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a b s t r a c t

Phthalate esters (PE), a significant class of organic compounds used in industry, can contaminate humans
and animals by entering water and food chains. Recent studies demonstrate the influence of PE on the
development and progression of heart diseases, particularly in obese people. Di-isobutyl phthalate (DIBP)
was administered orally to normal and diet-induced obese mice in this research to assess cardiovascular
risk. The modifications in the microbial composition and metabolites were examined using RNA
sequencing and mass spectrometry analysis. Based on the findings, lean group rodents were less sus-
ceptible to DIBP exposure than fat mice because of their cardiovascular systems. Histopathology ex-
aminations of mice fed a high-fat diet revealed lesions and plagues that suggested a cardiovascular risk.
In the chronic DIBP microbial remodeling metagenomics Faecalibaculum rodentiumwas the predominant
genera in obese mice. According to metabolomics data, arachidonic acid (AA) metabolism changes
caused by DIBP were linked to unfavorable cardiovascular events. Our research offers new un-
derstandings of the cardiovascular damage caused by DIBP exposure in obese people and raises the
possibility that arachidonic acid metabolism could be used as a regulator of the gut microbiota to avert
related diseases.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Phthalate esters (PE) are used in a wide variety of industrial
applications. PE was used in a wide variety of sectors depending on
their density. Due to their great tensile strength, high density PE is
used to make water pipelines, detergent bottles, garbage cans, and
milk bottles. Toys, adhesives, plastic bottles, containers, tubes, and
bulletproof materials are all made with ultra-high-density PE. They
are also employed for prosthetic joints and implants in hip and
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ative Medicine. Production and ho
knee surgery due to their strong chemical resistance. Grocery bags,
cables, wrapping paper, saran wrap, home goods, and squeeze
bottles are all made of low-density PE. DIBP is a crucial PE
component found in products including nail polish, lubricants,
beauty products, paints, inks, and lacquers. They are added as
softeners to provide flexibility [1]. Because the phthalate esters are
not covalently attached to the products they are used in, they can
leach into the environment. Di-isobutyl phthalate (DIBP) is a
chemical that belongs to the phthalate ester class and is generally
not toxic, but high exposure levels can have dangerous health ef-
fects. DBP (Dibutyl phthalate) and DIBP both have detrimental ef-
fects on the developing male genital system [2]. DIBP is ubiquitous
in a number of environmental matrices, including sediment, water,
and air. It is known that some aquatic species bioaccumulate DIBP.
But the likely effects of DIBP on obese people need to be further
understood.

According to studies on mammals, PE can cause a variety of
fertility issues in males, including abnormalities in reproductive
development, steroid hormone imbalances, developmental
toxicity, systemic inflammation, testicular lesions, and infertility
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Table 1
Composition of Normal (ND) and High-fat diet (HFD) of mice.

Nutrients %/100g Nutrients %/100g

Carbohydrate 43 Carbohydrate 48.8
Protein 17 Protein 21
Fat 40 Fat 3

Ingredients g/100g Calcium 0.8

Powdered rat feed 68 Phosphorous 0.4
Maize oil 6 Fibre 5
Ghee 6 Moisture 13
Milk powder 20 Ash 8
Total energy (kcal/100g) 414 Total energy (kcal/100g) 306.2
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[3,4]. In Caenorhabditis elegans, phthalate esters are known to have
neurotoxic effects [5]. Phthalate esters reduce heart rate in goldfish.

DBP and DIBP exposure in zebrafish disrupts spermatogenesis
and causes toxic effects on male reproduction [6]. Free radicals,
malondialdehyde, and 8-hydroxydeoxyguanosine were all increased
in Eisenia fetida after subjection to DIBP. Additionally, it activated
glutathione S-transferase activity and inhibited superoxide dismut-
ase, catalase, and peroxidase [7]. Phthalates are primarily to blame
for testicular dysfunction, ovarian toxicity, and a decrease in ste-
roidogenesis in both humans and animals [8]. At themolecular level,
there have been reports of potential reproductive toxicity [9]. In F1
larvae, disruption of molecular functions included binding of
unfolded proteins, binding of E-boxes, and photoreceptor activity
[10]. Comparison of the in vitro cytotoxicity of dibutyl phthalate and
diisobutyl phthalate were done on skin and lung origin cells
[11,12,28e30]. PE induces an increase in WBC count in the blood. PE
raises weight and lowers zinc levels in the liver. PE, also known as
endocrine disruptors, results in human spermatogenesis suppression
and raised testosterone levels. Human colorectal cancer Caco-2 and
HT-29 cell in vitro studies of PE revealed enhanced ROS generation in
mitochondria through the destruction of DNA. In streptozotocin
induced diabetic rats a sesquiterpene trilactone compound called
bilobalide lowers blood glucose and increases the retina thickness by
decreasing the oxidative stress [13]. Higher levels of pro-
inflammatory secretions by PE raise the risk of cancer. PE exacer-
bated genomic instability in human peripheral blood cells even at
low concentrations. Additionally, there was more evidence of
increased micronucleation in the PE treated cells. PE slows down the
growth process in endothelial progenitor cells and bone marrow.
Furthermore, PE alters immune function and causes autoimmune
diseases. PE poisoning is most frequently accompanied by IBS, or
inflammatory bowel syndrome. Neurotransmitters in the brain are
harmed by PE, which also raises the possibility of neoplasia. The gut
microbiota improves the immunity of the host and gut dysbiosis
leads to various ageing and longevity related problems [14]. Last but
not least, prolonged exposure to PE results in organmalfunction and
inflammation [15e17].

