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Abstract

Objective  Di-(2-ethylhexyl) phthalate (DEHP) is a ubiquitous environmental contaminant. As an
endocrine disruptor, it seriously threatens human health and ecological environmental safety. This study
examines the impact of intervention with soybean isoflavones (SIF) on DEHP-induced toxicity using a
metabonomics approach.

Methods Rats were randomly divided into control (H), SIF-treated (A, 86 mg/kg body weight), DEHP-
treated (B, 68 mg/kg), and SIF plus DEHP-treated (D) groups. Rats were given SIF and DEHP daily through
diet and gavage, respectively. After 30 d of treatment, rat urine was tested using UPLC/MS with
multivariate analysis. Metabolic changes were also evaluated using biochemical assays.

Results Metabolomics analyses revealed that p-cresol glucuronide, methyl hippuric acid, N1-methyl-2-
pyridone-5-carboxamide, lysophosphatidycholine [18:2 (92, 12Z)] {lysoPC [18:2 (9Z, 12Z)]}, lysoPC (16:0),
xanthosine, undecanedioic acid, and N6-acetyl-I-lysine were present at significantly different levels in
control and treatment groups.

Conclusion SIF supplementation partially protects rats from DEHP-induced metabolic abnormalities by
regulating fatty acid metabolism, antioxidant defense system, amino acid metabolism, and is also
involved in the protection of mitochondria.
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INTRODUCTION

i-(2-ethylhexyl) phthalate (DEHP) has

D been widely used in plasticizers in the
manufacture of polyvinyl chloride (PVC)-

based products, including food packaging, flooring

and wall coverings, and children’s toys[l’zl. However,
DEHP is not stable and causes food, water, soil, and
ambient air poIIution[3’4] Additionally, people
inevitably come into contact with this chemical
through inhalation, skin contact, and, increasingly,
ingestion[s]. The impact of DEHP on human health
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has therefore attracted great attention from
investigators around the world.

In recent years, DEHP has been shown to be an
environmental endocrine disruptor, or endocrine
disrupting chemical (EDC), that can cause a variety of
adverse effects on the human body. In animal
studies, DEHP is obviously toxic towards endocrine
function, including the function of sex and thyroid
hormones, reproductive function,
neurodevelopment, immune system function, and
hepatocyte health and is a known carcinogen[s'gl.
DEHP is not only widely present in the environment,
but can also accumulate in the body. A previous
study detected the DEHP metabolite mono (2-
ethylhexyl) phthalate (MEHP) in urine samples from
individuals of all ages[gl. Reducing the toxic effects of

DEHP has therefore become a focus of
environmental health research.
Soybean isoflavones (SIFs) are secondary

metabolites formed during soybean growth and are
found in large quantities in soybeans and soy
products. They exhibit a variety of biological
activities and act as functional ingredients in
soybeans. Additionally, SIFs are structurally similar to
estrogen and therefore bind to estrogen receptors
and exhibit weak estrogenic activity. Recently, SIFs
have received lots of attention due to their potential
health benefits and their possible roles in the
prevention of certain endocrine disorders, including
osteoporosis, cardiovascular diseases, and cancer,
and their dramatic improvement of aging-related
parameters, Alzheimer’s disease symptoms, and
potential neuroprotective effect on human cortical
neurons >, It has been shown that the biological
functions of SIFs may be related to its antioxidant
and phytoestrogen activities™". As a selective
estrogen receptor modulator (SERM), SIFs could be
potential therapeutic agents for the treatment of
metabolic disorders and the prevention of obesity
and diabetes™". Additionally, SIFs have recently been
associated with low sperm counts in Asian and
American adults™ and have been shown to exhibit
beneficial effects on pituitary-ovarian function in
middle-aged female rats’"”. Moreover, in vitro
studies have revealed that SIFs can decrease oleic
acid-induced  lipid  accumulation via  anti-
inflammatory, antioxidant, and hypolipidemic
actions™. A recent study showed that isoflavone
therapies reduces adiposity and improve glucose and
lipid metabolism"™. However, these studies have
focused on the protective effects of SIF towards
certain diseases and tissue damage and on
organellar levels rather than biological levels the

body. A systemic approach is therefore necessary to
determine if SIF prevents DEHP-induced toxicity.
Metabolomics can guantitatively and
dynamically detect all metabolites in all biological
samples, and has become an emerging science due
to its specific analytical methods"””. Metabonomics
can produce a large amounts of metabolic data that
can give surprisingly detailed insights into changes in
metabolic processes in whole organisms[u]. Through
metabonomics-based  approaches, biochemical
changes in easily accessible biological fluids, such as
blood or wurine, are measured and used as
biomarkers of toxicity-related pathogenesis. In
addition, these biomarkers can be linked to known

biochemical pathways, and new biochemical
processes can be suggested or biochemical
processes involving toxic compounds can be

identified. Moreover, some biomarkers may be
indirect reflections of biochemical processes and
their impact can only be understood from the
perspective of the whole system, offering the
opportunity to identify metabolic pathways and
networks altered by different biological effects. In
previous studies, the combined toxicity of phthalates
and polychlorinated biphenyls (PCBs) was evaluated
using metabonomics, demonstrating that
metabonomics methods may be useful for studying
the toxicity of environmental endocrine disruptors
(EEDs)m]. Recently, the use of metabonomics has
been rapidly expanding and has become a useful
tool because of its considerable potential for many
applications[23].

