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Perchlorate, commonly available in drinking water and food, acts on the iodine uptake by

the thyroid affecting lipid metabolism. High-fat diets leading to various health problems

continually raise public concern. In the present study, liver lipid metabolism profiles

and metabolic pathways were investigated in C57BL/6J mice chronically exposed to

perchlorate using targeted metabolomics. Mice were fed a high-fat diet and treated

orally with perchlorate at 0.1 mg/kg bw (body weight), 1 mg/kg bw and 10 mg/kg bw

daily for 12 weeks. Perchlorate induced disorders of lipid metabolism in vivo and hepatic

lipid accumulation confirmed by serum biochemical parameters and histopathological

examination. There were 34 kinds of lipid in liver detected by UHPLC-MS/MS and key

metabolites were identified by multivariate statistical analysis evaluated with VIP > 1,

p-value < 0.05, fold change > 1.2 or < 0.8. Perchlorate low, medium and high dose

groups were identified with 11, 7 and 8 significantly altered lipid metabolites compared

to the control group, respectively. The results of the metabolic pathway analysis revealed

that the differential metabolites classified into different experimental groups contribute

to the glycerophospholipid metabolic pathway. These findings provide insights into the

effects of perchlorate on lipid metabolism during long-term exposure to high-fat diets

and contribute to the evaluation of perchlorate liver toxic mechanisms and health effects.

Keywords: perchlorate, lipid metabolism, high-fat diet, targeted lipidomics, C57BL/6J mice

INTRODUCTION

Perchlorate, considered a persistent inorganic pollutant, is an anionic compound usually combined
with potassium, sodium or ammonium (1). The presence of perchlorate in the environment
is mainly through natural formation and artificial chemical synthesis, and this perchlorate
contaminates the water and enters the food chain through plant absorption and enrichment (2).
Since the 1990s, perchlorate has been found to be widely present in drinking water and foods which
has been raised as a public health concern (3). Numerous studies have reported high detection
frequencies of perchlorate in foods such as vegetables, fruits, milk and other foods in amounts
deserving of attention (4–6). Approximately 83% of perchlorate is exposed to humans through
foods (7). Upon entry into the body, perchlorate competitively inhibits iodine uptake by the thyroid
and disrupts the synthesis of thyroid hormones (8), which play a pivotal role in regulating of
lipid metabolism (9).

With the improvement of human nutrition, excessive fat intake is considered as a persistent
public health problem. Long-term high-fat diet (HFD) can lead to weight gain and a series of
adverse reaction, including obesity, hepatic steatosis, hyperlipidemia and hyperglycemia (10, 11).

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.837601
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.837601&domain=pdf&date_stamp=2022-03-14
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gongwhqg@163.com
https://doi.org/10.3389/fnut.2022.837601
https://www.frontiersin.org/articles/10.3389/fnut.2022.837601/full


Wang et al. Perchlorate Affects Liver Lipid Metabolism

In this case, toxicants contribute to oxidative stress in vivo,
leading to further abnormalities in hepatic lipid metabolism.
Experimentally, it has been shown that the administration of
harmful substances (endotoxins or pro-oxidants) to obese mice
can lead to severe liver damage and even death (12, 13).

In rodent studies, perchlorate interferes with endocrine
function and causes disruptions in lipid metabolism, which in
turn causes fat accumulation, weight gain, insulin resistance and
abnormal glucose tolerance (14). Lipids have great biological
importance in physiological activities such as forming cell
membranes, storing energy and transmitting cellular signals, thus
lipids largely reflect the metabolic status between health and
disease (15). Disorders of lipid metabolism may lead to a range
of diseases such as diabetes, obesity, atherosclerosis, coronary
heart disease and brain damage (16). Further the liver is the
most activated organ for lipid metabolism, and disorders of
lipid metabolism may result in fat enrichment and degeneration
within hepatocytes. Lipids of interest include phospholipids,
cholesterol, sphingolipid and triglycerides.

