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ABSTRACT: Di-isononyl phthalate (DINP) is considered one of thej = Fatty Acid Composition

main industrial alternatives to di(2-ethylhexyl)phthalate (DEHP), _VL\/\/?

known chemical with various toxieas including the disruption with .penp

lipid metabolism. However, the potentigcts of DINP on lipid < r Plasma F:0AM:A  Fi- M:AA
metabolism have rarely been investigated in mammals. Ou stTunlpaP T/ Heart F:AAM:A  F:AAM:AA
demonstrated that exposure of neonatal mice to DEHP and DINP ata High: 4.8 Adipose F:AAM:AA F:A M:-
daily dose of 0.048 or 4.8 mg/kg from postnatal day 0 (PNDO):tg;s- | (ow:0048 Liver F: A M:- Fi- M:-
PND21 caused nonmonotonic as well as tissue- and gender-speci .-~ = sl | Kidney F: - M:- Fi- M: -
alterations of total fatty acid (FA) compositions in plasma, heart, and " ™Me/k€bW/d| prain F - m: - Fi- M: -

adipose tissues. However, the patterns of disruptesaddbetween PNPO-PND2L

DEHP- and DINP-treated groups. On the basis of targeted lipidomic

analyses, we further ideati gender-specialterations of eight lipid classes in plasma following DEHP or DINP exposure. At

the higher dose, DEHP induced decreases in total phosphatidylcholines and phosphatidylinositol (PI) in females and increas
in phosphatidylethanolamines (PEs) and triglycerides in males. By contrast, DINP at the higher dose caused alterations of P!
Pls, phosphatidylserines, and cholesterols exclusively in male mice, but no changes were observed in female pups. Althougt
most signicant dysregulation of lipid metabolism was often observed for the higher dose, the lower one could also disrupt lipic
pro les and sometimes iteets may even be more sigant than those induced by the higher dose. Our study fostthe

time identied tissue- and gender-spedisruptions of FA compositions and lipidomidgsaon mice neonatally exposed to

DINP. These ndings question the suitability of DINP as a safe DEHP substitute and lay a solid foundation for further
elucidation of its @cts on lipid metabolism and underlying mechanisms.

INTRODUCTION Lipids, either endogenously synthesized through lipogenesis
originated from diet, are composed of saturated fatty acids

As one of the major groups of environmental contaminan i
As), monounsaturated fatty acids (Monos), trans-fatty

with global occurrences, phthalates have been ubiquitoust) )
found in human urine and bloo®i(2-ethylhexyl)phthalate & ids (Trans), and polyunsaturated fatty acids (PUFASs). Fatty

(DEHP) represents one of the most studied phthalates, mairfif'dS (FAs) not only provide sources of energy but also
because of its high occurrence rate and reproductive af@nstitute signeant components of cell mer_nbrefnes. ,
endocrine disrupting toxicitiehis had led to the use of Metabolized lipids also serve as hormonal mediators, which
alternative chemicals as DEHP substitutes, among which ggulate multiple functions includinggmmation responses. o
isononyl phthalate (DINP) represents a major replacemen?‘. large number of studies have demo_nstrated that some lipid
The annual global production of DINP was estimated to be 1/5olecules (e.g., plasma phospholipid FAs) can serve as
million tons in 2013 reaching approximately 75% of annualimportant biomarkers in the development of chronic metabolic
DEHP production volunfe. conditions at various disease stiges.

A|th0ugh DINP has been Suggested with decreasedsome studies have reported that DEHP and its metabolite
carcinogenic toxicity compared with DEHP, previous worRiono-(2-ethylhexyl)phthalate (MEHP) can disrupt lipid
has demonstrated that DINP can cause disturbances to thegtabolism by altering total triglycerides (T&),mainly
immune systetfi and liver and kidney damage at a daily dosdhrough activation of the nuclear peroxisome proliferator-
of 20 200 mg/kg body weightHowever, compared with
numerous DEHP studies, DINPtoxicities have been Received: July 21, 2019
subjected to much less investigations. In particular;sDINPRevised: September 30, 2019
chronic eects in mammals, such as the interference with lipidccepted: October 2, 2019
synthesis and metabolism, remain largely uninvestigated. Published: October 2, 2019
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activated receptors (PPARSY? Transcriptomics and non- 4.8 mg/kg bw/day or low dose 0.048 mg/kg bw/day) through
targeted global metabolomics both demonstrated the alteratisnbcutaneous injection at 1@ am daily from PNDO to
of lipid metabolism as a consequence of DEHP exposurePND21. The high dose chosen corresponds to the no-
However, as a major DEHP substitute, DINP has receivasbserved-adverseset level (NOAELY suggested for DEHP
much less attention with regard to its potential impacts on lipidnd DINP, while the low dose is slightly lower than the
metabolism, particularly in mammals. To the best of ouolerable daily intake (TDI) dose of DEHP (0.05 mg/kg bw/
knowledge, the only data available were reported in aquatiay) and DINP (0.15 mg/kg bw/day) according to the
organisms including zelsla and seabream studies, which European EU Risk Assessment Reports (EU‘RBB3ages
indicated that exposure to DINP causes disturbances in lipitere adjusted daily for body weight change, and such an
related metabolism, as well as the induction of oxidative strésgction approach was chosen in order to maintain a
and activation of immune responses. consistent dosage, as well as considering its practicality for
Consequently, the main goal of this study was to investigaieonates. Pups were kept with their dams until PND21 and
and compare the disturbances of FA and lipidomieprn were fasted for 6 h prior to sampling on PND22. The exposure
neonatal mice following exposure to DEHP and DINP. As period of PNDOPND21 was employed because this is an
pilot study of a larger-scale project aiming to elucidate thimportant developmental stage as well as a sensitive window of
potential eects of DEHP substitutes on lipid synthesis andime within which the pups are susceptible to environmental
metabolism, the speciobjectives of the present work were to stresses.
explore dierential eects of DEHP and DINP on (1) the At PND22, 10 male and 10 female pups were randomly
distributions of FA compositions in afent tissues and selected from three replicate cages per treatment group (three
genders and (2) gender-speahanges of lipidomic ples each from two cages and another four from the third cage).
in plasma. Findings from the present study will lay a solithese pups were selected for phthalate metabolite residue,
foundation for further elucidation of the impacts of DINP onbiochemical, and FA/lipidomic analyses. Urine samples were
lipid metabolism homeostasis, underlying mechanisms, agsllected using the stainless metabolic cage method, and urine
associated biological consequences.rnlegs also contrib-  from two random pups was pooled to obtaircigmt volume
ute to a better elucidation of whether DINP is a safe substituter chemical analyses. Baphenotype measurements,