Humans can be exposed to DEHP through
ingestion, inhalation, and skin contact throughout
their lives, which in turn affects endocrine,
reproductive, and developmental processesls]. The
toxicity of DEHP is influenced by several factors, such
as the nature of the DEHP sample, exposure levels,
and exposure times. SIF is a part of a typical diet and
binds to estrogen receptors and can acts as either an
estrogen receptor agonists or antagonistsml, and
may be metabolized through the same pathway as
DEHP. We speculate that dietary SIF may interfere
with DEHP toxicity at the metabolic level. Previous
studies have performed metabolomics-related
examinations of soy isoflavones and DEHP™®,
However, little is known regarding the metabolic
changes underlying the protective effects of SIFs
against DEHP toxicity. In this study, we aimed to
study the metabolic changes induced by exposure to
DEHP in rats and use metabolomics to study the
metabolic level effects underlying the protective
effects of SIF towards DEHP toxicity in the body.
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METHODS

Chemicals and Reagents

The reagents used in this study were DEHP
(Tokyo Chemical Industry Co., Tokyo, Japan), SIF
(93% pure, Xian Rongsheng Science and Technology,
Co. Ltd., Xian, China), HPLC grade formic acid (Beijing
Reagent Company, Beijing, China), HPLC grade
methanol and acetonitrile (Dikma Science and
Technology, Co. Ltd., Canada), leucine enkephalin
(Sigma-Aldrich, St. Louis, MO, USA), and filtered
distilled water (Millipore, Billerica, USA). The
detection kits were aspartate aminotransferase
(AST), alanine aminotransferase (ALT), creatinine
(CRE), blood urea nitrogen (BUN), serum total
cholesterol (TC), triglyceride (TG), high-density
lipoprotein (HDL), and blood glucose (GLU) (Nanjing
Jiancheng Bio-technology and Science Inc., Nanjing,
China).

Treatment of Animals

Thirty-two healthy female Wistar rats aged 4-6
weeks and weighing 60-80 g from Vital River
Laboratory Animal Technology Co. Ltd (Beijing,
China). They were studied in accordance with
guidelines from the Institute of Zoology Animal and
Medical Ethics Committee of Harbin Medical
University, in line with current Chinese legislation.
Rats were individually housed in stainless steel, wire-
mesh cages with a controlled temperature range of
20 to 24 °C, humidity of 50%-60% and a 12 h
light/dark cycle. Rats were given free access to AIN-
93 M diet and drinking water.

After adaptation for 7 d, rats were randomly
assigned into 4 groups (n = 8/group): the control
group (H), the SIF-treated group [A, oral SIF dose of
86 mg/(kg-day), according to our previous study], the
DEHP-treated group [B, oral DEHP dose of 68
mg/(kg-day) at roughly twice the no-observed-
adverse-effect levels (NOAEL)m]], the and SIF plus
DEHP-treated group (D). Animal age and treatment
duration were based on the recommendations of
EDSTAC (https://www.epa.gov/endocrine-disruption/
endocrine-disruptor-screening-and-testing-advisory-
committee-edstac-final). SIF was added to AIN-93M
rodent food and DEHP was given daily by gavage and
both continued to be administered for 30 d between
08:00 am and 10:00 am. Drinking water was given
throughout the study. The clinical parameters of rats
were recorded twice daily. Rats were weighed at the
end of each week and the daily diet consumption
recorded during the study (Supplementary Table S1,

available in www.besjournal.com).
Sample Processing

After 30 d, rats were sacrificed under sodium
pentobarbital anesthesia. Before the rats were
sacrificed, blood samples were obtained from the
abdominal aorta, and the blood was centrifuged at
3,000 rpm for 15 min to obtain serum, which was
immediately stored at -80 °C. Serum samples were
analyzed using an Autolab-PM4000 automated
biochemical analyzer (AMS Co., Rome, lItaly) to
detect AST, ALT, BUN, CRE, TC, TG, HDL, and GLU.
Adipose tissue samples obtained from each rat were
frozen in liquid nitrogen and stored at -80 °C until
use. Analysis of serum and fat samples was
performed by HPLC. The liver, kidney, pararenal fat,
and perirenal fat of rats were extracted and weighed
to calculate organ coefficients.

For metabonomics analysis, urine samples were
collected on ice packs for 24 h from rat metabolic
cages for 30 d. Urine samples were collected by
centrifugation (10,000 rpm, 10 min) and stored at
-80 °C until analysis. Prior to analysis, thawed urine
samples were diluted with distilled water at a ratio
of 1:3 (vol/vol) and vortexed for UPLC/MS analysis.