To our knowledge, there is little published information on
the chronic effects of perchlorate on hepatic lipid profiles
following a high-fat diet. Studies using lipidomics to explore
endocrine disruption by perchlorate have not been reported,
but some studies suggest that exposure to exogenous pollutants
is an important cause of disruption of lipid metabolism in
the body and leads to obesity by affecting metabolic pathways
(17). Therefore, the present study applied targeted metabolomics
to profile hepatic lipid metabolism in mice with long-term
perchlorate intervention. The aim of this work was to investigate
the mechanism of hepatotoxicity of perchlorate on lipid
metabolism and to contribute to the understanding of the health
effects of perchlorate chronically.

MATERIALS AND METHODS

Chemicals and Reagents
Sodium perchlorate (NaClO4) standard aqueous solution (10
mg/L) was purchased fromO2SI Smart Solution (Charleston, SC,
USA). All lipid standards and internal standards were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Formic
acid (≥95%) and chloroform were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Acetonitrile, methanol, isopropanol, n-
Hexane were all HPLC grade, obtained from Thermo Fisher
Scientific (Waltham,MA, USA). Sodium chloride, sodium sulfate
and sodium hydroxide were supplied by Sinopharm Chemical
Reagents Co., Ltd.

Animal Experiment
A total of 24 6-week-old male C57BL/6J mice (bw: 27–29 g) were
purchased from Hubei Province Animal Research Center, Hubei,
China. The study was approved by the Institutional Animal
Care and Use Committee Tongji Medical College, Huazhong
University of Science and Technology (IACUC Number: 2395).

All mice were housed in a specific-pathogen-free animal
laboratory with a 12/12 h light-dark cycle (temperature 24 ±

1◦C; relative humidity 55–65%). After 3 days of acclimatization,
animals were randomly divided into one control group and

three experimental groups of six mice each: low-dose group
(LG, 0.1 mg/kg bw daily), middle-dose group (MG, 1 mg/kg
bw daily), high-dose group (HG, 10 mg/kg bw daily) and
control group (CG, received an equivalent volume of saline).
Sodium perchlorate was dissolved in physiological saline and
administered orally to the mice. High-fat feed and drinking water
were supplied ad libitum, the high-fat feed consisted of 10.0% fat,
15.0% protein, 30.6% starch, 4.6% ash and 6.6% moisture. Mice
were routinely fed for 12 consecutive weeks and weighed every 6
days. Blood samples and liver tissues were harvest after all mice
sacrifice via cervical dislocation, liver weight and body weight
were recorded. Liver coefficients were calculated according to
the formula: Liver coefficient (%) = liver weight (g) / body
weight (g) × 100%. All collected samples were stored at −80◦C
until assayed.

Determination of Biochemical Parameters
The serum of mice was separated from whole blood by
centrifugation and measured using commercial ELISA kits
(Nanjing Jiancheng Bioengineering Institute, China), to
assess the serum biochemistry. Parameters included the
liver function markers aspartate aminotransferase (AST),
alanine aminotransferase (ALT), malondialdehyde (MDA); and
indicators of lipid metabolism, total cholesterol (TC), total
triglyceride (TG), high-density lipoprotein cholesterol (HDL-c),
and low-density lipoprotein cholesterol (LDL-c).

Histological Analysis of Liver Section
Liver tissues were removed after the mice were sacrificed
and fixed with 4% paraformaldehyde, embedded in
paraffin, and processed for hematoxylin and eosin (H&E)
staining using a standard protocol (18). The sections were
observed and photographed with an inverted microscope at
400×magnification.

Pretreatment of Lipid Analysis
The pretreatment of liver was performed as previously described
(19), with some modifications. 100mg liver tissue sample was
placed in a homogenate tube thawed on ice, 1mL ice water was
added and homogenized for 8min. Then 0.1mL homogenate was
mixed with 1.2mL methanol/chloroform (2:1, v/v, 0.1% MTBE)
and 0.6mL water vortexed for 1min in 2mL EP tube. The
mixture was sonicated for 5min and centrifuged at 10,000 g for
10min at 4◦C. The supernatant was collected and dried with
nitrogen gas. Finally, the residue was reconstituted in 1mL initial
mobile phase and filtered through a 0.22µm membrane for
UHPLC-MS/MS analysis.