to DEHP. including body weight, abdominal circumference, and body
length, were conducted before tissue collection. Blood samples
MATERIALS AND METHODS were collected via cardiac puncture into an ethylenediaminete-

Chemicals and ReagentsReference standards of DINP traacetic acid-treated vacutainer and kept on ice prior to
and DEHP were purchased from Sigma (St. Louis, USA). Fgeparation of plasma and erythrocytes ag 280Bifugation.
methyl ester (FAME) reference standard mixture (GLC-463Brain, heart, kidney, liver, and reproductive white adipose
was obtained from NuChek (Prep Inc., USA). The internalissues were subsequently sampled from each pup. Urine,
standard mixture for lipidomic assay, containing bigPlasma, and tissue samples for biochemical and oil red O
(monoacylglycero)phosphate 14:0/14:0; ceramide, Cer 18:Htaining were all snap frozen in liquid nitrogen and
17:0; phosphatidylcholine, PC 14:0/14:0; phosphatidylethssubsequently stored ir80 °C. Samples for mRNA analysis
nolamine, PE 17:0/17:0; phosphatidylglycerol, PG 14:0/14:0vere placed in RNAlater solution (QIAGEN, Germany) and
and phosphatidylserines, PS 17:0/17:0, was purchased fréign stored in 80°C. Urine samples for phthalate metabolite
Sigma (St. Louis, USA). Dihexosylceramide 18:1/16:0 (d3)analysis were stored i20 °C.
glucosylceramide, GC 18:1/16:0 (d3); phosphatidylinositol, Pl Plasma total glucose and liver total bile acid (TBA) were
16:0/16:0; and trihexosylceramide 18:1/17:0 were purchasétetermined using a commercial kit (Nanjing Jiancheng
from Matreya LLC (Pleasant Gap, USA). All solvents useBioengineering Institute, China), performed according to the
were of high-performance liquid chromatography grade (Fish®anufacturés instructions. Frozen liver sections were stained
Scientic, New Hampshire, USA), except for methanol andvith oil red O staining to examine if there was histopatho-
water (Optima, Fisher ScientiUSA). logical hepatic steatosis (see3hpporting Informatiofor

Animal Experiment. Six male and 18 female-spgeci details). Animal experiments in this study were approved by
pathogen-free Kunming mice {® weeks old) were obtained the Laboratory Animal Ethics Committee of Jinan University
from Guangdong Medical Laboratory Animal Center (GuangfSuangzhou, China).
hou, China). Animals were acclimated for 10 days prior to FA Analysis.An aliquot of 50 L of plasma or 0.1 g of
experiments and were maintained under a 12 h light/12 h daflomogenized tissue samples was extracted using the Folch
cycle at a room temperature of@5 Glass water bottles and method with a mixture of methanol and chloroform (1:2, v/
polypropylene cages were used in this study. After acclimatigh®” Lipids were then transmethylated to FAMEs and then
each cage contained one male and two female mice at 7 pmdatracted with heptane. Theal extracts were determined by
mating. Once cormed pregnant, each female mouse was kegas chromatographyass spectrometry. Detailed information
in individual cage until birth. All mice were fed ad libitum on @n sample preparation and instrumental analysis is summarized
standard chow. in the Supporting Informatioi@Quality assurance and control

Dams were allowed to give birth naturally at term. Newbor(QA/QC) procedures included the process of a solvent blank
mice were recorded as postnatal day 0 (PNDQ), and theggnd a commercial plasma sample (BestBio, Shanghai) along
remained with their natural mothers in the same cage untilith every batch of samples. The latter serves as QC samples
PND21. Each cage was randomly assigned to a treatmémtdetermine intra- and interassay ctent of variations
(DEHP or DINP) or control group. Each group contained(CVs). Results were presented as weight percentages of total
three replicate cages. Both male and female pups were expds&sl Our in-house QC data demonstrated intra- and interassay
to vehicle control (corn oil), DEHP (high dose 4.8 mg/kg bw/ CVs of less than 8.5 and 9.8%, respectively, for major FAs (i.e.,
day or low dose 0.048 mg/kg bw/day), or DINP (high doseconcentration > 0.1%).
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Table 1. Basic Phenotypes of Mice Exposed to Control, DEHP, and DINP at Two Doses (4.8 or 0.048 mg/kg bw/d) at PND22