Epidemiological and experimental data on DIBP's effects on
cardiovascular health are lacking, but given its rising environ-
mental concentration and clear toxicity, it is urgent to learn more
about the toxin's effects and how it contributes to cardiovascular
diseases, particularly in vulnerable populations.

Gut remodeling is one of the powerful techniques to analyze the
changes in the intestinal flora according to the toxin exposure. The
entire bacterial flora changes indicate the exact changes and path-
ways involved in the exposure of the toxin. Small molecules known
as metabolites are created throughout the metabolic process. Me-
tabolites can be either the final or intermediate molecule in a pro-
cess. These tiny compounds make it possible to analyze
metabolomics with high throughput. In order to diagnose bio-
markers, it is helpful to understand the molecular mechanisms un-
derlying the process through the identification and changes in the
metabolites. The research aids in identifying the ideal therapeutic
target for any diseases or toxicities. Environmental toxicants have
been the subject of numerous metabolomics research. Using the
metabolomics investigation, the impacts of environmental toxicants
were examined on a number of model species [18,19]. In this work,
gut microbiota modeling caused by DIBP toxicity and associated
metabolites were investigated. Using amicemodel, the alterations in
the arachidonic acid system were examined, along with their rela-
tionship to cardiovascular disorders. Arachidonic acid (AA) pathway
lipid metabolism and immunity were linked to various cardiovas-
cular diseases. It also shows link with obesity and fatty liver diseases.
The majority of body cells' cell membranes contain arachidonic acid,
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a polyunsaturated fatty acid that is covalently bonded in an esterified
state. After an injury or irritation, arachidonic acid is liberated and
oxygenated by enzyme systems, which results in the production of
eicosanoids, a significant class of inflammatory mediators. The
work's potential applications include figuring out howorgan damage
and metabolites relate to biomarkers.

In order to study the cardiotoxicity of DIBP on obese and normal
individuals, an experimental mice model was developed. Then, 16S
rRNA gene sequencing and untargeted metabolomics analysis were
used to investigate the gut microflora profile and metabolic ho-
meostasis. Metagenomics and metabolomics analysis were per-
formed to screen potential bacteria and metabolic pathways. The
results were then in vitro validated. Here in this study the toxicity of
DIBP related to cardiovascular diseases are studied in mice along
with its gut modelling and metabolomics.

2. Materials and methods

2.1. Chemicals

DIBP (CAS#84-69-5) (Sigma-Merck), DL-4-chlorophenyl alanine
(CAS#7424-00-2) (SigmaeAldrich), 1-[bis(dimethylamino)methy-
lene]- 1H-1,2,3-triazolo [4,5-b] pyridinium 3-oxide hexafluor-
ophosphate (HATU) (CAS#148893-10-1) (SigmaeAldrich),
Triethylamine (TEA, HPLC Grade) (CAS#121-44-8) (Sigma-
eAldrich), 1-hydroxy benzotriazole hydrate (HOBt) (CAS#123333-
53-9) (SigmaeAldrich) and Cholamine chloride hydrochloride
(CAS#3399-67-5) (SigmaeAldrich). Polyunsaturated fatty acids
(PUFAs) mixed standards were purchased from Universal Bi-
ologicals (Cambridge, UK).

2.2. Animals and DIBP exposure

Eighty male C57BL/6 mice were purchased from the Experi-
mental Animal Center of Guangzhou University of Chinese Medi-
cine. Eight to tenweeks old mice were taken for the study. All mice
after acclimatization were split into different groups of 30 mice
each. High-fat diet (HFD) was given to create obese model to weigh
more than the normal ones and normal diet (ND) was given to
others [20] (Table 1). DIBP was dissolved in sodium carboxymeth-
ylcellulose (CMC-Na) (0.3%) (CAS#9004-32-4) (SigmaeAldrich, St.
Louis, MO, USA) at a concentration of 300 mg per kg (low), 500 mg
per kg (medium), and 1000mg per kg (high). The normal and obese
groups were further divided into four sub-groups. One sub-group
was control (0.3% CMC-Na) (oral gavage) (ND-C/HFD-C group),
and the remaining groups were low (ND-L/HFD-L), medium (ND-
M/HFD-M) and high (ND-H/HFD-H) DIBP concentrations for 10
weeks as mentioned earlier. Mice were euthanized by isoflurane
and the Institutional Animal Care and Use Committee (IACUC)
protocols were followed for the animals.