Quality control (QC) sample was prepared by mixing equal
amounts (50µL) of each extracted sample (24 in total).Moreover,
the QC specimen was analyzed every six samples throughout the
whole analysis procedure.

UPLC-MS/MS Analysis
Ultra-high performance liquid chromatography-tandem
mass spectrometry analysis was performed as previously
described (20). Briefly, UHPLC-MS/MS analysis was undertaken
on QTRAP R© 6,500+ LC-MS/MS system (AB Sciex, USA)

Frontiers in Nutrition | www.frontiersin.org 2 March 2022 | Volume 9 | Article 837601

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Wang et al. Perchlorate Affects Liver Lipid Metabolism

equipped with Acquity HSS T3 column (2.1 × 100mm i.d.,
1.8µm, Waters, USA). The mobile phase was composed of
water/methanol/acetonitrile (1/1/1, v/v/v) containing 10mM
ammonium formate and 0.1% formic acid (solvent A) and
isopropanol (solvent B) at a flow speed of 0.4 mL/min. The
gradient elution program was set as follows: solvent A initially
at 80% declined to 10% within 12min and held for 1min,
then decreased to 80% within 2min and held for 1min. The
column temperature maintained at 45 ◦C and the injection
volume was 10 µL.

Initially separated liver samples were scanned in a triple
quadrupole containing ion trap. The system is equipped with ESI
Turbo ion spray port, which can be operated by Analyst 1.6.3
software. The conditions used for the electrospray source were
shown as follows: the ion source temperature, 550 ◦C; the ion
spray voltage, 5,500V in positive mode (or −4,500V in negative
model); the ion source gas I, 55 psi; the gas II, 55 psi; the curtain
gas, 35 psi; the collision gas, medium; quantification of ion
pairs corresponding to lipids by multiple reaction monitoring
mode (MRM). Mass spectrometry information of the target
lipid metabolites, including compound name, MRM transition,
optimized dephasing potential (DP) and collision energy (CE)
is shown in Supplementary Table 1. All targets were quantified
separately using D31-PG(16:0/18:1), D31-PE(16:0/18:1), D31-
PC(16:0/18:1), C17-Sphinganine and D5-TAG(17:0/17:1/17:0)
as internal standards to quantify phosphatidylglycerol (PG),
Lyso-phosphatidylcholine (LPC), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), sphingolipids (SM) and
triglyceride (TAG), respectively.

Raw Data Processing and Metabolic
Pathway Analysis
Raw mass-spectrometry data were processed with Software
Analyst 1.6.3. The pooled sample was used as quality control
(QC) to validate the reproducibility and stability of lipid
metabolites in the positive and negative ion mode of the method
and equipment. The quantification of target lipid metabolites
was based on signal intensity relative to the corresponding
internal standard by the multiple reaction monitoring mode
(MRM) of triple quadrupole mass spectrometry. The integration
and calibration of chromatographic peaks was performed with
Multiquant Software version 3.0.2 (AB Sciex Inc.).

Quantitative data of lipid metabolites were analyzed by
SIMCA-P software version 14.1 (Umetrics, Sweden) using an
orthogonal partial least squares discriminant analysis (OPLS-
DA) model for differential analysis to screen for potentially
differential lipids. Lipid metabolites with VIP value > 1, p-
value < 0.05 and FC > 1.2 or FC < 0.8 were defined as
significantly different.Metabolic pathway analysis was performed
with Metaboanalyst 5.0 (www.metaboanalyst.ca).

Statistical Analysis
All data were collected and computed into IBM SPSS Statistics 19
and expressed as mean± standard deviation (SD). The difference
between the experimental groups and the control group was
highly significant by one-way ANOVA. P-values < 0.05 were
considered statistically significant.

