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Abstract

The diesters of 1,2-benzenedicarboxylic acid (phthalic acid), or phthalates, are multifunctional chemicals used in
personal care products, medications, and plastics. Phthalate metabolites are also found in human milk and infant
formula. However, their impact on intestinal development and microbiota composition in early life is understudied.
Herein, the effect of di-(2-ethylhexyl) phthalate (DEHP) on growth, intestinal morphology, enzyme activity, and
microbiota composition was assessed. Piglets (two-day-old, n = 24) were randomized to receive either 20 mg
(DEHP20) or 200 mg (DEHP200)/kg body weight (BW)/day in corn oil. A control group (CON, O mg phthalate)
received the same volume of corn oil as DEHP200. After 21 days, tissue and urine samples were collected. DEHP
did not affect weight gain. Urinary DEHP metabolite concentrations increased in a dose-dependent fashion. Jejunal
villus length was significantly shorter in the DEHP200 than CON and DEHP20, while villus area was smaller in
DEHP200 than DEHP20 but not CON. Crypt depth and area were higher in DEHP200 than DEHP20, but neither
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differed from CON. Additionally, jejunal sucrase activity was higher in the DEHP200 than CON. Bacterial alpha
diversity differed significantly between DEHP groups and CON in the ascending colon, while beta diversity revealed
significant differences between DEHP200 and CON and DEHP20. The abundance of Christensenellaceae R-7 group,
Romboutsia, Lachnospiraceae UCG-004, Odoribacter, and Sphaerochaeta, among others, differed in DEHP-exposed vs.
CON animals. Thus, daily exposure to phthalates during infancy changes the villus structure and disaccharidase
activity in the small intestine and these changes may be modulated by the colonic bacterial community.
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INTRODUCTION

Widespread exposure to environmental contaminants poses a significant concern for human health.
Epidemiological studies have reported associations between health outcomes and exposure to phthalates, a
ubiquitous plasticizer that gives plastics characteristic transparency and flexibility and is commonly utilized
in food packaging, personal care products, and medical devices". Phthalate exposure occurs through
ingestion, inhalation, dermal, and parenteral routes and has been linked to endocrine and reproductive

disruptions in humans and animals™”.

The time between conception and the first two years of life is critical for human development and is likely to
be the most sensitive period of the lifespan to environmental exposures'”. Indeed, epidemiological studies
have shown that pre- and postnatal exposure to environmental contaminants, including phthalates, are
associated with alterations in infant and toddler physical and behavioral development”. In addition,
metabolic abnormalities, such as increased body weight (BW), atypical adipogenesis, energy expenditure,
and glucose metabolism, are observed in mice exposed to di-(2-ethylhexyl) phthalate (DEHP) prenatally or
in adulthood®”. Additionally, there is concern regarding the potential accumulation of toxicant
concentrations and an extended excretion period in infants during their early life stages due in part to their
immature capacity to detoxify environmental contaminants'™”.

The primary sources of nutrition for infants in the first 6 months of life, human milk and infant formula,
are sources of environmental contaminants; phthalate metabolites are present in both human milk and
formula'?. A recent study in Southern China found that breastfed infants had an estimated phthalate
intake between 0.383 to 6.95 pg/kg BW", which is below the tolerable daily intake of 50 ng/kg BW set by
the European Food Safety Authority”. Infants and children are frequently exposed to other sources of
plasticizers present in bottles, toys, lotions, and, in some instances, medical devices. While some human
studies have reported detrimental developmental impacts of phthalate exposure during the early postnatal
period, a recent systematic review has concluded that quantitative evidence on the effects of exposure to
phthalates during this period is limited and studies have methodological limitations"*. Additionally, most
data on early-life phthalate exposure are derived from rodent studies.

The present study aimed to assess the phthalate-mediated early-life impact on the gastrointestinal tract in
the neonatal pig, a well-characterized biomedical model for human infants. The neonatal piglet has been
used extensively to understand the influence of environmental factors in the early developmental stages of
life due to its shared similarities in gastrointestinal anatomy and a closer similarity in gut microbiota
composition to humans than any other species>'*. Furthermore, the neonatal pig is a model for assessing
the interactions between microbiota and health, as it exhibits disorders similar to those in humans®. The
DEHP dosages were selected based on previous work from our group, which has been shown to have long-
l. We hypothesized that exposure to
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term detrimental effects on female reproductive health in mice
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DEHP in milk replacer formula would alter intestinal morphology, digestive enzyme activity, and
microbiota composition relative to animals not exposed to DEHP.