gender control DEHP-L DEHP-H DINP-L DINP-H
body weight (g) F 178 0.9 19.+ 0.7 15.4+ 0.9 18.4+ 0.8 17+ 1.1
M 18.7+ 0.8 20.2t 0.7 16.6+ 1.0f 19.2+ 1.0 18.5+ 1.3
body length (mm) F 8.1% 0.38 8.5k 0.13 7.6% 0.38 8.09+ 0.07 7.9% 0.26
M 8.29+ 0.25 8.3& 0.04 8.0% 0.29 7.9% 0.35 8.2& 0.25
abdominal circumference (mm) F 550.28 6.1 0.17 5.00+ 0.39 6.17+ 0.33 5.38+ 0.27
M 5.52+ 0.25 5.92 0.1% 5.07+ 0.23 5.87+ 0.23 5.5% 0.29
BMI (kgm ?) F 2.67+ 0.21 2.6% 0.11 2.6% 0.15 2.8% 0.14 2.7% 0.13
M 2.72+ 0.18 2.9 0.08 2.5& 0.19 3.04 0.2Z 2.70+ 0.13
liver weight/bw (g/20 g) F 0.780 0.071 0.78%2 0.033 0.80% 0.043 0.762 0.039 0.813% 0.049
M 0.856+ 0.053 0.824 0.029 0.862 0.042 0.814 0.028 0.85% 0.087
brain weight/bw (g/20 g) F 0.466 0.034 0.44% 0.014 0.49& 0.022 0.44% 0.017 0.48% 0.028
M 0.464+ 0.02 0.4% 0.017 0.48% 0.026 0.45% 0.019 0.46% 0.03
kidney weight/bw (g9/20 g) F 0.2690.027 0.25& 0.011 0.28% 0.019 0.25% 0.015 0.25% 0.015
M 0.277+ 0.015 0.26% 0.035 0.27% 0.021 0.25& 0.012 0.258+ 0.013
heart weight/bw (g/20 g) F 0.1230.013 0.123 0.004 0.12% 0.014 0.12% 0.012 0.11% 0.011
M 0.123+ 0.012 0.11& 0.006 0.123 0.011 0.12& 0.008 0.11& 0.013
blood glucose (g) F 7.610.60 7.7% 0.81 9.9% 2.76 7.5 1.03 6.9 2.73
M 7.43% 0.50 8.24 0.66 9.3& 2.98 7.5% 0.57 6.52 2.45
plasma total cholesteroM) F 330.5+ 84.0 485.% 175.% 326.4+ 30.3 315.% 37.2 300.3 52.7
M 2459+ 33.3 240.& 80.6 258.% 37.4 463.2 325.8 384.5+ 122.2
plasma total TG M) F 79.3+ 44.9 113.6 36.4 30.% 17.0 70.6+ 17.0 53.% 29.8
M 90.4+ 65.1 104.2 49.4 207.3 51.8 70.2+ 21.2 47.4 17.9
plasma total diglycerideM) F 4.82+ 0.72 1.7% 114 2.53+ 0.40 1.71+ 1.35 4.34+ 0.74
M 5.12+ 0.86 5.0& 2.11 5.2& 0.85 4.8 1.25 5.0% 0.71
liver TBA ( molgprot %) F 4.07+ 0.42 462 0.23 4.08+ 0.19 4.14 0.21 4.18 0.31
M 3.99+ 0.24 4.05% 0.26 4.34 0.34 4.0& 0.19 4.50+ 0.35

BMI, body mass index; TBA, total bile acids. Each measurement was replicated in 10 for both male and festediskaidenote statistical
signi cance f < 0.05) between treatment and control groups based on nonparametricWallisk#tsts with Duimpost-hoc test. Data are
presented as meanstandard deviation.

Lipidomic Analysis. An aliquot of 50 L of plasma was then reconstituted with a mixture of acetonitrile and water
spiked with internal standard mixture (400 pmol each) prior t¢6:4; v/v) and spiked with®C,,-bisphenol A. Instrumental
the Folch extraction. After drying, the lipid extract was analysis employed an ExionLC AD UPLC equipped with an
dissolved in 500L of a mixture of methanol, tetrahydrofuran, Agilent Extend-C18 column (Narrow Bore R 200 mm,
and water (5:2:3, v/v/v) and subjected to instrumental analys®.5 m, 80 A; Agilent Technologies) and coupled to an AB
which employed an ExionLC AD ultraperformance LCSciex Q TRAP 5500 MS. The limit of quasatiion (LOQ),
(UPLC, AB Sciex, Toronto, Canada) equipped with arde ned as an analyte response 10 times the standard deviation
Agilent Eclipse Plus C18 column (Agilent Technologies) andf the noise, was determined to be 0.5 ng/mL for MEHP,
coupled to an AB Sciex Q TRAP 5500 mass spectrometenono(2-ethyl-5-oxohexyl) phthalate (MEOHP), and mono(2-
Details on sample preparation and instrumental determinatiethyl-5-carboxypentyl)phthalate (MECPP) and 1 ng/mL for
are given in th8upporting InformatioQA/QC procedures  monoisononyl phthalate (MINP) and mono carboxyoctyl
included the process of solvent blanks, solvent spiked wighthalate (MCOP). Details on sample preparation, instru-
internal standards, matrix blanks without spiking internahental determination, and QA/QC practices are given in the
standards, and commercial plasma samples serving as ®@porting Information
samples to determine intra- and interassay CVs. Concen-Lipid Metabolism-Related Gene Expression Analysis.
trations were calculated by relating peak areas of the analyfée expression of genes related to lipid metabolism
to peak areas of their corresponding internal standard. Our including peroxisome proliferator-activated recepyoas ,(
house QC data demonstrated intra- and interassay CVs of |€gar, and Ppar), lipoprotein lipase Lpl), acetyl CoA
than 14.7 and 16.8% for analytes above quantitation limits (i.earboxylase-1A¢c), FA synthase Fa3, stearoyl CoA
1.8 17.2 nmol/L), respectively. desaturase-1S¢d), FA elongase-&E(ovI§, Acyl-coenzyme