RESULTS AND DISCUSSION

Body Weight and Liver Coefficient
The weights of the mice were recorded every 6 days for total
of 12 weeks, and fresh livers were weighed immediately upon
harvest, individual ratio of liver to body weights were calculated.
Figure 1 shows changes in body weight and liver coefficient. Body
weight trended to increase gradually over perchlorate exposure
time. Within 1 week after the start of the experiment, there was
almost no change in body weight between the groups, and the
difference gradually appeared after 1 week, indicating that short-
term exposure to perchlorate had less effect on the growth of
mice, and this result was consistent with the previously reported
(21). Compared with the CG group, the body weight of the LG
group was significantly increased (p < 0.05) at the end of the
experiment, but there was no significant difference in MG and
HG groups (Figure 1A). No significant differences were observed
in liver coefficient between treatment groups and control group,
whereas HG group showed a significantly decreased (p <

0.05), after mice were exposed to different doses of perchlorate
(Figure 1B). These results suggest that chronic high dose intake
of perchlorate might have affected the liver coefficients.

Biochemical Parameters
The seven biochemical indicators in serum were divided into two
subgroups according to their physiological meaning (Table 1).
AST, ALT and MDA as indicators of liver function, there
was no significant difference between the perchlorate exposed
groups and the control group. With the increase of perchlorate
dose, the content of MDA increases correspondingly. MDA
is generated by lipid peroxidation, so the change in MDA
content reflects the extent of membrane damage (22). The
lipid metabolic markers include serum TC, TG, HDL-c, LDL-
c. Compared with those of the CG group, TC in MG and
HG groups showed markedly increased, TG in HG group was
increased and the difference was statistically. The high-fat diet
resulted in elevated serum levels of TC, TG and LDL cholesterol
and reduced levels of HDL cholesterol in mice (23). However,
under the influence of perchlorate, LDL cholesterol levels did not
change significantly, and HDL levels increased significantly in
the experimental groups, which indicated that perchlorate caused
lipid metabolism disturbance.

Histopathology Examination
Histopathological analysis was performed after oral
administration of treatments in C57BL/6J mice for 12 weeks.
Liver sections with H&E staining were imaged using an inverted
fluorescence microscope (Figure 2). In the 400X magnification
images, vacuolization was observed in the liver sections of all
groups. Small amounts of inflammatory cells were present in
the CG and LG groups. In the MG group, inflammatory cells
infiltrate of liver lobules and dilated congested central vein
were observed. The same was more evident in the HG group.
Combined with the results of serum biochemical parameters, it
further demonstrates that perchlorate affects lipid accumulation
and lipid metabolism disorders in the liver in vivo, which may
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FIGURE 1 | Changes of body weights of the mice during the experiment (A), liver coefficient (B) (*P < 0.05, n = 6).

TABLE 1 | Levels of serum biochemistry parameters in mice from experiment and control groups.

Parameter CG LG MG HG

AST (U/L) 26.75 ± 4.50 26.00 ± 1.63 25.75 ± 1.89 28.75 ± 2.06

ALT (U/L) 11.00 ± 0.82 10.50 ± 2.08 11.00 ± 3.16 11.50 ± 1.73

MDA (nmol/mL) 4.94 ± 1.77 5.19 ± 0.98 5.96 ± 2.32 6.47 ± 1.10

TC (mmol/L) 1.19 ± 0.11a 1.284 ± 0.04a,b 1.42 ± 0.13b 1.464 ± 0.23b

TG (mmol/L) 0.12 ± 0.03a 0.12 ± 0.01a 0.20 ± 0.05a,b 0.17 ± 0.23b

HDL-c (mmol/L) 1.21 ± 0.10a 1.27 ± 0.04a,b 1.35 ± 0.12a,b 1.49 ± 0.25b

LDL-c (mmol/L) 0.17 ± 0.04 0.20 ± 0.04 0.25 ± 0.07 0.18 ± 0.03

Mean ± standard deviation values in the same row for each parameters followed by different letters are significantly different (p < 0.05).