EXPERIMENTAL

Animal care and housing

The study design and animal protocol were described by Lee et al.". Briefly, two-day-old piglets (n = 24)
(12 males and 12 females from four different litters) were obtained from the Swine Research Center at the
University of Illinois in Urbana-Champaign and transferred to the AAALAC-approved animal facilities in
the Edward R. Madigan Laboratory on the University of Illinois in Urbana-Champaign campus. Upon
arrival at the animal facility, piglets were randomized by initial BW and sex to three dietary treatments,
where there were eight piglets (four females and four males in each treatment group). All animal and
experimental procedures were in accordance with the National Research Council Guide for the Care and
Use of Laboratory Animals® and approved by the University of Illinois in Urbana-Champaign Institutional
Animal Care and Use Committee (protocol # 18112).

Phthalate exposures

Piglets were assigned to receive DEHP at dose levels of 0 (CON), 20 (DEHP20), or 200 (DEHP200) mg/kg
BW/day. The DEHP (Sigma-Aldrich, St. Louis, MO) was dissolved in tocopherol-stripped corn oil and
added to the feeding bowl prior to the first feeding of the day from postnatal day (PND) 3-23. The CON
group received a daily dose of DEHP-free tocopherol-stripped corn oil at the volume of the DEHP200. The
DEHP doses reflect those previously reported in the literature” >’ The 20 mg/kg/day dose aligns with
exposure levels from medical devices”*?. The 200 mg/kg/day dose of DEHP has been used in previous
studies by our group™'. Piglets were fed a nutritionally adequate sow-milk replacer formula reconstituted at
18.3% w/v (Milk Specialties Global, Eden Prairie, Minnesota). Piglet BW was measured daily, and the
volume of the formula provided was based on 300 mL/kg BW/day (PND3-7) and 325 mL/kg BW/day
(PNDs-23). Formula intake was calculated by subtracting daily formula waste from the formula provided.

Sample collection

On PND23, animals were sedated with an intramuscular injection of Telazol® (Tiletamine HCI and
Zolazepam HCI, 3.5 mg/kg BW each, Pfizer Animal Health, Fort Dodge, IA) followed by an intravenous
injection of 86 mg/kg BW sodium pentobarbital (Euthasol; Virbac AH, Inc., Fort Worth, TX). The spleen,
brain, kidneys, heart, lungs, intestine, and liver were excised and weighed. Samples from the small and large
intestines were fixed in 10% buffered formalin for morphological analysis. The small intestine mucosa was
scraped using a microscope slide and snapped-frozen to assess disaccharidase activity. Ascending colon
(AC) and rectal contents (RC) were collected for microbiota analysis. In addition, urine samples were
collected via cystocentesis (urine collected directed from the bladder using a sterile needle and syringe) for
urinary DEHP metabolites assessment by liquid chromatography/mass spectrometry (LC/MS/MS).

Histomorphological analyses

Formalin-fixed sections of duodenum, jejunum, ileum, and AC were processed into paraffin blocks,
sectioned into 5-um slices, and placed on glass slides. Digital images (10x magnification) of hematoxylin-
eosin-stained tissues were captured with the use of the NanoZoomer Slider Scanner (Hamamatsu
Corporation; Institute for Genomic Biology Core Microscopy and Imaging Facility, UI). Small intestinal
villus height (um), crypt depth (um), and colon cuff depth (um), and villus, crypt, and colon cuff areas
(mm?) were measured from 10-15 well-oriented crypts-villi with AxioVision 4.8 Digital Image Processing
Software (Carl Zeiss Microlmaging, Inc.).
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Disaccharidase activity

Intestinal lactase and sucrase activities were measured as previously described”**”. Small intestine mucosal
homogenates were prepared and incubated with 0.6 M lactose (ThermoFisher Scientific, Waltham, MA) or
0.3 M sucrose (ThermoFisher Scientific) buffer (dissolved in 0.0625 M maleate buffer) for 60 min at 37 °C.
The reaction was stopped by the addition of 2.0% zinc sulfate (ThermoFisher Scientific) and 1.8% barium
hydroxide (ThermoFisher Scientific), and the amount of glucose released was detected with a glucose
oxidase reagent (ThermoFisher Scientific). The Bradford method measured protein in intestinal
homogenates (Bio-Rad Laboratories, Inc, Hercules, CA). Enzyme activity was expressed as pmoles of
glucose per minute per gram of protein.