Urinary Phthalate Metabolite Analyses. Urinary A oxidase-1, palmitoyAdox-}, FA elongase-ZE[ovl2, and
metabolites of DEHP and DINP were determined taron FA desaturaseF@dsland Fads? were analyzed by
internal exposure in the pups following the method describepiantitative real-time polymerase chain reaction (QRT-PCR)

by Asimakopoulos et al. with mediions? In brief, 500 L assay. Detailed information on gRT-PCR is described in the
of urine was transferred into polypropylene tubes and spik&dipporting Information
with 10 L of surrogate standard (mono-benzyl phthdate- Statistical Analysis. All data are presented as mean

The mixture was then hydrolyzed witlglucuronidase/  standard deviation unless otherwise stated. FA percentage data
sulfatase (Sigma-Aldrich, Munich, Germany), extracted withere arc-sin converted prior to statistical analyses. For each
a mixture of methyértbutyl ether and ethyl acetate (4:1; v/ type of control or treatments, we performed intragroup

V). The extract was dried under gentle nitrogen stream ammparisons between replicate cages using nonparametric
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Figure 1.Plasma total FA compositions in mice exposed to vehicle (corn oil), DEHP-L (0.048 mg/kg bw/day), DEHP-H (4.8 mg/kg bw/day),
DINP-L (0.048 mg/kg bw/day), or DINP-H (4.8 mg/kg bw/day) during PNPRD21 (N = 10 for each group). (&) Plasma FA
compositions in female mice;jJfFA compositions in male mice. Data are presented as mean with standard error of the mean. Statistical analys
were conducted using the Kruskéllis test, followed by the Disipost-hoc testp < 0.05* p < 0.01*** p < 0.001, an&*** p < 0.0001.

Kruskal Walllis test followed by Duanpost-hoc test and of DINP (DINP-H) did not signicantly change body weights
found no signcant dierences in body weight and the or BMI of pups. Interestingly, exposure to low-dose DEHP
compositions of major FA groups (SFAs, Monos, and PUFASDHEP-L) increased body weight and abdominal circum-
This demonstrated minimal within-group variations. Thereferences in both genders, exhibiting obesogeedats.e
fore, each pup was considered as an individual sample fgthough no signtant changes in body weight or body
statistical analyses. Comparisons among control and treatmiefigth were observed, exposure to low-dose DINP (DINP-L)
groups were conducted via Kruskdllis with the Duris did result in an increase of female abdominal circumferences
post-hoc test. Nonparametric Wilcoxdann Whitney test  and male BMI. These data suggest obesogets ef

was performed to compare theedénces between control and DEHP-L and DINP-L exposure, agreeing with tiaéngs

any treatment group. We also performed the analysis §bm previous studi&®® *! Therefore, distinct mechanisms
variance (ANOVA) and heat map analysis for the illustratiof actions could exist at eient doses. The nonmonotonic

of lipidomic alterations using the online MetaboAnalyst4.8gse response curves of phthalates have been reported in
platform containing R package8ther statistical analyses poth animal studi&sand human cohort studié€xposure at

and gure illustrations were performed with GraphPad Prisife|atively high levels could cause damages toerehtiation

v8.0 (GraphPad, USA). The level of sagmice was set at and growth, thus hindering normal grawthwhereas low-

0.05 throughout the study. level exposure could disrupt the endocrine system by
disrupting hormonal functioffs:
RESULTS AND DISCUSSION Exposure resulted in little changes in liver weight among

Major Phenotype Changes Following Exposure Mice most groups except for the DINP-L treatment which caused

exposed to the low and high doses of DEHP exhibited urinafy@"i cant liver weight reduction in male mice. DEHP-H
MEHP concentrations of 2:90.6 and 123 133 ng/mL at ecreased kidney, heart, and brain weights exclusively in the

PND22, respectively, whereas urinary concentrations wép&les, while DINP-H treatments diminished male heart weight

below LOQ in control groups. In addition to MEHP, DEHP Ccompared to the control pups. Biochemical assays showed

secondary metabolites, including MECPP, MEOHP, angficonsistent trends of changes in plasma total cholesterol, total

MEHHP, were also detected with a combined concentratiohCS: diglycerides, and liver TBA in male and female pups

of 69.7+ 23.6 and 3426 1140 ng/mL in mice exposed to the (Table ). Taken together, the above results clearly suggest

low and high doses of DEHP, respectively. In DINP-treategender- and/or tissue-spea ects, as well as theetiences

mice, concentrations of urinary MINP (a major metabolite of? biochemical consequences between DEHP and DINP

DINP) and MCOP (secondary metabolite) were detected t@Xposure. Therefore, subsequent analyses were conducted to

be 36.4+ 5.4 and 357& 196 ng/mL in the low- and high- explore gender- and tissue-spexkects of DEHP and DINP

dose groups, respectively. No signt dierences were on lipid metabolism.