FIGURE 2 | Histopathological analysis of liver (HE, 400×). (A) CG, (B) LG, (C) MG, and (D) HG.
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be associated with inflammation, obesity and other chronic
diseases (24–26).

Quantification of Liver Lipid Metabolites
To investigate the effect of perchlorate on hepatic lipid
metabolism in mice fed a high-fat diet, 34 common lipids
were selected as targets for quantitative. These included 4
phosphatidylglycerols (PG), 8 phosphatidylcholines (PC), 3
lyso-phosphatidylcholines (LPC), 2 phosphatidylethanolamines
(PE), 4 sphingolipids (SM) and 13 triglycerides (TAG).
All mice liver samples were subjected to UHPLC-MS/MS
analysis. Quantification of PGs, PCs, LPCs, PEs, SMs and
TAGs by D31-PG (16:0/18:1), D31-PC (16:0/18:1), D31-PE
(16:0/18:1), C17-sphinganine and D5-TAG (17:0/17:0/17:0),
respectively. The relative standards deviation values of peak
areas of lipids in all QC samples are required to be <10%.

The content of all lipids in the liver of C57BL/6J mice
is taken as a logarithm with a base of 10, as shown
in the Figure 3.

In phospholipids metabolism (Figure 3A), PG (16:0/16:0), PG
(16:0/18:2), PG (18:0/18:1), PC (2:0/15:1) and PC (18:0/14:0)
shown an increasing trend in the experimental groups with
dose-effect relationship. PC (18:0/14:0) in the LG group
was significantly decreased compared to the CG group (p
< 0.05), and PG (18:0/18:1) in the HG group was very
significantly elevated compared to the CG group (p < 0.01).
However, LPC (20:0/0:0), LPC (20:1/0:0), PC (3:0/16:0), PC
(6:0/13:1) and PE (20:3/15:0) formed a decreasing trend among
the experimental groups, and all of them were significantly
reduced in the HG groups compared to the CG group (p
< 0.01), with PC (3:0/16:0) and PE (20:3/15:0) showing
significance in all experimental groups and LPC (20:0/0:0)

FIGURE 3 | The content of phospholipids (A) and sphingolipids and triglyceride (B) in the liver of mice in high-dose group (HG), middle-dose group (MG), low-dose

group (LG) and control group (CG) (*P < 0.05, **P < 0.01, ***P < 0.001, compared with the control group, n = 6).
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showing significance in the MG group (p < 0.01). Moreover,
PC (18:1/14:1), PC (22:1/14:1) and PE (18:0/18:2) were
decreased in experimental groups compared to the CG group,
with the exception of PC (18:1/14:1) and PC (22:1/14:0) in
the MG group, which showed significant differences in all
groups (p < 0.05).

In sphingolipids and triglyceride metabolism (Figure 3B),
4 types of sphingolipids were lowered in the experimental
groups in comparison with the CG group, with significant
differences both in the HG group for SM (d18:1/16:0) and in
the LG and HG groups for SM (d15:3/24:0). This result could
indicate that the intake of perchlorate in high-fat dietary mice
may reduce sphingolipids. Another aspect is that all triglyceride
lipids showed an increasing trend in the experimental groups
except for TAG (18:0/18:1/18:4). Furthermore, in contrast to
the CG group, TAG (18:0/18:3/18:1), TAG (16:0/18:2/16:0),
TAG (18:0/18:2/18:2), TAG (18:1/18:3/18:1), TAG
(18:0/18:3/18:2), TAG (16:0/20:3/16:1), TAG (18:0/18:2/18:1),
TAG (16:1/18:0/18:1) and TAG (16:1/18:3/18:1) significantly
decreased in LG group, as well as TAG (16:0/18:2/18:3) in the LG
and MG groups.