https://www.sigmaaldrich.com/IN/en/search/9004-32-4?focus=products&amp;page=1&amp;perpage=30&amp;sort=relevance&amp;term=9004-32-4&amp;type=cas_number
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2.3. Assessment of heart rate, glucose, lipids, and cytokine levels

Blood was drawn from the mice after a 14-hour fast, and fasting
blood glucose levels were assessed using a blood glucose meter
(ACCU-CHEK Performa, Roche, Switzerland). The mice's heart rates
were continuously recorded using a MiniTR (Nanjing, China)
monitor. Weekly urine and stool samples were taken, along with
measurements of body weight. Following ten weeks of treatment,
all mice were killed, and blood and tissue samples were taken. To
obtain the supernatants for biochemical analysis, mice blood
samples were centrifuged at 3500 rpm for 15 min at 4 �C. Using
Total cholesterol (TC), triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C),
and free fatty acids (FFA) kits (Rongsheng Biological Co., Ltd., China)
the serum lipids level were determined.

The murine ventricular function was using a Vevo 3100 ultra
high-resolution ultrasound imaging (Fujifilm Limited, Toronto, Can-
ada). The extent of murine heart injury was assessed using the
doppler images. IL-1b, 6, and TNF-a levels were assessed using ELISA
kits (Wuhan Huamei Biotechnology) under the manufacturer's rec-
ommendations. Reactive oxygen species (ROS) were measured using
a ROS assay kit from the Beyotime Institute of Biotechnology in
China. Following the method from Chen K et al. [21], plasma TMAO
levels Cui A [22] were examined using liquid chromatography
coupled with triple-quadrupole mass spectrometry.
2.4. Heart tissue hematoxylin and eosin and masson staining

The heart was excised into segments that were 5 mm long and
fixed in paraffin after being fixed in the Bouin solution (4% para-
formaldehyde) (Sigma-Merck). After that, the cells were stained
following industry protocol using hematoxylin and eosin
(SBT10001; Sunteambio Biotechnology, Shanghai, China) and a
masson dye solution set (Servicebio).
2.5. Profiling of gut microbiota

Using a ZR fecal DNA kit (D6010; Zymo Research Corp., Orange,
CA), fecal DNA was extracted from about 50 mg of feces using
mechanical lysis of the cells and silica column purification. To
remove humic acids and polyphenols a double step of pre-washing
and washes was performed. DNA concentration was determined
using QuantiFluor's dsDNA System (Promega, Madison, WI) and
1 mg of DNA was taken for microbial profiling. Using degenerate
primers 338F (50-ACTCCTACGGGAGGCAGCAG-30) and 806R (50-
GGACTACHVGGGTWTCTAAT-30) and a PCR thermocycler 9700(ABI,
CA, USA), amplicons of the 16S rRNAV3eV4 region were produced.
The paired-end sequencing was done using the Illumina platform
NexSeq 550 series (Illumina, USA). In a metagenomic sequencing
analysis, DNA fragments with an average size of 400 bp were ob-
tained using the Covaris M220 (Gene Company Limited, China), and
a paired-end library was then constructed using NEXTflexTM Rapid
DNA-Seq (Bioo Scientific, Austin, TX, USA). The constructed 16S
metagenomic libraries were purified using AxyPrep Mag PCR
Clean-up kit. Using a Bioanalyzer 2100 usi DNA 7500 chips (Agilent
Technologies, USA), library quality control was done. USEARCH was
utilized to quality filter the raw sequences and UPARSE was utilized
to cluster the unique sequences (OTU) at 97% similarity. RDP Clas-
sifier (version 2.2) was used to compare the taxonomy of each OTU
representative sequence to the 16S rRNA database using a confi-
dence threshold of 0.7.
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2.6. Untargeted metabolite profiling

Fecal samples were weighted and combined with an extraction
solvent (acetone: ethanol: water ¼ 2:2:1) after being freeze-dried.
As the internal standard, 4-chlorophenyl alanine was utilized. After
homogenizing the samples, theywere submerged three times in ice
and centrifuged. The centrifuged liquid was dried in a nitrogen
dryer and again redissolved in ethanolewater (1:1). Using meth-
anol and dichloromethane (3:1), the precipitate was extracted.
Equal volumes of all collected supernatants were made as quality
control (QC) samples.

The extracts were separated on an XB-C18 column (Phenom-
enex Kenetix 2.6 mm, Torrance, CA, USA), and the untargeted
metabolomics were performed using ultra-high performance liquid
chromatography with quadrupole time-of-flight mass spectrom-
etry (UPLC-Q-TOF-MS)equipped with a shimadzu-30A LC system
(Shimadzu, Kyoto, Japan) Triple TOF™5600þ mass spectrometry
equipped with electro spray ionization (ESI) (AB Sciex, USA). In
contrast to mobile phase B, which was acetonitrile, mobile phase A
for chromatography is composed of 0.1% formic acid in water for
positive mode and 5 mM ammonium acetate in water for negative
mode. The gradient began at 1% B and in 25 min rose to 100% B.