Chromatography

Chromatographic separation was performed
using a Waters ACQUITY UPLC BEH-C18 Reversed-
phase column (50 mm 4.6 mm i.d., 1.7 mm) (Waters
Corporation, Milford, MA, USA). Analytes were
eluted by a gradient method, which was performed
using ten column volumes with 0.1% formic acid in
water (mobile phase A) and 0.1% formic acid in
acetonitrile (mobile phase B). The gradient was
performed using an initial mobile phase B at 0%—2%
for 0.5 min, 2%-20% B for 4.5 min, 20%—35% B for
2 min, 35%—70% B for 1 min, 70%—98% B for 2 min,
98% B for 2 min, 98%—2% for B 2 min, and finally
2% B for 10 min and the flow rate was 0.35 mL/min.
Two pL aliquots of each sample were injected into a
column maintained at 35 °C. A wash cycle was
performed on the autosampler to eliminate the
carryover before each analysis and the eluent was
introduced to the MS system in split mode.

Mass Spectrometry

UPLC/Q-TOF-MS (Waters Corporation, Milford,
MA, USA) analysis was performed according to our
previously published method”® with a source
temperature of 100 °C, a cone gas flow of 50 L/h, a
desolvation gas temperature of 300 °C, a desolvation
gas flow of 650 L/h, a capillary voltage of 3.0 kV in
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the positive ion mode, and a capillary voltage of
2.8 kV in the negative ion mode with a cone voltage
of 35 V. A lock mass of leucine enkephalin for
accurate mass acquisition was analyzed by a lock
spray interface, and a flow rate of 10 uL/min [(M+
H) = 556.2771] used for positive ion modes. A
centroid mode was used from m/z 50 to 1,000 and a
lock spray frequency of 0.40 s with averaging over
ten scans (for corrections) were used to collect MS
data. Order effects in statistical analysis were
avoided using a randomized crossover design.
MS/MS spectra of potential biomarkers were
evaluated for reproducibility using partial least
squares discriminant analysis (PLS-DA) and
representative pooled quality control (QC) samples.

Metabolite Identification and Metabolic Pathway
Analysis

Peak finding, peak alignment, and for reporting
the mass, retention time, and intensity of the peaks
in each sample were calculated according to our
previously published method"”®. UPLC/Q-TOF-MS
data were processed using the MarkerLynx
Application Manager 4.1 SCN 714 (Waters
Corporation, Milford, MA, USA). Multivariate
statistical analysis via principal components analysis
(PCA) was performed using EZinfo 2.0 software. The
ions with the most inter-sample variation were
identified as biomarkers according to the Variable
Importance in the Projection (VIP) idea and their
exact masses. VIP values > 1.5 in the model were
combined with the conditional differential
calculation method of ANOVA to identify potential
biomarkers. To reveal the net treatment effects on
subjects to determine which ions have the greatest
effect on sample variance, powerful multi-variate
analysis via PCA and PLS-DA were performed by
EZinfo software.

To analyze relative intensities of the isotopic
peaks of the high-resolution MS spectra, a formula
for identifying potential biomarkers was first
identified based on accurate mass measurements
(mass error < 30 PPM). Second, the Mass Fragment
TM Application Manager (MassLynx v4.1, Waters
Corp., USA) was used to analyze MS/MS fragment
ions using a chemical intelligence peak matching
algorithm. Standard samples with known and
accurate masses were examined and MS spectra of
the unknowns matched with the MS spectra of these
standards obtained from various databases,
including the Human Metabolome Database (HMDB,
http://www.hmdb.ca), METLIN (http://metlin.
scripps.edu/), and MassBank (http://www.massbank.

jp/). This allowed for identification of potential
biomarkers. Finally, all biomarkers identified by MS
were verified by authentic chemical standards
analyzed using MS/MS and retention time (RT).

The relevant pathways for identified biomarkers
were determined using databases like HMDB (http://
www.hmdb.ca) and the Kyoto Gene and Genomic
Encyclopedia (KEGG, http://www.genome.jp/kegg/).
In addition, other pathways involving identified
biomarkers were identified using references.

Data Processing

The following parameters were established for
multivariate  statistical analysis using EZinfo
software: noise elimination level 10.00, Mass
window 0.02 Da, RT tolerance 0.01 min, and RT
window 0.2 min. The high and low mass ranges were
1,000 Da and 50 Da, respectively, and the initial and
final retention times were 0.5 min and 16 min,
respectively. The identified and aligned low
molecular weight metabolites correspond to
chromatographic peaks in base peak intensity (BPI)
chromatograms. The resulting 3D matrix containing
specified peak indices (RT-m/z pairs), the sample
name, and normalized ion strength of each peak
area was exported to EZINFO 2.0 to visualize the
score map and use PLS-DA to get the maximum VIP
value. Pareto-scaling was used to avoid chemical
noise prior to multivariate statistical analysis.

