney, as an important organ of the urinary system, is
thought to play a minor role in BAs excretion. In
clinical and animal model studies of chronic renal

failure (CRF), elevated levels of BAs are associated
with changes in BAs homeostasis. The possible
mechanism is reduced filtration of BAs in the kidney
(Chu et al. 2015).

It has been reported that BAs can stimulate
membrane enzymes (such as PLA2) leading to
increased endogenous AA release (Cocco et al.
1999). In our study, the abnormal change in AA
intensity may be due to enhanced PLA2 activity, and
the hypothesis was confirmed by the determination of
PLAZ2 activity in the kidney (Fig. 2). Meanwhile, the
intensity of TCA in group D was significantly higher
than that in group C, suggesting that cadmium could
cause BAs metabolism disorders in liver and kidney.
When high-dose quercetin along with Cd were given
to rats simultaneously, TCA intensity significantly
decreased (Fig. 4), indicating that quercetin influ-
enced cadmium-induced BAs metabolism disorders.
Possible protective mechanism is that quercetin
reduces oxidative damage by inhibiting the production
of excessive ROS. In addition, quercetin can also
protect the kidney by reducing the increase of total
cholesterol (TC) levels (Hu et al. 2012).

AA is a -6 polyunsaturated fatty acid (PUFA)
found mainly in cell membrane phospholipids. When
cells are stimulated, AA is released from the phos-
pholipids by PLA2. Previous studies have shown that
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Fig. 4 Intensities of metabolites identified in the positive and
negative modes Each bar represents mean + SD (n = 10). C,
control group; Q1, low-dose quercetin-treated group; Q2, high-
dose quercetin-treated group; D, Cd-treated group; DQ1, low-
dose quercetin plus Cd-treated group; DQ2, high-dose quercetin

AA has anti-oxidative and anti-inflammatory effects
(Qu et al. 2018). AA metabolism disorders can lead to
renal vascular injury and end-stage renal disease, and
are closely linked to the occurrence, development, and
regression of renal inflammation (Imig 2006; Xu et al.
2006). AA is converted to tetranor 12-HETE via the
lipoxygenases (LOXs) pathway. Tetranor 12-HETE,
an important component of renal disease, has been
widely studied. It involves apoptosis induced by
oxidative stress and is regarded as a key factor in
diabetes-related nephropathy and glomerulonephritis
(Manega et al. 2019). Under oxidative stress,
decreased GPx activity has been reported to promote
the formation of 12-HpETE (the precursor of tetranor
12-HETE), which further aggravates renal injury
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plus Cd-treated group. *p < 0.0033 vs. C group (one-way
ANOVA). **p < 0.00067 vs. C group (one-way ANOVA).
#p < 0.0033 vs. D group (one-way ANOVA). ™p < 0.00067 vs.
D group (one-way ANOVA)

(Wang et al. 2019). In the current study, AA intensity
and GPx activity significantly decreased while tetra-
nor 12-HETE intensity increased in group D compared
with those in group C (Figs. 2 and 4). It suggests that
cadmium can cause renal AA metabolism disorder.
When high-dose quercetin along with Cd were given
to rats simultaneously, intensities of above substances
recovered obviously, which indicates that quercetin
can prevent cadmium-induced renal injury. A possible
protective mechanism is that quercetin effectively
regulates enzyme activities (such as PLA2, GPx),
thereby preventing AA from generating a series of
pro-inflammatory eicosanoids and potentially toxic
ROS (Al-Asmari et al. 2018; Nanda et al. 2007). The
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Fig. 5 ROC curve analysis for discrimination of control group and treatment groups for the 11 metabolites

results of renal histopathology (Fig. 1) further sup-
ported the above metabolomics results.