PC and PE account for more than 50% of the total
phospholipid species in eukaryotic membranes and play
a major role in the structure and function of biological
membranes (27). PE is synthesized in vivo by methylation
to 1-methylphosphatidylethanolamine (PMME), which is then
methylated to produce dimethyl phosphatidylethanolamine
(PDME), and PDME is synthesized under the action of enzymes
to PC (28). The phospholipase PLA2 hydrolyzes PC to LPC, and
LPC and PC can be interconverted (29). It has been demonstrated
that PC mediates the promotion of cell proliferation, growth
and programmed cell death (30). LPC is a pro-inflammatory
mediator that promotes inflammation in acute injuries or chronic
diseases (31). One study found that high-fat diet-induced obesity
decreased LPC levels in the body (32), which is consistent
with the reduction of LPC levels with increasing perchlorate
levels in the present study, showing that perchlorate exacerbates
the symptoms of high-fat diet-induced obesity. PGs, a surface-
active lipid in vivo, showed an increasing trend in our study,
implying that the increased dose of perchlorate exposure may
promote the formation of phosphatidylglycerols. Triglycerides
are closely related to metabolic diseases such as atherosclerosis,
hyperlipidemia and obesity (33, 34). Most of the triglycerides
in the experiment showed significant changes reflecting that
the metabolic homeostasis of high-fat mice was disturbed by
perchlorate intake, with a dose-effect relationship.

Metabolite Screening
Hepatic lipid metabolism is influenced by multiple factors,
analysis of variable importance is carried out as a key step
in the profiling analysis of the effects of perchlorate on lipid
metabolism in mice fed a high-fat diet. To this end, the
study analyzed the differential metabolites by establishing the
OPLS-DA model. Different experimental groups were examined
in comparison with the control group, and differential lipid
metabolites were identified for VIP values > 1, statistically
significant P values < 0.05 and fold change > 1.2 or <0.8

(35). A total of 21 lipid metabolites were identified among the
experimental groups, including 10 types of phospholipids, 1
type of sphingolipid and 10 types of triglycerides. In addition,
11, 7 and 8 differential lipid metabolites were identified in
the LG, MG and HG groups, respectively (Table 2). Also,
TAG(16:0/18:2/18:3) and TAG(18:0/18:3/18:1) were selected in
both the LG and MG groups, and LPC(20:4/0:0), LPC(20:0/0:0)
and PC(3:0/16:0) were selected in both the MG and HG groups.
By the results, the differential lipid metabolites were primarily
phospholipids and triglycerides, as well as the lipids identified
were mostly different in the three experimental groups. It can be
inferred that perchlorate mainly affected phospholipid metabolic
pathway and triglyceride metabolic pathway, and that mice
may be more sensitive to perchlorate dose in long-term lipid
metabolism. It is noteworthy that in the above results total serum
triglycerides were significantly increased in the experimental
groups, which is consistent with other environmental pollutants
(e.g., perfluorinated compounds, BPA, PCBs, etc.) that affect
the lipid metabolism leading to fat accumulation (14), while
the identified triglycerides in the liver were down-regulated.
This may be due to the effect of high-fat diet on the liver
by perchlorate, which in turn reduces total lipid accumulation
in the liver by accordingly diminishing the hepatic triglyceride
concentration as a protection action (36). The mechanism of this
result deserve more work for further study.

TABLE 2 | Potential differential metabolites identified significantly different in liver

in each group.