One-way ANOVA followed by LSD or Dunnett T3
was used for statistical analysis via SPSS (version
17.0; Beijing Stats Data Mining Co. Ltd, Beijing,
China). Data are presented as mean * standard
deviation (SD) and a two-tailed P value < 0.05 was
considered significant.

RESULTS

Measurement of Di-(2-ethylhexyl) Phthalate (DEHP)
Levels in an Animal Model

The daily food intake of group A and group B
were not significantly different from group H after
30 d (P > 0.05) (Supplementary Table S1). The
concentration of DEHP in serum and fat of group A
decreased, but was not significantly different
compared to group H (P > 0.05). The levels of DEHP
in serum and fat of group B and D were significantly
higher than those of group H (P < 0.05, Table 1).
However, the levels of DEHP in serum and fat of
group D were significantly lower compared to group
B (P < 0.05), indicating that SIF can reduce DEHP
levels in rat serum and fat.
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Body Weight Changes

The body weight (BW) of all rats in all groups
were recorded. Figure 1 showed that the BW slowly
increased in the first 2 weeks, then noticeably
increased in the last 2 weeks. However, there was no
significant difference in BW changes between the
experimental groups and the time-matched control
groups at each time point (P > 0.05).

Table 1. The influence of SIF on DEHP levels of in rat
fat and serum (means + SD, ug/g)

Groups DEHP in fat DEHP in serum
H 0.16 £ 0.07 0.21£0.12
A 0.14 £ 0.08 0.13+0.11
B 1.09 +0.31° 1.13 £0.64°
D 0.83 +0.28™ 0.87 +0.31°

Note. °P < 0.05 compared to group H. °P<0.05
compared to group B. DEHP, di-(2-ethylhexyl)

phthalate; SIF, soy isoflavones; SD, standard
deviation.
300
2001 ,%I'
20 e
% __/ o
1001 & - S|IF
- DEHP
SIF+DEHP
5 1 3 5 i wk

Administration time

Figure 1. Rat body weight (BW) at each time
point. Each data point represents mean *
standard deviation (SD). CG, control group; SIF,
group A; DEHP, group B; SIF+DEHP, group D.
DEHP. di-(2-ethylhexyl) phthalate; SIF, soy
isoflavones. wk, week.

Alterations of Biochemical Indices

Clinical parameters were measured in order to
evaluate the toxic effects of DEHP (Table 2). Serum
levels of ALT, AST, BUN, CRE, TC, TG, HDL, and GLU
were significantly higher in group B than group H at
4 weeks post- treatment (P < 0.05), respectively.
However, these parameters were significantly lower
in group D compared to group B 4 weeks post-
treatment (P < 0.05).

UPLC/Q-TOF-MS Fingerprinting and Multivariate
Analysis

All metabolic profiling of urine was performed in
both positive ionization modes to identify as many
compounds as possible (Figure 2). There were
certain significant metabolic changes between the
control and treatment groups as observed visually by
UPLC-MS in two different positive ionization modes.
Additionally, four unsupervised PCA and supervised
PLS-DA models were constructed to elucidate more
subtle metabolic changes and characterize their
metabolite feature. PCA was performed (scores plot
in Figure 3A), to identify metabolite changes of the
positive-ion mode ESI data. The data plots of
treatment groups showed limit overlap with the data
plot of the control group. PLS-DA analysis analyzes
measured variables and identifies correlations
between measured data with properties of interest.
Using the obtained PLS-DA score map as a positive
control (for the first seven components, RY = 0.958
and Q2 = 0.205, Figure 3B), the three treatment
groups and the control group formed four
independent clusters in the PLS-DA map of data from
4 weeks post-treatment. In order to evaluate the
potential errors of the current PLS-DA model, one
hundred permutation tests for PLS-DA were applied.
All R’Y and Q7 values on the left were lower than the
original points on the right (Figure 4), suggesting that
exposure results in changes in the urine metabolite

Table 2. Effects of SIF and DEHP on liver enzyme activities, kidney function, fatty acids levels,
and energy metabolism (means + SD, n = 8)

Groups ALT (U/L) AST (U/L) BUN (mmol/L) CRE (umol/L) TC(mmol/L) TG (mmol/L) HDL(mmol/L) GLU (mmol/L)
H 108.53+7.31  35.89£367 473+102 35154731 4.89+146 189+0.16 145%026 3.89+0.86
A 110.32+15.28° 37.28+8.15° 4.32+1.18° 4032+12.46 532+208 252+087 154+068  4.02%0.69"
B 140.32£10.18° 55.79+4.62° 7.51£0.56" 60.72+8.58" 6.89:0.36° 3.24+0.48 251:0.31° 7.89#0.33°
D 125.67 +6.42° 45384354 5244039 4542+596" 3.89+0096° 2.71+027° 1.89+0.86° 5.89+0.56"