The drying gas and sheath gas temperatures were set at 300 �C
and 375 �C, respectively. The voltage of the fragmentor was set at
150 V, and the nebulizer pressure was set at 35 psig. The column's
temperature was maintained at 45 �C. The injection volume was
10 mL, and the flow rate was 0.3 mL/min. High-purity nitrogen was
used at constant flow rates of 8 L/min and 12 L/min, respectively, as
a drying gas and sheath gas.

2.7. Targeted analysis of arachidonic acid metabolism

The derivatization method was utilized to analyze the targeted
metabolomics of arachidonic acid metabolism. A 1.5 mL tube was
filled with the internal standard solution containing prostaglandin
D2-d4 and dried under N2. The frozen ethanol/water (4:1) mixture
was added along with the fecal sample, and the mixture was then
homogenized for 2 min. The supernatant was obtained following a
5-min incubation period on ice and a 5-min centrifugation at
13,500 rpm. The precipitate was removed in the similar manner.
Both the supernatants were dried in a nitrogen dryer and taken for
derivatization.

2.8. Arachidonic acid degradation by Faecalibaculum rodentium

F. rodentium anaerobic bacteria were acquired from the RIKEN
BioResource Research Center (Tsukuba, Ibaraki, Japan) and inocu-
lated inmodified PYGmediumat 120 rpm for 1e2 days at 37 �C. The
PYG medium was spun at 1500 g for 10 min, they were washed in
0.9% NaCl. Using an AnaeroPack (ThermoScientific, Massachusetts,
USA), the reaction blend (0.1 M phosphate buffer (pH 7.2) and 0.2/
0.4/1 mg/mL arachidonic acid) was thoroughly mixed with the
obtained species in an anaerobic system. 50 mL of the centrifuged
sample was mixed with equal proportion of cold ethyl acetate and
isopropanol, then centrifuged once more for 5 min at 13,000 rpm.
Targeted metabolomics-like derivatization techniques were
employed for analysis.

2.9. Statistical evaluation

Unpaired t-test was employed to find the statistical difference.
Results were interpreted as 95% confidence mean intervals.
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Standard deviation (SD) was used for in vitro experiments, non-
targeted metabolomics, and arachidonic acid metabolism. NDA
(Normal Discriminant Analysis) was employed to differentiate
groups. By using Spearman's correlation tests, correlation analyses
were evaluated.

3. Results

3.1. Assessment of heart rate, glucose, lipids, and pro-inflammatory
cytokines

After the DIBP exposure period, the heart rateswere lower in the
HFD-H group (Fig. 1A). In ND rodents, there were no discernible
variations between the control and treated groups. As explained by
the temporal analysis (Fig. 1B), the heart rate increased in the initial
four weeks, and decreased from the fifth week(0.95-fold, p < 0.05)
Fig. 1. Effects of DIBP exposure on cardiovascular health (A) Heart rate (B) Heart rate from 0
indicators (F) Inflammation factors (G) TMAO level. Values are mean with a 95 % confidenc
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to tenth week(0.92-fold, p < 0.001). The blood sugar levels of the
DIBP treatment groups were higher (Fig. 1C). Consequently, it raises
the chance of developing prediabetes. As seen in Fig. 1D, the HFD-H
group had significantly lower levels of high-density lipoprotein
cholesterol (HDL-C) (2.395 ± 0.395 mM, p < 0.01) and elevated TC
and TG are 1.465 ± 0.405 mM, p < 0.05 and 5.355 ± 0.705 mM,
p < 0.001 respectively. Obese mice individuals had elevated in-
flammatory factors (IL-1b, IL-6, and TNF-a) levels than the ND
group, and it appeared that DIBP had an impact on these levels
(Fig. 1F). Mice fed DIBP for 10 weeks showed noticeably higher
plasma TMAO levels than control mice fed DIBP-free food (Fig. 1G).

Heart oxidative stress was looked at consecutively to further
investigate the negative effects of DIBP. The DCF fluorescence assay
was utilized to gauge the cardiac ROS level by DIBP in mice. The
result shows a definite rise in ROS levels in rodents fed DIBP, while
control rodents not given DIBP showed no appreciable differences.
to 10 weeks (C) Blood glucose level (D) TC, TG, HDL-C and LDL-C levels (E) Ultrasound
e interval of ten mice.
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The mice's heart was examined using ultrasound technology, and
the HFD-H group had lower ejection fraction (EF) and fractional
shortening (FS) values than the HFD-C group (Fig. 1E).

It was evident that the high level of DIBP caused an influx of
inflammatory cells, which further supported the induction of
inflammation and severe fibrosis in obese mice. DIBP also induced
coronary heart disease (CHD) in treated mice and sudden death.
The inflammation, fibrosis and coronary heart disease were
demonstrated by H&E and Masson staining (Fig. 2A and B).