Urinary DEHP metabolites

Urinary DEHP metabolites were assessed as described by Warner et al.””. Mono-(2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP), mono-(2-ethyl-5-hexyl) phthalate (MEHP), mono-(2-ethyl-5-oxohexyl) phthalate
(MEOHP) and mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP) were analyzed in the 5500 QTRAP LC/
MS/MS system (Sciex, Framingham, Massachusetts) at the Metabolomics Lab of the Roy J. Carver
Biotechnology Center (UTUC) and Analyst 1.6.2 software was used for data acquisition.

Statistical analyses

Analysis of variance (ANOVA) was conducted using the MIXED procedure of SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA) to differentiate dose effects on young pigs. Depending on the outcome, one of two
statistical models was used: (1) data collected at a single time point were analyzed by 1-way ANOVA; and
(2) data collected from the same animal on more than one occasion (i.e., daily BW and formula intake) were
analyzed by ANOVA with repeated measures, in which dietary treatment, time, and treatment by time
interaction were added to the statistical model. Normality was checked by the Shapiro-Wilk test and data
were log-transformed if distribution did not follow normal distribution (urinary metabolite data). Outliers
were identified by a studentized residual procedure where values of > 3 or < -3 were removed from the
statistical analysis. Data were expressed as mean + standard error of the means (SEM) and statistical
significance was defined at P < 0.05. Microbial statistical analyses are described below.

Microbiota analysis

DNA extraction

DNA was extracted from AC and RC contents with the QIAamp DNA Stool Mini Kit (Qiagen,
Germantown, MD) in combination with the FastPrep-24 System (MP Biomedicals, Solon, OH) as
previously described””. DNA concentration was determined with a NanoDrop 1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE).

Polymerase chain reaction amplification, library preparation, and sequencing of 16S rRNA genes

Polymerase chain reaction (PCR) amplification, library preparation, and sequencing of 16S rRNA genes
were performed at Roy J. Carver Biotechnology Center, UIUC. The full-length 16S rRNA genes were
amplified from the extracted DNA using universal primers 27F: AGRGTTYGATYMTGGCTCAG and
1492R: RGYTACCTTGTTACGACTT". For each sample, both the forward and reverse primers were tailed
with sample-specific PacBio barcode sequences to allow for multiplexed sequencing. The PCR amplification
mixture contained 0.3 uM of both primers, 2.5 ng of genomic DNA, 12.5 uL. Kappa Hotstart Ready Mix
(Roche Sequencing and Life Science, Wilmington, MA) in a final volume of 25 pL. PCR temperature profile
included 1 cycle at 95 °C for 3 min, followed by 25 cycles at 95 °C for 30 s, 57 °C for 30 s, and 72 °C for
1 min. The concentrations of PCR products were measured on a Qubit 3.0 Fluorometer (Thermo Fisher
Scientific), and amplicon size (~1.5 kb) was checked by running on an Agilent Fragment Analyzer. Samples
were pooled in equimolar concentrations and purified with AMPure PB beads according to the
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manufacturer’s recommendations (PacBio, Menlo Park, CA). The pooled, individually barcoded amplicons
were converted to a library with the SMRTBell Express Template Prep kit 2.0 (PacBio). The library was
quantitated with Qubit 3.0 Fluorometer and run on a Fragment Analyzer to confirm the presence of DNA
fragments of the expected size. The library was sequenced on an SMRTcell 8M in a PacBio Sequel II with
10 h movie time. The circular consensus analysis was performed from the bam file with SMRTLink V8.0
using the following parameters: ccs --min-length 1200 --max-length 2000 --min-passes 3 --min-rq 0.999.
Demultiplexing was done with lima using default parameters (PacBio).