Note. °P < 0.05 compared to group H. °P < 0.05 compared to group B. DEHP, di-(2-ethylhexyl) phthalate;
ALT, alanine aminotransferase; AST, aspartic transaminase; BUN, urea nitrogen; CRE, Creatinine; TC, Serum
total cholesterol; TG, Triglyceride; HDL, High-density lipoprotein; GLU, Blood glucose.
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composition of these rats.
Potential Biomarkers

We identified eight potential biomarkers based
on VIP parameters of loading plots and ANOVA. The
elemental composition of each biomarker was
determined by comparing their retention times and
MS/MS fragmentation patterns using Q-TOF MS/MS

A

and by searching HMDB. All biomarkers were

identified using MassFragment software
(Supplementary Figure S1, available in www.
besjournal.com) by accurate mass, isotope

distribution, and mass spectrometry patterns. Table 3
shows m/z, retention time, postulated identity, and
elemental composition of biomarkers. Their
chemical structure and mass fragment information
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Figure 2. A representative BPI chromatograms of urine in a positive mode in the control (A) and
treatment group (B) at week 4 using UPLC/ESI-Q-TOF/MS. BPI, base peak intensity.
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Figure 3. The PCA and PLS-DA 3D score plots of data from control and treatment groups derived from
UPLC/ESI-Q-TOF/MS analysis of urine in positive (A, B) ESI mode. Group A: red triangle or square; Group
B: green triangle or square; Group D: blue triangle or square; Group H (control group): black triangle or
square. ESI, electrospray ionization; MS, mass spectrometry; PCA, principal component analysis;
UPLC/ESI-Q-TOF/MS, ultra-performance liquid chromatography coupled with electrospray ionization
quadrupole time-of-flight mass spectrometry; PLS-DA, partial least squares-discriminant analysis.
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were identified based on collision energies (eV)
during this experiment (Supplementary Figure S1),
and the intensity values of these rat urine
metabolites at 4 weeks post-treatment are shown in
Table 4. Compared to the control group, treated
groups showed significant decreases in the intensity
of peaks corresponding to p-cresol glucuronide,
methyl hippuric acid, N1-methyl-2-pyridone-5-
carboxamide, or lysoPC [18:2 (92, 12Z)], but not
lysoPC (16:0). In contrast, treated groups showed
higher levels of xanthosine and undecanedioic acid
compared to control groups positive 30 d post-
treatment (P < 0.05).

DISCUSSION

In this study, we developed a rat model of
dietary DEHP toxicity. Urinary metabonomics of rats
exposed to dietary DEHP and SIF treatments were
characterized using UPLC/Q-TOF-MS. Eight principal
urinary metabolites were identified as contributors
to the clusters. Our previous studies of changes in
urinary metabolomics indicate that dietary DEHP
affects energy-related metabolism, liver and renal
function, fatty acid metabolism, amino acid
metabolism, and antioxidant system in rats”®. SIF
was used in this study to examine its potential

(PLS-DA): Validate model R?
Intercepts: R* = (0.0, 0.958), Q%> = (0.0, 0.205) EQ
1.01 4 4 A & & 4 &
0.94 ¥ - .
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064 = | | | _dda—-""ﬂ'_"
= e
0.5 H 5 e
o I | USRS
0.3 - -
j i g
0.2 cailll I
0.1 I
| ]
-0.0
-0.1 : ]
-0.21 .
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Figure 4. Permutation test result of the PLS-DA model in the ESI+. At the 30 days in the ESI+, R’ (0.0,
0.958), Q’ (0.0, 0.205). ESI, electrospray ionization; ESI+, positive (ES+) ESI mode.

Table 3. Potential biomarkers identified by UPLC/Q-TOF-MS in cation mode

Retention Measured m/z Calculated m/z  Mass error Elemental Postulated Scan vIP
time (min) ion (Da) ion (Da) (PPM) composition identity mode
5.87 285.0896 285.0974 27 Cy3H1607 p-Cresol glucuronide® + 1.4670
7.99 285.0833 285.0835 0 Cy9H15N4O¢ Xanthosine” + 7.8901
5.47 194.0827 194.0817 5 CyoH13NO; Methylhippuric acid” + 4.0240
10.38 496.3418 496.3403 3 Cy4HsoNO,P LysoPC (16:0)° + 5.4966
6.57 217.1473 217.1440 15 C11H500, Undecanedioic acid” + 1.3758
2.26 153.0699 153.0664 22 CHgN,0, Nl'M:;'r‘g'c;;‘;:’ig:S”e's' ¥ 2.6001
10.15 520.3411 520.3403 1 Cy6HsoNO;P LysoPC [18:2 (92, 122)]° + 4.0616
9.15 189.1245 189.1239 3 CgH1gN,03 N6-Acety|-L—Iysineb + 4.8213

Note. “Presents ions that were identified by comparison to the standards. ®Biomarkers identified by the
Human Metabolome Database (HMDB) and confirmed using exact mass data and MS fragmentation. DEHP, di-
(2-ethylhexyl) phthalate; UPLC/Q-TOF-MS, ultra-performance liquid chromatography coupled with quadrupole
time-of-flight tandem mass spectrometry; cPA, cyclic phosphatidic acid; VIP, variable importance in projection.
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protective effects against DEHP toxicity. Previous
studies on DEHP exposure and SIF have mainly
focused on humans'®***" and these studies have not
been able to elucidate the specific protective
mechanisms of SIF against DEHP toxicity. The use of
UPLC/Q-TOF-MS and multivariate analysis are thus
beneficial for urinary metabonomics research.