observed in the concentrations of any metabolites betweenTissue- and Gender-Specic E ects on FA Composi-

genders. These results validated the occurrence of interi@h. DEHP is known to interrupt FA metabolic pathways

exposure. through PPAR regulatibhwhile little has been done to
Neonatal exposure to DEHP or DINP appeared to alter @xplore the potential interference of DINP with FA

number of phenotypes in mice, while the impactsedi metabolism homeostasis in mammals and the underlying

between chemicals and dosageblé¢ ). At PND22, both mechanisms. In this study, we observed forghgme that

male and female pups exposed to the high dose of DEH®th DEHP-H and DINP-H could cause major alterations in

(referred to as DEHP-H) exhibited lower body weights=A compositions (i.e., more than 12 out of 33 Féded) in

compared with control groups, although the body mass indplasmafigure }, white adipose tissue, and heast{es S4

(BMI) was not changed. By contrast, exposure to the high dosed S and some lesser alterations (i.e1,13out of 33 FAs

D DOI:10.1021/acs.est.9b04369
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a ected) in liver Table SB whereas no sigeant changes Hnf4g andLep) in the same experiments, their expressions
were observed in kidney and braigire S)L The alterations ~ were downregulated by all three ddsBEisese ndings, along
also exhibited a dose- and gender-speeinner which dérs with ours, indicated that DINP and DEHP could induce
between chemicals. nonmonotonic disruption of lipid metabolism homeostasis in
Plasma.DEHP and DINP induced sigoant disturbances di erent model species.
in plasma total FA compositions at both the high and low Plasma FA composition alteration is typically attributed to
doses, but the ects diered between genders and dosesthe change of dietary intakes well as lipid transportation or
(Figure ). DEHP-H signicantly decreased SFA composition metabolic processéBecause diet was controlled under the
but increased the PUFA content in female pups, while game conditions in our experiments, the change of plasma total
signi cantly decreased the PUFA content and increased ti&\ composition was more likely due to the alteration®f FA
Trans level in males. By contrast, DINP-H did not change Fiscorporation into lipoproteins and FA metabolism. Changes
compositions in female pups with the exception for Trans bit plasma FA compositions could have important clinical
signi cantly altered the compositions of SFAs, PUFAs, arichplications®*° Increased levels of SFAs and decreased levels
Trans in male pups. In particular, DINP-H sigmitly altered  of Monos and/or PUFAs in plasma, as observed as a result of
the N-6/N-3 ratios and DHA + EPA (long-chain N-3) DINP-H and DEHP-H exposure in males, have been
percentages in male pups only, whereas no change wasnonstrated to be associated with heightened risks of many
observed in pups of either sex during DEHP-H treatments. metabolic syndromes, including obesity, type Il diabetes, and
has been clear that the long-chain N-3 FAs are protective @HDs*° Elevation in Monos and PUFAs, however, has been
cardiovascular diseases, cancers (including breast, colorelim#led to protective ects including improved cardiovascular
prostate, and others), asthma, arghimatory diseases in the and metabolic functiondncrease in the N-6/N-3 ratio, as
bowel and joint§. Maintaining a balanced plasma ratio of observed following DEHP-L or DINP-L exposure in female
total N-6/N-3 has been demonstrated to be essential ipups, has been well demonstrated to be a risk factor for obesity
modulating inammatory activities, cancers, and rheumatoithrough the mechanism of adipogenesis, brgiradipose
arthritis®® Although increased N-6 can be beia¢ in tissue axis, and overallammation?” Indeed, increases in
reducing low-density lipoprotein cholesterol (LDL-C, abody weights or abdominal circumferences have been observed
major risk factor for coronary heart dised%és, elevation  in female pups following exposure to DEHP-L or DINP-L in
in N-6 would compete with N-3 for essential enzymeshe present study.
including elongase and desaturase and consequently result iHeart and White Adipose Tissuds. the heart tissue,
diminished N-3. Our results clearly demonstrate that maleBEHP-H caused increase in total unsaturated FAs in female
mice could be more ectively impacted by DINP than females pups but decrease in males, whereas DINP-H induced
when exposed to a high dose, whereas both genders coulcelsyation in total unsaturated FAs in both genders. DEHP-L
a ected by DEHP with respect to FA compositions. Gendeshowed the same trend of desaturation as that of DEHP-H in
specic alteration of FA compositions, particularly the mordemales but had little imence on male pups. Compared with
selective eects on males following DINP-H exposure, implieDEHP-L, DINP-L posed a more potené@ on the majority
that DINP could potentially cause stronger antiandrogenic af FA, inducing FA desaturation in both gendexisl¢ Sh
estrogenic ect on the endocrine system than the commonlyincreases in PUFAs and decreases in SFAs are associated with
recognized endocrine disrupting chemical DEHP. an elevation of LDL-C but reduction in the high-density
E ects on FA compositions are also dose-dependent fpoprotein cholesterol (HDL-C, the antiatherogenic lip-
each chemicalléble 3. Unlike DINP-H which appeared to oprotein)!® Long-term stress with elevated LDL-C and
exhibit more selectiveeets on the males, DINP-L altered FA reduced HDL-C constitutes a major risk factor for
composition in both genders. DINP-L altered the composiardiovascular evefitsTherefore, the long-term eet of
tions of Monos, PUFAs, and Trans in males and SFAs, PUFA&s/ly-life stage exposure to DEHP and DINP on cardiovascular
and Trans in female pups. Similarly, DEHP-L also exhibitetsks merits further evaluations.
impacts on both genders, but the alteration pattezredi DINP exposure failed to induce major alterations of FA
between the high and low doses. Compared with DEHP-Hpmposition in reproductive white adipose tissues of male pups
DEHP-L caused more sigr@nt changes in SFAs, Monos, andunder both doses but caused FA desaturation in females,
Trans, but no change was observed in PUFAs in female puaithough at a lesser extent than that observed in the heart. This
In particular, the N-6/N-3 ratios were sigantly increased is opposite to the more selectiveots on males occurring in
by DEHP-L, suggesting that following exposure the high lev@lasma. Pups exposed to DEHP-H contained csigthy
of N-6 out-competed N-3 for essential enzymes required foeduced levels of SFAs but heightened Monos and/or PUFASs,
PUFA elongation and desaturafiorwhereas such an primarily N-6 FAs, in white adipose tissues of both genders. By
alteration was not observed under DEHP-H exposure. lcontrast, DEHP-L did not cause changes in major FA
male pups, DEHP-L and DEHP-H even caused opposimmpositions in both gendef@ple S} FA composition in
alterations of PUFAs (i.e., increase under the low dose bilite white adipose tissue is dominandigtad by diet and also
decrease under the high-dose exposure). Tleeermd a ected by endogenous synthesis of SFAs and Monos, as well
sensitivities to low and high doses of DINP have also beas the catabolism of PUFAs at a lesser dédieese FA
reported previously in zetsh model$?? For example, changes could result in the promotion of adipose tissue fat
Forner-Piquer et al. reported that exposure to the low arstorage and suppression of insulin-mediated fat mobilization,
medium doses of DINP (0.42 and 4dlIL, respectively) leading to increased energy storage and risks of insulin
signi cantly disrupted the expression of selected genes (emsistencé’
Fasnand Agpa#4) related to lipid metabolism, whereas the Liver, Kidney, and Brai@INP and DEHP exhibited very
high dose (42 g/L) did not in uence their expressions little impact on livés major FA compositions in both genders
compared with the contréisFor other genes (e.d\cat-2 under the two investigated doses, except that DEHP-H
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Figure 2.Changes in major plasma lipid classes in male and female mice neonatally exposed to low (0.048 mg/kg bw/day) or high (4.8 mg/kg k
day) doses of DEHP or DINP compared with the control grilup4.Q for each group). Data are presented as mean with standard error of the
mean. The vertical axis shows the concentration fold changes to the mean values of control groups for their respective gender. Statistical al
were conducted using the KrusWéllis test, followed by the Daipost-hoc test to compare each with its control. Asterisks denote statistical
signi cance*p < 0.05* p< 0.01** p< 0.001, an#** p< 0.0001. Abbreviations for lipid classes: phosphatidylcholine (PC), lyso PC (LPC),
phosphatidylinositol (Pl), phosphatidylserines (PS), triglycerides (TG), and cholesterols (CE).