3.2. Profiling of gut microflora

The fecal pellets from 10-week DIBP exposed mice were
analyzed by 16s rRNA sequencing for gut microbial remodeling. The
Venn diagram in Fig. 3A showed 83% OTU overlap between the
control and treated groups, and there were 38 and 29 endemic
species respectively. The interpretation of principal component
Fig. 2. a. H&E and Masson-stained heart sections (A&E) ND-C, (B&F) ND-H, (C&G) HFD-C, (
(coronary heart disease) group, C1 & C2 e Intraplague bleeding, rupture and death group
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analysis (PCA) separated the control and treated obese groups with
reference to their gut microbial signatures. When compared to the
control group, DIBP increased the ratio of Helicobacter, Lachno-
spiraceae, and Dubosiella while significantly reducing the ratio of
Coriobacteriaceae and Mucispirillum(Fig. 3B).

The top genera according to the results of the NDAwas the genus
Faecalibaculum (Erysipelotrichaceae). By demonstrating a rise in
lipid levels, an increase in inflammatory markers, a drop-in heart
rate Faecalibaculumhasbeen found tohave the strongest association
with an increased risk of cardiovascular disease among gut bacteria.
The abundance of F. rodentium in the HFD mice was a strong indi-
cator of DIBP-induced gut microbial remodeling (Fig. 3C).

The phylum Firmicutes (Faecalibaculum, Lactobacillus, and Rom-
boutsia) became more abundant in DIBP exposure. In our study, it
was discovered that Faecalibaculum elevates the lipids level and
inflammatory factors and suppresses the heart rate of the obese
mice. The aforementioned data represents that regardless of the
D&H) HFD-H. b. Microscopic changes in coronary atherosclerosis. A1-control, B1- CHD
(HE staining, scale bar ¼ 1 mm).



Fig. 2. (continued).
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exact process is still unknown, we hypothesize that prolonged DIBP
exposure and F. rodentium abundance due to gut remodeling will
definitely increase the risk of heart related disorders in obese mice.

3.3. Untargeted metabolomics

UPLC-Q-TOF-MS was utilized to analyze the feces of the DIBP
and non-DIBP groups. The feces samples showed 60 (55 up-
regulated and 5 down-regulated) metabolites and 100 (62 up-
regulated and 38 down-regulated) lipids. Additionally, we used
partial least squares discrimination analysis (PLS-DA) to confirm
that DIBP exposure changed the metabolites of the gut microbiota.
Both the HFD-H and HFD-C groups displayed a unique metabolites
and lipids patterns, as shown in Fig. 4. To avoid model overfitting in
the various modes, the PLS-DA model's predictive abilities were
assessed using a permutation test and seven-fold cross-validation.
The determined metabolites revealed a connection with 26 path-
ways using the KEGG database. DIBP significantly impacted few
pathways, including arachidonic acid, purine, butanoate, unsatu-
rated fatty acid biosynthesis, arginine biosynthesis and linoleic
acid. Arachidonic acid remained top among all the pathways. The
overall metabolome of feces changes due to DIBP exposure showed
that the arachidonic acid metabolism disruption results in those
changes.
Fig. 3. Relative abundance and composition of gut bacteria in DIBP exposed obese mice (A)
linear discriminative analysis (LDA) score (C) Abundance of F. rodentium. Data are presente
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3.4. Targeted analysis of arachidonic acid metabolism

Cyclooxygenase (COX) (Prostaglandin G/H Synthase (PGHS))
enzyme converts arachidonic acid into prostaglandin H2 and pros-
taglandin G2 which serve as substrates for numerous downstream
enzymes to produce prostaglandins (prostaglandin F2, prostaglandin
E2, Prostaglandin I2, and thromboxane. These downstream metab-
olites were elevated in the prior untargeted study. But the leuko-
triene B4 was increased in the HFD-H group. Moreover, it was
discovered that the availability of 5- lipoxygenase enzyme products
had increased in the cytochrome P450 (CYP) pathway and the
epoxyeicosatrienoic acids (5, 6- epoxyeicosatrienoic acids, 14, 15-
epoxyeicosatrienoic acids) were down-regulated (Fig. 5). According
to the correlation analysis leukotriene B4, 5-hydroxyeicosatetraenoic
acids (5- hydroxyeicosatetraenoic acids), 11- hydroxyeicosate-
traenoic acids, and 12- hydroxyeicosatetraenoic acids metabolites of
lipoxygenase were positively correlated with Faecalibaculum,
whereas epoxyeicosatrienoic acids (5, 6- epoxyeicosatrienoic acids,
14, and 15- epoxyeicosatrienoic acids) were negatively associated
with Faecalibaculum. Prostaglandin I2 and Thromboxane A2 are
primary prostanoids and functional cyclooxygenase pathway an-
tagonists. The higher amounts of DIBP-induced leukotriene B4 and 5-
hydroxyeicosatetraenoic acids showed a negative influence on car-
diac function. Importantly, the metabolomics analysis revealed an
Venn diagram (B) Top 13 distinct bacterial genera identified by LEfSe analysis of their
d as mean with a 95 % confidence interval for n ¼ 10.