This experiment based on the PCA and PLS-DA
models  obtained from  UPLC/Q-TOF-MS/MS
metabolic analysis shows similar separation between
exposed groups and the control, indicating optimal
characterization of the treated urinary metabolite
profile. Systemic rat metabolic changes were
triggered by DEHP exposure. Our results also
indicate that metabonomics is a sufficiently sensitive
method for detecting the protective effects of SIF on
DEHP toxicity. Figure 5 shows that SIF reduces DEHP
toxicity. The biological relationships between the

potential biomarkers linked to DEHP-induced toxic
effects and the mechanism by which SIF inhibits such
toxicity are illustrated by five metabolic pathways
based on databases (HMDB and KEGG) and the
MetaboAnalyst 3.0 website.

The first pathway identified involves fatty acids
metabolism. One identified compound is ethyl
hippuric acid, which is an acyl glycine whose
detection in body fluids can be used to identify
conditions associated with mitochondrial fatty acid
beta-oxidation. Acylglycines are produced by the
action of glycine N-acyltransferase (EC 2.3.1.13),
which catalyzes the reaction of acyl-CoA with glycine
producing CoA and N-acylglycinem]. In the present
study, methyl hippuric acid levels significantly
decreased in group B (P < 0.05), indicating that fatty
acid metabolism was disturbed by DEHP. Methyl
hippuric acid is correlated with organic solvent

Table 4. Biomarkers detected in rat urine using positive ESI mode (mean +SD, n = 8)

Groups  Xanthosine glz;:ﬁ:isrmc::je Unde:i:\dedioic Nply:\i/;(:::; LysoPC (16:0) [ 18:;\’(5;2'?(:122)]Methzlzzppuric NG-;: :::ZI_L-
carboxamide
H 0.18£0.15 0.17+0.06  027%0.34 18.68%3.43 22.31+551 13.04%2.30 21.06+3.46  0.14+0.08
A 31.54+10.84° 0.79+028°  1.62+0.39° 12.95+4.42° 454+7.19° 090+1.49"° 7.58+295° 4.32+2.63"
B 0.36+0.14° 0.05%0.11° 079%0.13° 10.32+115 21.05+264 817+226" 13.21+2.10° 0.26+0.08
D 19.10+6.56 2.29+1.78° 044+008° 13.46+1.79° 13.92+546° 1.23+1.52° 18.29+1.91° 2.18+1.40°

Note. °P < 0.05 compared to group H. °P<0.01 compared to group H. ‘P <0.05 compared to group B. ‘p<

0.01 compared to group B. ESI: electrospray ionization.
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Figure 5. The altered pathways and toxic effects in response to DEHP and/or SIF treatment. Upwards and
downwards arrows represent increases or decreases, respectively, in metabolite levels in the DEHP-
exposed group compared to the control group; upwards dashed arrow or downwards dashed arrows
represent the significant increases or decreases in metabolite levels in the SIF plus DEHP-treated group
compared to the DEHP-treated group. DEHP, di-(2-ethylhexyl) phthalate; SIF, soy isoflavones.



Effect of soy isoflavones on metabonomics of rats exposed to DEHP 85

exposure levels of workers and is used as a
biomarker in occupational exposure studies to
monitor these industrial solvents™".

The markers of fat metabolism (TC, TG, and HDL)
were all significantly increased in group B compared
with the control group at 4 weeks post-treatment,
suggesting that DEHP exposure may lead to lipid
metabolism disorders (Table 2). LysoPC [18:2 (9Z,
127)] and lysoPC (16:0) are lysophospholipids (LyPs).
Lysophosphatidylcholines can  have different
combinations of fatty acids with different lengths
and attachments at C-1 position. In particular,
LysoPC [18:2 (9Z, 12Z)] and lysoPC (16:0) both have a
chain of linoleic acid at the C-1 position. Significant
amounts of plasma lysophosphatidylcholine are
formed by lecithin:cholesterol acyltransferase (LCAT)
enzymes secreted from the liver. This enzyme
catalyzes the transfer of the fatty acids at position
sn-2 of phosphatidylcholine to free cholesterol in
plasma, creating  cholesterol esters  and
lysophosphatidylcholine. Lysophospholipids act on
lysophospholipid receptors and play roles in lipid
signaling. LysoPC [18:2 (92, 12Z)] and lysoPC (16:0)
belong to the branched-chain fatty acid family and
are secreted from the liver mainly through the w-
oxidation pathway and play roles in lipid signaling.
Changes in intensities of methyl hippuric acid, lysoPC
[18:2 (92, 12Z)], and lysoPC (16:0) in group B thus
imply that DEHP can interrupt fatty acid metabolism
as well as mitochondria function. However, levels of
these metabolites in group D were significantly
different from those in group B, indicating that SIF
can improve defects in fatty acid metabolism caused
by DEHP. This result can be explained by the fact
that genistein ameliorates fat accumulation through
AMPK activation[azl, as well as lower hepatic
expression of fatty acid synthase and sterol
regulatory element-binding protein-1 but higher
expression of PPAR alpha, which has a prolonged
effect on hepatic lipid metabolism"”. The markers of
fat metabolism (TC, TG, and HDL) were all markedly
decreased in group D compared to group B at 4
weeks post-treatment (Table 2), also suggesting that
DEHP-induced lipid metabolism disorders were
alleviated by SIF. Additionally, alterations in the
relative weights of perirenal fat and palace fat
(Supplementary Table S1) support these results.