The second pathway involves amino acid metabo-
lism (Fig. 6). HPAG is an arylglycines (AGs) and can
be derived from the metabolism of tyramine. AGs are
also secondary metabolites of fatty acids and often
used to diagnose diseases associated with mitochon-
drial fatty acid B-oxidation (Liu et al. 2018). In
addition, AGs can be utilized to diagnose a variety of
inborn errors of metabolism (IEM), such as leucine
catabolism abnormalities and other enzyme defects in
isoleucine, valine, and lysine catabolism (Bonafé et al.
2000). Therefore, the identification of AGs is impor-
tant for the diagnosis of fatty acid and amino acid
metabolism disorders. In the current study, the inten-
sity of HPAG significantly increased in group D
compared with group C (Fig. 4), which may be due to
the interference of Cd on tyrosine metabolism in the
body, leading to mitochondrial fatty acid oxidation
disorder, further impairing the kidney. When Cd was
given to rats with high-dose quercetin simultaneously,
the intensity of HPAG significantly decreased, indi-
cating that quercetin influenced cadmium-induced

tyrosine metabolism disorders. Possible protective
mechanisms are that quercetin can improve mitochon-
dria function and enzymes antioxidant activities,
further protect fatty acid B-oxidation (Sun et al. 2015).

FIGLU is the principal metabolite of histidine
degradation. Histidine is transformed to FIGLU and
then to glutamate in mammalian tissues. The conver-
sion of FIGLU to glutamate requires tetrahydrofolate
(THFA) from folate as a coenzyme. Human urine
usually contains only a very small amount of FIGLU.
If the function of THFA is interfered, excessive
excretion of FIGLU results in the formation of plenty
of histamine by decarboxylase catalyzing histidine.
Histamine affects glomerular hyperfiltration and tubu-
lar reabsorption, which leads to tubular hypertrophy,
eventually to glomerulosclerosis and tubular atrophy
(Pini et al. 2019). In addition, studies have shown that
aspartate (ASP) and glutamate mobilize plasma his-
tamine in the form of neutral metal complexes to
further promote histamine catabolism (Berthon and
Germonneau 1982). In our study, the intensity of
FIGLU in group D significantly decreased compared
with group C (Fig. 4), indicating cadmium can cause
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Fig. 6 Metabolic pathways in response to CdCl2 and/or
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histidine metabolism disorder. When Cd and quercetin
were given to rats simultaneously, the intensity of
FIGLU significantly increased, indicating that quer-
cetin can regulate abnormal histidine metabolism
induced by Cd. The possible protective mechanism is
that quercetin promotes the absorption of folate,
inhibits the release of histamine, and further increases
the conversion of histidine to glutamate (Keating et al.
2008; Mlcek et al. 2016).

GSA is one of the earliest uremic toxins found.
Under the condition of uremia or renal insufficiency,
abnormal urea cycle occurs. The increase of urea and
the inhibition of argininosuccinate lyase (ASL) activ-
ities lead to argininosuccinic acid (ASA) generate
GSA under the action of ROS (Aoyagi et al. 2001).
Meanwhile, due to the accumulation of CRE, arginine
(ARG) generates GSA under the action of amino-
transferase. GSA is a normal metabolism product and
usually present in small amounts in the body. The
cytotoxicity of GSA has been proved in many systems,
the most obvious is to inhibit the activation of platelet
factor 3 (PF-3) (Horowitz et al. 1970). Thus, GSA
levels can explain many uremia platelet dysfunctions
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peroxidase; HPAG hydroxyphenylacetylglycine; Hyp hypoxan-
thine; LOXs lipoxygenases; Orn ornithine; PLA2 phospholipase
A2; ROS reactive oxygen species; TCA taurocholic acid;
Tetranor 12-HETE 12-hydroxyeicosatetraenoic acid; UA uric
acid; Xan xanthosine; XO xanthine oxidase

and may be a major factor in uremia hemorrhagic
syndrome. In the current study, the intensity of GSA
and the level of CRE in group D were significantly
higher than those in group C, suggesting that cadmium
could cause an abnormal urea cycle. When Cd and
quercetin were both given to rats, the intensity of GSA
and CRE level significantly decreased (Table 1 and
Fig. 4), indicating that quercetin could regulate the
above abnormalities induced by Cd. A possible
protective mechanism is that quercetin regulates urea
cycle disorders by increasing the expression of urea
cycle enzymes and blocks GSA production by scav-
enging free radicals (Kanimozhi et al. 2017).