Fig. 4. Untargeted metabolomics profile of gut microbiota (AeD) PLS-DA score plots of fecal sample extracts: metabolomics analysis (A) positive ionization mode and (B) negative
ionization mode; lipidomics analysis (C) positive ionization mode and (D) negative ionization mode (E) Pathway analysis of the significantly changed metabolites in the fecal sample
metabolome and lipidome conducted using MetaboAnalyst.

Fig. 5. Comparison of the concentrations of arachidonic acid and metabolites after DIBP exposure (A) arachidonic acid (BeD) COX pathway (EeI) LOX pathway and (JeK) CYP
pathway. Data are presented as mean ± SD for n ¼ 6.
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Fig. 6. F. rodentium modulated arachidonic acid metabolite levels (A&B) COX pathway (C) LOX pathway (DeE) CYP pathway. Blue columns, control groups (AA); Red columns,
F. rodentium groups with AA. Data are presented as mean ± SD for n ¼ 6.
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increased detection of epoxyeicosatrienoic acids metabolites dihy-
droxyeicosatetraenoic acids.

3.5. In vitroF. rodentium arachidonic acid degradation

A different concentration of arachidonic acid (0.1, 0.5, or 1.0 mg/
mL) substrate was included in F. Rodentium growth medium and
maintained in an anaerobic environment. The proportion of
thromboxane B2 and 6-keto-prostaglandin F1a, which are de-
rivatives of Prostaglandin I2, were observed to be lower in the 0.1 or
0.5 mg/mL arachidonic acid groups compared to the control groups,
but the thromboxane B2 decreased with increasing arachidonic
acid dose. The only metabolite in the lipoxygenase pathway that
was impacted by F. rodentium was leukotriene B4, and its abun-
dance trend matched that of thromboxane B2. By including 1 mg/
mL arachidonic acid the availability of 5, 6- epoxyeicosatrienoic
acids, and 14,15- epoxyeicosatrienoic acids in the CYP pathwaywas
significantly reduced (p < 0.05 and p < 0.01) (Fig. 6). Arachidonic
acid was dissolved in either potassium phosphate buffer or ultra-
pure water to check for spontaneous degradation since the
mentioned metabolites were also in the untreated samples.
Although arachidonic acid spontaneously degrades itself the visible
differences in the metabolites suggests the relationship between
F. rodentium and arachidonic acid. The change in the metabolic
process and variations in the reaction environment prevents the
identification of F. rodentiummechanism in the in vitro experiment.

4. Discussion

PE exposure has the probability to cause or worsen cardiovas-
cular disease, being a health concern. By analyzing heart rate, heart
tissue staining, blood glucose, plasma TMAO, and lipid profile in
this study, we proved the DIBP impact on the obese mice heart
tissues.

Phthalate esters (PEs), an organic pollutant, are frequently
added in the manufacturing of plastics used to package food, cos-
metics, and building materials [23]. PEs has non-covalent bonding
and physicochemical characteristics and they can slowly exude
from products and enter the environment [24]. The two most
common PEs DBP and DIBP are ubiquitous in our environment like
water and soil [25]. According to Kismali G [26], Tseng IL [5], and
Sree CG [8], phthalates cause cancer, obesity, endocrine disorders,
neuro cytotoxicity, and heart diseases.

The cytotoxic effects of phthalate metabolites on the lungs,
kidneys, liver, and skin are also correlated to heart problems, cor-
onary plagues, and hypertension [27,31]. Raised amounts of hs-CRP,
fibrinogen, and D-dimer among individuals with congenital heart
disease showed an atherothrombotic vulnerability correlated with
exposure to bis (2-ethylhexyl) phthalate (DEHP) [32]. Heart rate is
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an alarming sign of total heart disease concern. The heart rate of
HFD-H mice was lower than the HFD-C group, but no difference
was seen in ND groups. Phthalate esters are thought to lower the
cardiac rate in goldfish and cyprinodont fish, according to Pfuderer
P [33,34]. Phthalates alter the heart rate via raising the blood
pressure [35]. During the first four weeks of HFD-H DIBP treatment
group, the pulse rate increased; however, in the fifth, eighth, and
tenth weeks, it decreased. Similar studies have demonstrated that
phthalate exposure increases the threat of cardiovascular related
ailments by initially raising heart rate and subsequently lowering it
[36]. Even though, obesity raises the pulse rate it got lowered in
HFD group than the ND group [37]. Lipidomics study shows the
DIBP influence on inflammatory processes and the function of
leukocytes, and other immune cells including vascular and cardiac
cells, and their effects on heart and its function.