Around 14% of adults (OECD data from 2012)
and 20% of children 5-17 years old in Germany are
overweight or obese (OECD data from 2010). Obesity
is a major risk factor for cardiovascular diseases and
diabetes mellitus type Il. Many studies have shown a
link between environmental pollution or industrial

. . [33]
chemicals and so-called civilized diseases

Exposure to DEHP leads to increased lipolytic activity
and reduced transport of fatty acids into fat cells™.

The second pathway is involved in energy
metabolism. Undecanedioic acid is a dicarboxylic
acid that is usually rarely detected in serum because
it can be rapidly oxidized in peroxisomes then
transferred to mitochondria  for  further
degradation[35’36]. Levels of this metabolite markedly
decreased in group B, indicating peroxisomal
dysfunction and reduced B-oxidation. This result
indicates the effect of DEHP on B-oxidation of fatty
acids, consistent with previous studies””. The
accumulation of serum dicarboxylic acids can further
damage hepatocytes and mitochondria[asl, therefore
the change in undecanedioic acid levels in group B
indicate that DEHP can disrupt mitochondria and
liver function. The effect of DEHP on mitochondria is
complex. DEHP can inhibit mitochondrial B-oxidation
in rodent hepatocytes and thus diminish
mitochondrial respiration at the level of cytochrome
reductase through activating the nuclear receptor
peroxisome proliferator-activated receptor a-
independent mechanism"”.

Levels of undecanedioic acid in group D were
significantly different from those in group B (P <
0.05), indicating that SIF can ameliorate DEHP-
induced energy metabolism disorders and liver
damage. This result can be explained by the fact that
the short-term intake of SIF reduces liver steatosis
by reducing serum ALT and AST levels™. In addition,
levels of ALT and AST, which serve as markers of liver
function, were all largely decreased in group D
compared with group B at 4 weeks post-treatment
(Table 2), suggesting that SIF can alleviate DEHP-
induced liver dysfunction. Compared with group B,
the relative liver weight change in group D is lower,
further supporting the above results (Supplementary
Table S1).

The third pathway is involved in antioxidant
system. Xanthosine is a nucleoside derived from
xanthine and ribose. Some modified, especially
methylated, nucleosides derived from RNA
degradation are excreted at abnormal levels in the
urine of patients with malignant tumors and have
been proposed for use as tumor markers. In this
study, the intensity of xanthosine significantly
increased in group B compared to the control group
(P < 0.05), indicating that purine metabolism is
altered by DEHP. However, the intensity of this
metabolite significantly increased in group D
compared with group B (P < 0.05), which be
explained by the fact that SIF can inhibit oxidative
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stress caused by DEHP. The protective effect of SIF
on oxidative stress in LLC-PK1 cells'™” was further
confirmed by this study.

The fourth pathway is involved in amino acid
metabolism. N6-acetyl-I-lysine is an acetylated
amino acid, and the acetylation of specific lysine
residues in the N-terminal domains of core histones
. . . . 42 .
is a biochemical marker of active genes . In this
study, the levels of N6-acetyl-I-lysine were higher in
group B compared to the control group, indicating
that amino acid metabolism disorders were induced
by DEHP. DEHP significantly alters insulin signaling
molecules, glucose transporter 4 translocation-
associated proteins, and insulin-regulated
aminopeptidases, which may contribute to insulin
resistance, type 2 diabetes, and obesity[43]. However,
the intensity of N6-acetyl-I-lysine is significantly
increased in group D and may suggest that SIF can
improve amino acid metabolism that is disturbed by
DEHP.