Sequence processing

Sequences were processed using DADA2 R package and QIIME 2 pipeline™*. Demultiplexed reads
obtained from the sequencing facility were subjected to primer removal, dereplication, denoising, and
chimera checking using DADA2 package of R (version 1.14.1)". The amplicon sequence variant (ASV)
table and representative sequences generated from DADA2 were imported and further analyzed in QIIME
pipeline (version 2020.6)™. The representative sequences were aligned, and a phylogenetic tree was
constructed from filtered alignment as previously”. Alpha diversity and UniFrac distance metrics were
computed through the plugin diversity with the core metrics-phylogenetic method on the ASV table and
phylogenetic tree. Samples were rarefied to an equal number of reads (10,956) when a-diversity and UniFrac
distance metrics were calculated. Taxonomic assignments were performed using plugin feature-classifier
with classify-sklearn method”**”, in which a pre-trained Naive-Bayes classifier with SILVA 138 99%
operational taxonomic units (OTUs) full-length sequences was used (https://www.arb-silva.de/)"".
Taxonomic bar plots were generated using the plugin taxa with the taxa barplot method. The bar plots were
visualized, and the count tables at the phylum and genus levels were downloaded using QIMME 2 View
(https://view.qiime2.org/) for differential abundance analysis.

Microbiota statistical analyses

Differences in overall bacterial communities among treatment groups (beta-diversity) were evaluated with
principal coordinate analysis (PCoA) and permutational multivariate analysis of variance (PERMANOVA).
PERMANOVA was performed on weighted UniFrac distances in QIIME 2 using plugin diversity with beta-
group-significance method"”. Alpha diversity [Shannon’s indices, Evenness, Faith’s phylogenic diversity
(PD)] was analyzed using the PROC MIXED procedure of SAS (version 9.4; SAS Institute). For differential
abundance analysis, counts of bacterial taxa were assessed with pairwise comparisons using a negative
binomial Wald test implemented in the R package DESeq2"". Genera with mean relative abundance < 0.01%
and present in < 20% of samples were removed from the differential abundance analysis. Data are reported
as means + SEM or log2 fold change. Statistical significance was defined as P < 0.05 for alpha and beta
diversity analysis. For differential abundance of bacterial taxa, P-values were adjusted (Padj) for multiple
testing by the Benjamini-Hochberg procedure, and a Padj < 0.10 was considered statistically significant.

RESULTS

Growth, formula intake, and organ weights

There were no differences in BW over the course of the study between the piglets dosed with 20 or 200 mg
DEHP/kg BW/day compared to CON [Figure 1]. Total BW gain, calculated as the difference in weights
between PND23 and PND2, did not differ among the groups, and the gains were 6.2 +0.07, 6.2 + 0.1 and 6.0
+ 0.1 kg for CON, DEHP20 and DEHP200, respectively. Similarly, the average daily weight gain (ADG) in
three periods of seven days each did not differ among the groups [Supplementary Table 1]. Formula intake
was not affected by oral DEHP (data not shown). DEHP exposure at either dose did not affect intestinal
length or organ weights, normalized to BW, compared to CON [Table 1]. BW and ADG did not differ
between males and females. Thus, all remaining statistics did not include sex as a variable.
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Table 1. Small and large intestinal weight and length and organ weights normalized by BW of piglets supplemented orally with O
(CON), 20 (DEHP20), or 200 (DEHP200) mg DEHP/kg BW/day

Treatment groups
CON DEHP20 DEHP200 P-value
Intestinal length (cm/kg) Nne+25 Nn8+2.6 ne+2.0 0.74
Intestinal weight (g/kg) 34+09 34+12 34+14 0.98
Cecum + colon (g/kg) 23+1.1 22+0.9 22+0.7 0.53
Brain (g/kg) 6.2+0.1 6.0+0.1 63+0.2 0.34
Kidneys (g/kg) 75+03 7.7+03 8.0+05 0.59
Spleen (g/kg) 35+05 42+07 35+06 0.68
Heart (g/kg) 6.1+0.2 6.0+02 6.7+03 0.06
Liver (g/kg) 33+0.9 31+0.7 32+0.7 0.20
Lung (g/kg) 13+£0.3 13+£0.5 13+05 0.63

Data are expressed as mean + SEM; n = 8 per group. DEHP: Di-(2-ethylhexyl) phthalate; BW: body weight; SEM: standard error of the means.
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Figure 1. BW of piglets fed formula containing O (CON), 20 (DEHP20) or 200 (DEHP200) mg DEHP/kg BW/day from postnatal days 2
to 23. Values are means = SEM. There were no significant differences in weight gain (P > 0.05). DEHP: Di-(2-ethylhexyl) phthalate;
BW: body weight; SEM: standard error of the means.