induced minor but sigmiant changes of SFAs, Monos, anddisrupted as a result of DINP expoSufEherefore, it is
PUFAs in female pup liver. This is in agreement with our odeduced that DINP could cause FA composition alteration
red O stained histological analysis in liver tissues which did rthtough catabolism but only at relatively high doses.

exhibit hepatic steatoskgqure Sy Moreover, liver mRNA Although minor but sigrmiant reductions in male brain
expression data indicated that transcription factors and keaight was observed during DEHP-H treatment, there were no
rate-limiting enzymes regulating metabolism, incRjpmg signicant dierences in brain FA compositions following
Ppar, Ppar, Lpl, Fas Scd1Elovl§ Acox-1ElovI2 Fadsland DEHP or DINP exposureFigure S)L This suggests that
Fads2 were altered and the alteration varied betwee®DEHP or DINP unlikely &cts FA metabolism or uptake in
chemicals or doseBiure Sp Specically, the upregulation brain under the investigated doses. However, one should not
of Ppar and Acox-lin both DEHP-H and DINP-H overextrapolate the null eet on neurodevelopment or
treatments agreed with our observation on decreased botlygnitive function. Previous data suggested that gestational
weights, as both enzymes could promote lipid catabolisexposure to DEHP caused impaired cognitive function in
including -oxidation, resulting in increased energy expendireonatal Sprague Dawley rats at a dose twice the high dose
ture. Interestingly, a downregulatiorPpéir expression, a used in our study.More work is needed to understand the
transcription factor regulating celledéntiation and adipo- causations of these phthalate chemicals, if any, on neuro-
genesi$’! was observed in the DINP-L treatments, while nadegeneration.

alteration was observed in any other treatments. The Gender-Specic E ects on Plasma Lipidome.Di erent
nonactivation ofPpar may partially explain the lack of FAs would compete for the incorporation in individual plasma
hepatic steatosis as observed in the oil red O staining analyigiel classes, lipoproteins, and red blood cells in blood, a
because no cell drentiation or adipogenesis was upregulatedeature that determines some of the characteristics of FA