The last pathway involves renal function of N-
methyl-2-pyridone-5-carboxamide (2PY), a coenzyme
that transmits electrons during many metabolic
reactions in cells. Nicotinamide adenine dinucleotide
(NAD) plays an irreplaceable role in glycolysis, the
tricarboxylic acid cycle, and the respiratory chain.
Metabolic intermediates attach hydrogens to NAD to
form NADH. NADH is then able to help synthesize
ATP with this hydrogen in the respiratory chain
through chemical infiltration coupling. Therefore,
2PY is closely with energy metabolism through
affecting mitochondrial oxidative pathways, as
confirmed in a previous study[M]. In addition,
increased serum 2PY concentrations are observed in
chronic renal failure (CRF) patients and accompanied
by the deterioration of kidney function and resulting
toxic effects, including the significant inhibition of
PARP-1[45], suggests that 2PY is a biomarker of kidney
function. This study shows that 2PY levels of group B
are significantly lower than those of the control
group (P < 0.01), indicating that DEHP can induce
physical metabolic disorders and renal insufficiency.
The increased serum levels of BUN and CRE in group
B also indicate kidney dysfunction (Table 2).
Additionally, the intensity of 2PY is significantly
lower in group D compared with group B (P < 0.05),
which may indicate that SIF can improve energy
metabolism and alleviate renal failure caused by
DEHP. In addition, some studies have confirmed that
changes in N-a-acetylarginine and 2PY are closely
related to fat metabolism and energy metabolism,
and are closely related to biomarkers of renal
function'.

P-cresol glucuronide (PCG) is produced primarily as
an end product of tyrosine metabolism by anaerobic
enterobacteria. Sulfation and glucuronidation of
tyrosine produce p-cresol sulfate, an important
metabolite, and p-cresol glucuronide during bacterial
passage through the colonic mucosa and liver. P-
cresyl glucuronide metabolized from p-cresol is
produced in the intestine from tyrosine by intestinal
bacteria®”. Higher levels of urinary p-cresol
glucuronide may therefore be indicators of changes
in microbiota homeostasis during inflammation”®’. In
patients with chronic kidney disease (CKD)-associated
uremia, the conjugation of p-cresol produces p-
toluenesulfonic acid (PCS) as the main metabolite
and PCG™. In this study, PCG levels in group D were
higher compared with group B (P < 0.05), which may
indicate a protective effect for SIF against kidney
failure by decreasing serum creatinine, serum
phosphorus, CRP, and proteinuria in pre-dialysis
patients[49]. In addition, at 4 weeks post-treatment,
renal dysfunction indicators (TC, TG, and HDL) in
group D were significantly lower than those in group
B (Table 2), indicating that SIF can alleviate renal
dysfunction induced by DEHP. Furthermore,
increases in relative renal weight change in group D
was lower compared to group B, further confirming
the above results (Supplementary Table S1).

To our knowledge, this study is the first urine-
metabonomics-based systems approach to explore
the effects of SIF on DEHP-induced toxicity. A low
dose of SIF exerts partial protective effects towards
DEHP-induced, including its effects on the
metabolism of fatty acids, energy, and amino acid,
the antioxidant defense system, and kidney function.
This study has two limitations, however, as there is
no biological mechanism that explains the
mechanism of the interaction between SIF and DEHP
and that gender differences were not addressed.
Further research based on serum metabolomics and
other omics techniques are necessary to address
these issue.
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Supplementary Table S1. Effects of S| and DEHP on the fundamental variables during the experiment

Group Daily food intakes Food utilization rate Liver/weight Kidney/weight Palace fat/weight Perirenal fat/weight
(g/d) (%) (8/100 g) (8/100 g) (g/100 g) (8/100 g)
H 16.28 + 1.03 26.2+4.3 2.83+0.38 0.77 +0.08 0.85+0.38 1.01+0.46
A 15.29 +0.76 259+2.1 2.72+£0.18° 0.73+0.04 0.49+0.15 0.48+0.15
B 16.34 + 0.68 259455 3.54+0.61° 0.83+0.06 0.97 +0.39 0.94+0.42
D 15.09 + 1.69 23.9+4.0 2.94+0.22° 0.78£0.07° 0.62 +0.37 0.64 +0.56

Note. Values are mean * SD; Group H [0 mg/(kg-day)]; Group A [86 mg/(kg-day)]; Group B
[68 mg/(kg-day)]; Group D [86 mg/(kg-day) + 68 mg/(kg-day)]. °Significantly different from group H at P < 0.05.
Significantly different from group B at P < 0.05. DEHP, di-(2-ethylhexyl) phthalate; SIF, soy isoflavones; SD,
standard deviation; ANOVA, analysis of variance.
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Supplementary Figure S1. Chemical structure and mass fragment information of potential urine

metabolites identified in this experiment with different collision energy (ev). In positive ion mode: (A) p-
Cresol glucuronide (15 ev); (B) the mass spectra of p-Cresol glucuronide from the authentic standard (20
ev); (C) Xanthosine (18 ev); (D) the mass spectra of Xanthosine from the authentic standard (15 ev); (E)
LysoPC [18:2 (9Z, 12Z)] (18 ev); (F) the mass spectra of LysoPC[18:2 (9Z, 12Z)] from the authentic
standard (20 ev); (G) LysoPC (16:0) (18 ev); (H) the mass spectra of LysoPC (16:0) from the authentic standard
(15 ev).