Group Compound name VIP P-value FC Regulation

LG PC (18:1/14:1) 1.35 0.000 0.63 Down

PE (18:0/18:2) 1.31 0.000 0.74 Down

TAG (16:0/18:2/18:3) 1.30 0.000 0.60 Down

TAG (16:1/18:3/18:1) 1.27 0.000 0.58 Down

TAG (16:0/20:3/16:1) 1.24 0.002 0.63 Down

TAG (18:0/18:3/18:2) 1.20 0.004 0.74 Down

TAG (18:0/18:2/18:2) 1.17 0.014 0.76 Down

TAG (18:1/18:3/18:1) 1.16 0.002 0.70 Down

TAG (16:0/18:2/16:0) 1.16 0.001 0.57 Down

TAG (16:1/18:0/18:1) 1.09 0.015 0.71 Down

TAG (18:0/18:3/18:1) 1.07 0.005 0.71 Down

MG LPC (20:4/0:0) 1.60 0.000 0.62 Down

LPC (20:0/0:0) 1.58 0.000 0.74 Down

PC (3:0/16:0) 1.44 0.001 0.67 Down

TAG (16:0/18:2/18:3) 1.21 0.007 0.77 Down

PC (14:0/14:0) 1.18 0.005 0.60 Down

TAG (18:0/18:3/18:1) 1.15 0.035 0.79 Down

TAG (18:0/18:1/18:4) 1.11 0.006 0.78 Down

HG LPC (20:0/0:0) 1.60 0.000 0.54 Down

PE (20:3/15:0) 1.57 0.000 0.75 Down

PC (3:0/16:0) 1.54 0.000 0.39 Down

SM (d15:3/24:0) 1.44 0.000 0.77 Down

PG (18:0/18:1) 1.43 0.001 1.27 Up

LPC (20:1/0:0) 1.41 0.000 0.79 Down

PC (6:0/13:1) 1.29 0.001 0.59 Down

LPC (20:4/0:0) 1.20 0.000 0.74 Down
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FIGURE 4 | Pathway analysis of differential lipid metabolites in liver from the (A) LG group, (B) MG group, and (C) HG group.

Metabolic Pathway Analysis
Analysis of the key metabolic pathways included enrichment
analysis and topology analysis conducted by Metaboanalyst
5.0 program. Overrepresentation analysis and path topology
analysis were tested for hypergeometry and relative intermediacy,
respectively. The pathway database was selected from the
Rattus norvegicus (rat) in Metaboanalyst 5.0. The path impact
on the horizontal axis was the calculated impact value
from the path topology analysis, and the –log(p) on the
vertical axis was the negative logarithmic shift of the p-
value calculated in the path enrichment analysis (Figure 4).
The pathways analysis revealed a significant enrichment of
glycerophospholipid metabolism pathway in all LG, MG and
HG groups, suggesting that perchlorate affects the targets
of hepatic lipid metabolism in mice fed a high-diet mainly
by regulating glycerophospholipid metabolism. In addition,
there may be effects on the metabolic pathways such as
linoleic acid metabolism, alpha-linolenic acid metabolism,
arachidonic acid metabolism and glycosylphosphatidylinositol
(GPI)-anchor biosynthesis.

Glycerophospholipids are the most abundant phospholipids
in vivo and they regulate intracellular molecular signaling
pathways via hydrolysis by phospholipases and binding
to G protein-coupled receptors on biological membranes,
which in turn are involved in various processes such as
inflammation, immunity and tumor growth (37). In the
above findings, the different glycerophospholipids in the
experimental groups contributed higher values in the
multivariate analysis, and the changes in lipid metabolic
pathways in high-fat mice chronically under the influence of
diverse doses of perchlorate directed to the glycerophospholipid
metabolic pathway. The results suggest that the effect of
perchlorate on lipid metabolism in vivo is mainly in the
glycerophospholipid metabolic pathway and that the lipids in
the glycerophospholipid pathway regulated by perchlorate at
doses of 0.1 mg/kg bw, 1 mg/kg bw and 10 mg/kg bw per day
are different.

CONCLUSION

In summary, the study investigated lipid metabolism in high-fat
C57BL/6J mice chronically exposed to perchlorate. On the
basis of growth parameters, serum biochemical parameters,
histopathological examination and lipid quantification, long-
term perchlorate exposure exhibited effects on disorders of
serum and hepatic lipid metabolism and lipid accumulation
in the liver of mice. Taking advantage of targeted lipidomics,
it was found that perchlorate had a significant effect on
glycerophospholipid metabolic pathways in mice on a high-fat
diet. Investigators should consider the combined effects of
perchlorate on metabolic damage in vivo in the future. Other
small molecule metabolomics, proteomics, transcriptomics,
genomics and molecular biology techniques should be
applied to enhance the understanding of the toxicological
mechanisms of perchlorate. This study lays the foundation for
the identification of the effects of perchlorate on lipid metabolism
and metabolic pathways.
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