Both DIBP exposure groups had higher blood glucose levels than
the control groups. DEHP metabolites have been connected to
glycemia, insulin resistance symptoms, and beta-cell health. Our
findings give idea that exposure to phthalates may potentially
affect blood glucose equilibrium and raise the chance of developing
pre-diabetes [38]. Diethyl phthalate and dibutyl phthalate metab-
olites have been connected to high pregnancy glucose and
pregnancy-related glucose intolerance [39]. According to Castro-
Correia C (2018) and Elizabeth G. Radke [40,41], the possibility of
developing metabolic syndrome like diabetes during pregnancy
was highest for those who had exposure to DEHP, DBP, and DIBP
[42,43]. While total cholesterol (TC) and triglyceride (TG) levels
were significantly higher in the HFD-H DIBP treated group
compared to the control group, high-density lipoprotein choles-
terol (HDL-C) levels were significantly lower. A lower level of HDL-C
was linked to phthalate [44]. The tests for inflammation and
fibrosis, revealed that DIBP at higher levels caused a clear influx of
inflammatory cells and severe fibrotic scarring in both obese and
non-obese DIBP treated mice.

Intriguingly, DIBP exposure appeared to affect IL-1 b and TNF-a
levels in obese people by increasing the levels. Phthalates are
obviously known to increase inflammatory factors in older women.
Monophthalates promote IL-6 and 8 synthesis in the in vitro human
A549 epithelial cell line [45]. It was recently found that the expo-
sure to phthalates at particular concentrations causes a diversity of
cells, including macrophages and monocytes to secrete inflamma-
tion factors [46]. Ultrasound images showed lower heart automa-
ticity in HFD-H groups. The results are consistent with those of
earlier research in which the use of DEHP was found to impair
cardiac automaticity [47,48]. In Comparison to control rodent given
DIBP-free food, mice fed DIBP for 10 weeks displayed noticeably
higher plasma TMAO levels. Cardiovascular and autoimmune dis-
eases are directly correlated with elevated TMAO levels [49]. While
the control mice showed no changes, the mice with DIBP had
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elevated ROS levels. In Kunming mice, butyl phthalate induced ROS
that damages the kidneys and liver and in earthworms ROS dam-
ages DNA [50]. By raising ROS, dibutyl phthalate also promotes
mitophagy [51].

Gut microbiota is estimated as a vital indicator of external pol-
lutants. The OTU overlap is nearly 83%.The intestinal bacteria
differed between the treated and control groups, as resolved by
principal component analysis (PCA). The highest score in the HFD-
H group, as stipulated in the interpretation of the NDA comes under
the genus Faecalibaculum(Erysipelotrichaceae). A heatmap associ-
ation between Faecalibaculum and pathological factors demon-
strates that the gut microbe is connected to high chance of heart
disease. This heatmap showed an increase in lipid metabolism
factors and inflammation factors and a decrease in heart rate.
Similar work by Jonsson AL [52] also showed reduction in the
butyrate producing intestinal flora in atherosclerosis. Together, the
16S rRNA-based sequencing and relationship interpretation dis-
closed the Faecalibaculum participation in the DIBP-induced gut
remodeling. Deep metagenomic sequencing of fecal specimen
revealed that F. rodentium predominated in the HFD-H samples.
There are various fecal microbial forms in control and DIBP expo-
sure groups. In a separate study, DEHP exposure increased Firmi-
cutes while reducing Bacteroidetes (gram-negative anaerobes)
[53]. Obesity in mammals has been connected directly to heart
health by Firmicutes/Bacteroidetes [54]. We also noticed that
phylum Firmicutes members were more prevalent after DIBP
treatment. F. rodentium alters short-chain fatty acids profiles and
causes free radical damage and inflammation. According to
Brawner KM [55], F. rodentium lowers Salmonella typhimurium
infection protection proteins while raising blood levels of IL-6. The
findings imply that DIBP exposure increases the population of
F. rodentium in HFD, which raises the cardiovascular risk.

By using UPLC-Q-TOF-MS, the metabolites of the gut microbiota
were assessed for cardiovascular risks brought on by DIBP. The
control and DIBP groups' feces samples contained 60 and 100
metabolites and lipids, respectively (data not shown). The gut
microbiota metabolites that were altered by DIBP were examined
using partial least squares discrimination analysis (PLS-DA), and
were categorized based on their p-value, VIP, and fold change. The
HFD-H and the HFD-C groups both displayed distinctive metabolite
and lipid profiles on the PLS-DA score plots. 26 pathways were
influenced in DIBP gut remodeling according to KEGG. Few path-
ways were indulged in DIBP gut remodeling, including arachidonic
acid, purine, butanoate, a -linolenic acid, unsaturated fatty acid
anabolism etc … Arachidonic acid remains the top among them.
The untargeted metabolites study found eight metabolites were
involved in the arachidonic acid process (data not shown). Ac-
cording to Higgins AJ [56], the arachidonic acid degradation was
connected to inflammation, and Wang B [57] found that its me-
tabolites were connected to cardiovascular diseases. It was previ-
ously understood that phthalate esters react with the enzymes
cyclooxygenase, lipoxygenase and monooxygenase.