The third pathway involves purine metabolism
(Fig. 6). Oxidative stress is closely linked to the
disorder of purine metabolism. Metabolites including
ATP, DI, Hyp, xanthosine and UA are involved in the
purine pathway. DI was found to be associated with a
deficiency of purine nucleoside phosphorylase. Hyp is
a metabolite of energy-rich phosphorylated nucleotide
ATP and is also a uremic toxin. Potentially harmful
free radicals are released when Hyp combines with
xanthine oxidase (XO) and oxygen to form xanthine
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and UA, which may be important for the occurrence of
ischemic renal injury (Mraz et al. 2015). Therefore,
Hyp levels are closely related to free radicals’
formation. UA, as an oxidative product of purine
metabolism, has also been identified as a uremia toxin.
Elevated UA levels can lead to hyperuricemia.
Chronic hyperuricemia is closely linked to renal
disease and caused by decreased glomerular filtration
rate (GFR) and urate excretion, or increased overall
tubular absorption. In glomerular lesions and tubular
damage, purine metabolism enhances, the decrease of
UA filtration and urinary output lead to an increase of
serum UA. Elevated serum UA levels can lead to the
deposition of urate crystals, and ultimately cause
chronic joint inflammation, urate/xanthine calculus
and kidney damage (Lang et al. 2019). In our study,
the intensities of the renal purine metabolites (ATP,
DI, Hyp, xanthosine, UA, etc.) and serum UA level in
group D were significantly higher than those in group
C (Table 1 and Fig. 4), which may be related to Cd-
induced oxidative stress. When Cd and quercetin were
both given to rats, the intensities of purine metabolites
and serum UA level decreased significantly, which
indicates quercetin may prevent nephrotoxicity
induced by Cd from inhibition of oxidative stress. In
addition, cadmium concentration of group DQ2 sig-
nificantly decreased compared with that of group D
(Fig. S2), which may be related to the suppression of
quercetin on Cd accumulation in the kidneys. It is
likely that quercetin (i) chelated Cd and/or (ii)
improved renal function in Cd-exposed rats by low-
ering oxidative stress in the kidneys, thus increasing
CRE and Cd clearance, and enhancing Cd excretion
through the kidneys (Badr et al. 2019; Nna et al. 2017).
The results further supported the above metabolomics
results.

The kidney is an important organ that produces
urine and removes waste metabolites and toxins from
the body. Therefore, some metabolites in the urine can
reflect kidney damage. In our previous study, the
metabolomics analysis of urine showed the renal
damage caused by Cd (Liu et al. 2019). Therefore, a
statistical correlation analysis of metabolites between
urine and kidney was conducted (Fig. S8). Allantoic
acid, as a final product of UA degradation, is also
involved in major pathways of purine metabolism (Cai
et al. 2017). The purine metabolites (ATP, DI, Hyp,
xanthine, and UA) in the kidneys were positively
correlated with allantoic acid in urine and negatively

correlated with UA in urine, further supporting that the
renal purine metabolites are related to oxidative stress
caused by Cd. Taurine in urine showed a strong
negative correlation with TCA in the kidneys, indi-
cating that Cd may interfere with the BAs metabolism.
LysoPC can generate active species by activating the
5-lipoxygenase pathway and induce the enhancement
of oxidative stress. In addition, LysoPC increases the
release of AA by activating PLA2 (Oestvang et al.
2011). As mentioned above, LysoPC in urine was
negatively correlated with AA in kidneys, suggesting
that Cd may interfere with lipids metabolism.

Conclusions

This research explored the protective effects of
quercetin on the Cd-induced nephrotoxicity utilizing
metabolomics technology. The results indicated that
quercetin may have protective effects on Cd-induced
nephrotoxicity by enhancing the antioxidant defense
system of the body and regulating the metabolism of
lipids, amino acids, and purine.
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