The downregulation of the expressiofasdndElovi6is in distribution in lipid poof¥. Understanding such lipidomic
line with the reduction in Monos observed in DINP-H pupspro les has important biological sigance as each of these
(Figure }, while the upregulation dfadsland Fads2 lipid classes is involved inatent biological functions and

expressions was seen in DEHP-treated pups where an elevatiamthogenesis of diseases. For example, PE plays an important
of PUFA compositions was observed. These data provighysiological role in mediating multiple enzymes, including
further evidence on the alterations in FA compositiongthanolamine-phosphate cytidylyltransféraseé phosphati-
determined in treated mice. dylethanolaminé\-methyltransfera$é while imbalances of
Additionally, we found no changes in major FAs in kidnePE can cause mitochondrial malfunctions and nonalcoholic
and brain Eigure S)L Previous studies reported kidney andfatty liver diseases (NAFLB)PS are also important in the
liver damage in Kunming mice following DINP exposure, bytathogenesis of NAFLD, while disruption in ceramide (Cer)
the histological toxicities were only observed under mudnd glucosylceramide equilibrium could induce insulin
higher daily doses (i.e., 200 mg/kg bw/d) than our study.  resistance and NAFL®° Moreover, it has been demon-
The study also reported increases in oxidative stress, whithated that TG and cholesterols (CE) are the major
resulted in lipid perioxidation in both liver and kidney tissuegontributors to dysfunctional lipid metabolism, which may
suggesting that exposure to high doses of DINP could cauead to many metabolic disordérs.
increased FA oxidation. This is in agreement with the report Given that both DEHP and DINP could induce gender-
on zebrash that hepati®par expression, nd®par, was specic changes in plasma total FA composition, we further
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Figure 3.Heat map of plasma lipidomic metabolites in the groups treated with control, low (0.048 mg/kg bw/day), or high (4.8 mg/kg bw/day)
doses of DEHP or DINP based onzlseores determined in both female (a) and male pups (b). Abbreviations for lipid classes: ceramide (Cer),
sphingomyelin (SM), phosphatidylcholine (PC), phosphatidylcholine alkyl ether (PC-(O)), phosphatidylcholine plasmalogen (PC-(P)), lyso P
(LPC), phosphatidylethanolamines (PE), lyso PE (LPE), phosphatidylinositol (PI), phosphatidylserines (PS), diglyceride (DG), triglyceride
(TG), and cholesterols (CE).

explored plasma lipidomic alterations using the targetedThe increased ratios of PE/PC, as observed following
metabolomic approach, which measured 24 lipid classes (dPAHP-H and DINP-H exposure, are important features of
subclasses) with a total of 363 lipid metabolites (details aNAFLD;* while changes in PS are linked to mitochondrial
given inFigure SandTables S2 and BT hese lipid classes dysfunction$’ Although we did not observe NAFLD in both
included Cer, sphingomyelin, PC, PC alkyl ether (PC-(O))freatment groups, DINP-treated mice did show heightened
PC plasmalogen (PC-(P)), lyso PC (LPC), PE, lyso PE, Phepatic TBA concentrations in the malezbie ), further
PS, PG, diglyceride, TG, and CE, as well as other groups. indicating possible occurrence of metabolic dysfunctions.
Both DEHP and DINP caused sexually dimorphic changesIn our endeavor to identify important biomarkers responsive
in a signicant number of lipid species but withetgnt  to phthalate exposure, we idettia number of specilipids
patterns Figures 2and 3, see Table S7for detailed by partial least squares-discriminant analysis (PLS-DA), among
comparisons). DEHP-H exposure induced decreases in pihich ve lipid species had variable importance in projection
PC-(0), PC-(P), LPC, and PIs in female pups, whereas necOres greater thame. LPC 18:0 and TG 18:2/15_3:2/18:2
e ects on these lipid classes were observed in maldé€re responsive to both DEHP and DINP, and higher doses
Conversely, there were sigant increases in PE and TG in t€nd to cause more potentteaations. The CE 20:1
males but none in female pups. By contrast, DINP-H causd§monstrated responses only in low-dose groups, whereas
alterations of PE, PI, PS, and CE only in male mice, but 18:1 and Pl 38:4 showed phthalate-spatterations for
changes were observed in their female counterparts. This re NP anq DEHP, respe_ct;vely. Followmg_the same rationale,
is in good agreement with the above plasma FA composit also idented other lipid molecules with the biomarker

) . : tential, including PUFAs, DHA + EPA, total N-3, and
data, which showed that at the higher dose DINP selectiv 2 6/n-3 in adipose tissues and Monos, SFAs, C14 0, and

:gg:greieilt%ng?\nithfgr%g%?Itllr?r}o(\:/\r/]-?jrc])gsi Itr:ergereerr]T(;?ozl:)tNG/N:% in heart tissues. These lipid species could potentially
DEHP-L prompted lipid changes predominantly in TG anierve as biomarkers for investigating lipid-related diseases

. ollowing exposure to DEH DINP, or other related
CE for female pups only, whereas DINP-L induced Pgp,crine disrupting chemicals. However, additional studies

elevation only in female pups and higher concentrations of needed to verify their biomarker roles.

exclusively in male mice. The increases in TG and CE providgye performed two-way ANOVA for FA data in order to
additional evidence for the obesogerecteof DEHP-L a?d investigate the interactions between gender and treatment
DINP-L observed in our work along with other stitfiés’ roups. These results suggested that gender could play some
This is because dyslipidemia, including increased plasma f@es in the eects of DEHP and DINP on plasma FA
particularly the very-low-density lipoprotein TG (VLDL-TG), compositions. In addition to theeet of di erent treatments

is associated with the Change of plasma LDL and HDL ||p|6n FAS, gender alone seemed to haa® en some p|asma
composition, which further leads to abdominal ob&8ity.  FAs including Monos and PUFAs but not on SFAs. Such
Elevated plasma LDL-C and reduced HDL-C can also kgnalyses provide further indication that the disruptions in FAs
linked to the aggregation of atherogenic remnants arifiduced by dierent phthalate treatments may also &eted
overabundance of liver apolipoprotein B containing lippy gender. It remains unclear on the mechanisms underlying
oproteins. This could further provoke prammatory the di erences observed in lipidomic fra@hanges between
responses, insulin resistance, and subsequent metabolede and female pups following neonatal exposure. It is
diseases. >° possible that the gender-speei ects may be a consequence