The quantity of arachidonic acid in targeted metabolomics was
different in both control and treated. After DIBP exposure in the HFD
mice, thromboxane B2 seemed to be overexpressed while 6-keto-
prostagandin F1a (a derivative of (Prostaglandin I2 and Thromboxane
A2)wasdownregulated. Similarly, prostaglandinF2awassignificantly
elevated following DIBP exposure. In the untargeted metabolomics
investigationof theHFD-Hgroup incomparison to theHFD-Cgroup, it
was also discovered that leukotriene B4lipoxygenase metabolite was
increased [58]. Additionally, the 5- lipoxygenase enzyme seems to be
increased. Epoxyeicosatrienoic acids also showed downregulation in
the CYP pathway. According to correlation analysis, epoxyeicosa-
trienoic acids (5, 6- epoxyeicosatrienoic acids, 14, and 15- epox-
yeicosatrienoic acids) were non-beneficially correlated with
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Faecalibaculumwhile leukotrieneB4, 5-hydroxyeicosatetraenoic acids
(5-hydroxyeicosatetraenoic acids),11-hydroxyeicosatetraenoic acids,
and 12- hydroxyeicosatetraenoic acids) of lipoxygenase were benefi-
cially related with the bacterium. According to Weiss HJ [59], Prosta-
glandin I2 andThromboxaneA2arevasoactive lipidmessengers in the
cyclooxygenase pathway, and they represent the danger of heart is-
sues. Prostaglandin I2 to Thromboxane A2 conversion causes throm-
botic diseases in heart attacks [60]. Therefore, the increased ratio of
thromboxane B2/6-keto-prostaglandin F1a plays a part in heart
related ailments caused byDIBP inHFDmice. Increased prostaglandin
F2 levels raise heart rate and arterial blood pressure through
cyclooxygenase enzymes or carbonyl reductase1 [61,62]. Increased
levels of leukotriene B4 and 5- hydroxyeicosatetraenoic acids,
(neutrophil chemoattractants) by DIBPwere reported in heart related
diseases [63]. According to Huang CC [64,65], 5- hydroxyeicosate-
traenoic acids increases the inflammation factors having car-
dioprotective properties like 11, 12, and 15- hydroxyeicosatetraenoic
acids and epoxyeicosatrienoic acids levels (5, 6- epoxyeicosatrienoic
acids, and 14, 15- epoxyeicosatrienoic acids) [66]. The intestinal
bacterial remodeling by DIBP activates the enzyme soluble epoxide
hydrolase for converting epoxyeicosatrienoic acids to dihydrox-
yeicosatetraenoic acids, a pro-inflammatory metabolite of epox-
yeicosatrienoic acids.

Thromboxane B2 concentrations decreased whereas 6-keto-
prostaglandin F1a concentrations increased by increasing arach-
idonic acid dose. LeukotrieneB4 was the sole metabolite in the lip-
oxygenase pathway affected by F. rodentium and its abundance trend
was same as thromboxane B2. The 1.0 mg/mL substrate inhibited the
CYP pathways 5, 6, and 14- epoxyeicosatrienoic acids in the
F. rodentium groups. Arachidonic acid undergoes non-enzymatic re-
actions when it interacts with reactive nitrogen species and molec-
ular oxygen [67]. The cytochrome-encoding genes in the F. rodentium
genome indicate the CYP function in the organism [68]. Furthermore,
F. rodentium modifies IgA levels, which helps in the conversion of
epoxyeicosatrienoic acids to dihydroxyeicosatetraenoic acids by
elevating soluble epoxide hydrolase [69]. Autooxidation pathway
might be the possible in vitro process. Furthermore, animal studies
research can only reveal to a certain extent but the exact in vivo
human body reaction to pollutants is to be considered.

Numerous tiny molecules, amino acids, lipids, carbohydrates,
and other substances have been studied using metabolomics. The
differences in metabolites enable researchers to learn more about
the effects of a certain substance, toxins, or disease within a person.
The understanding of metabolism-related ailments and diseases is
made possible by the analysis of metabolites. The potential for
studying and classifying a large number of metabolites explains the
scope of metabolomics. Finding therapeutic targets for DIBP
toxicity and the associated cardiovascular diseases will be the
future focus of this study. The partial or peak overlaps of the me-
tabolites, which require determining the coupling constants, are
one of the study's limitations in the area of metabolomics. How-
ever, in vivo animal research clearly demonstrates that DIBP can
cause problems with the cardiovascular system.

5. Conclusion

Overall,a drop-in heart rate, glycemia, elevated lipid levels and
TMAO, inflammation, hepatocyte lipid accumulation, fibrosis, and
plaque formation revealed the cardiovascular damage of prolonged
DIBP exposed animals in this research. Obese individuals were
more vulnerable to DIBP than normal mice regarding cardiovas-
cular systems. Additionally, themulti-omics approach revealed that
the altered metabolic equilibrium and gut microflora profile both
significantly give rise to increased cardiovascular risk brought on by
DIBP. In vitro culture studies were done to detect the F. rodentium
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role on arachidonic acid process. These findings have important
ramifications for our comprehension of how DIBP exposure led to
cardiovascular harm in obese people and raise the possibility that
the gut microflora arachidonic acid pathway is pivotal to DIBP-
induced cardiovascular damage. Additional research is required to
better understand the part of F. rodentium in gut remodeling and
possible in vivo mechanisms.
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