H DOI:10.1021/acs.est.9b04369
Environ. Sci. TechnofXXX, XXX, XX¥XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b04369/suppl_file/es9b04369_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b04369/suppl_file/es9b04369_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b04369/suppl_file/es9b04369_si_001.pdf
http://dx.doi.org/10.1021/acs.est.9b04369

Environmental Science & Technology

of disruption in estrogen recepto(ER ) and proliferator-  characterize the risks associated with lipid metabolism
activated receptor gamma coactivator 1 alpha (PGBesth dysregulation following exposure to anthropogenic chemicals.
receptors have been demonstrated to be essential part of th®ur ndings also reveal that neonatal exposure to DEHP or
hypothalamic-signaling netwSrER , as a nuclear receptor DINP at a dose lower than TDI could still exert adveesése
activated by the sex hormone estrogen, is critical for thn lipid metabolism. This can be sicamt because these
regulation of lipid metabolism in males through thee ects on lipid dysregulation could become risk factors for
modulation of acetyl-CoA carboxyldse] and FA synthase developing chronic metabolic diseases including obesity (as
(Fa$ and the activation &SR binding toPck-1G6Pas&as evidenced in our study), type Il diabetes, and cardiovascular
and Acclpromoters? It is plausible to speculate that the diseases. Indeed, the high occurrence of phthalate exposure is
above-mentioned receptors and promoters could be disrupteencurrent with the growing epidemic of chronic metabolic
because of the Strong estrogen'ﬁ:cte of the investigated Syndrome%’%i Further InveStIgatlonS are Cr|t|Ca”y needed to
phthalates on male mice over a wide range of ddiszan  better elucidate the long-term healtleces of low-dose
further result in dysregulated gene expression on lipfthalate exposure and underlying mechanisms via both
metabolism and subsequently the observed discrepancienal and human cohort studies. o
lipidomic perturbation predominantly in male pups. Further Thorough lipidomic analyses may facilitate the icietitin

work is needed to elucidate the dysregulation of key hormorffjcertain lipid species potentially as biomarkers of exposure to
pathways, particularly in relation to lipid metabolism. endocrine disrupting chemicals. Given that some of these lipid

We would also like to point out the limitations of the presenPiomarkers may be tightly associated with many diseases such
study. First, although urinary analysis revealedenerie in as metabolic syndromes, changes in these biomarkers can be
metabolite concentrations betweéen genders, the potentHﬁed to predict potential risks of developing these diseases.

: : . et Additionally, our data raise questions on the suitability of
in uence of gender-sp@caccumulation, distribution, metab-  ° ' ; . X o
olism. and gliminatic?n (ADME) patterns on gender- and'SiN9 DINP as an industrial substitute to DEHP. Similar to

tissue-speai lipid metabolism cannot be completely excluded; EHP, DINP can also disrupt FA composition and lipidomic

The ADME should be taken into consideration for futureP© les following neonatal exposure, although the two
hemicals der in disruption patterns. Compared with

elucidation of lipid metabolism imbalance following exposur%EHP DINP also exhibits more selective and stronger

Second, only two dos_es were considered in our study, Wherﬁﬁﬁacts on male pups than on the females, indicating the
lower but more environmentally relevant doses should t?_i !

considered in future studies, particularly for the exploration ore susceptibility of males to DINP exposure. Thus,

| ¢ Third v ol X toated mpared with DEHP, DINP exposure may induce com-
ong-term exposure. 1hird, only plasma was investigate rable or even greater risks associated with lipid metabolism
lipidomic analysis. Other tissues should also be utilized

) . . males, such as hormonal dysregulation, cell signaling and
order to reveal more usefulformation and potential miiochondrial disruption, and even metabolic diseases. These
biomarkers. » _ _ ndings indicate that DINP is not a safe substitute for DEHP.
Health Implications. Lipids play essential roles in the +5 honmonotonic action, as well as tissue- and gender-speci
etiology of most, if not all, of the metabolic diseases. By acts; on lipid regulation provides an important message to
conducting detailed assessment of FA compositioenendi  oth consumers and decision-makers when evaluating its
tissues and plasma lipidomic [@®, our study provides an environmental and human health risks. Future studies are
important basis in the understanding of the long-term toxicityeeded to explore the ungry mechanisms of lipid
of DEHP and DINP through the modulation of lipid metabolism disruption from DINP exposure and potential
biosynthesis and metabolism. Several important implicatiqr@,ﬁg_term eects on metabolic syndromes following the

from the present study are summarized below. interruption of lipid metabolism homeostasis.
In this study, we have ideeti that DEHP and DINP

exposure could cause nonmonotonic dysregulation of lipid ASSOCIATED CONTENT
metabolism in a gender-speaind tissue-specipattern. The  « Supporting Information

nonmonotonic action indicates that low doses could stiltyo gnporting Information is available free of charge on the

disrupt lipid proles, and sometimes, thes may be more  \cs pyplications websieDOI: 10.1021/acs.est.9b04369
harmful in certain tissues than those induced by high doses.
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