Urinary metabolites

Four different DEHP metabolites were detected in urine [Figure 2]. DEHP metabolite excretion in the urine
was positively correlated with DEHP dose. MEHP, MEHHP, MEOHP, and MECPP concentrations in
DEHP20 and DEHP200 were 6.6-, 7.5-, 6.3-, and 6.3-fold, and 51-, 115-, 47-, and 38-fold higher than CON,
respectively, while DEHP200 was 7.7-, 15.2-, 7.6-, and 6.1-fold higher than DEHP-20. MEOHP was the most
abundant DEHP metabolite found in urine, followed by MEHHP and MEHP.

Intestinal histomorphology

Morphological measurements of small intestine villi and crypts and AC cuffs are presented in Table 2.
Exposure to DEHP did not affect intestinal morphology in the ileum or AC. A statistical trend (P < 0.07)
was observed toward higher crypt depth in the duodenum of DEHP200 compared to CON and DEHP20.
Jejunal villus length was significantly shorter in piglets fed the high dose of DEHP, while villus area was
lower in DEHP200 than DEHP20. Jejunum villus area between DEHP and CON tended (P = 0.07) to differ.
Jejunal crypt depth was highest in DEHP200, intermediate in CON, and lowest in DEHP20, while crypt area
was lower in DEHP20 than CON and DEHP200.
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Table 2. Small and large intestine morphology of piglets supplemented orally with 0 (CON), 20 (DEHP20), or 200 (DEHP200) mg
DEHP/kg BW

Treatment groups

CON DEHP20 DEHP200 P-value
Duodenum
Villus length (um) 547 +36 543+ 25 594 + 28 0.42
Villus area (mmz) 67.0+£5.2 69.1+4.3 748 £6.0 0.56
Crypt depth (um) 250+5.0 245+10 276 +£12 0.07
Crypt area (mm®) 12.6+0.9 11.5+0.7 131+0.9 0.39
Jejunum
Villus length (um) 557 +16° 569 +22° 476 +26° 0.013
Villus area (mm?) 63.8+2.8*" 701+ 4.4° 522+5.0° 0.019
Crypt depth (um) 160 +5.0*" 143+7.9° 170 +7.4° 0.039
Crypt area (mm®) 6.5+0.3" 52+04° 6.8+0.6" 0.027
lleum
Villus length (um) 435+ 21 427+10 415+16 0.70
Villus area (mm®) 466438 448+1.8 434419 071
Crypt depth (um) 179+75 172+£57 169+3.4 0.50
Crypt area (mm?) 6.7+0.3 6.3+0.1 6.5+0.2 0.31
Ascending colon
Crypt depth (um) 285+15 262+8.3 256 + 6.7 0.5
Crypt area (mm?) 15.7 +1.2 13.3+0.8 141+0.6 018

Data are expressed as mean + SEM. Different letters superscripts in a row indicate differences at P < 0.05. ‘Statistical difference between
DEHP200 and CON jejunum villus area reached a trend level at P = 0.06. n = 8 per group. DEHP: Di-(2-ethylhexyl) phthalate; BW: body weight;
SEM: standard error of the means.
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Figure 2. Urinary metabolite concentration in piglets administered O (CON), 20 (DEHP20) or 200 (DEHP200) mg DEHP/kg BW/day
on PND23. Values are means + SEM. Different letters superscripts for each metabolite indicate statistical differences at P < 0.0001. n =
8 per group. MEHHP: Mono-(2-ethyl-5-hydroxyhexyl) phthalate; MEHP: mono-(2-ethyl-5-hexyl) phthalate; MEOHP: mono-(2-ethyl-5-
oxohexyl) phthalate; MECPP: mono-(2-ethyl-5-carboxypentyl) phthalate; DEHP: di-(2-ethylhexyl) phthalate; BW: body weight; SEM:
standard error of the means.
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Table 3. Small intestine disaccharidase activity (umol/min/g protein) of piglets supplemented orally with 0 (CON), 20 (DEHP20),
or 200 (DEHP200) mg DEHP/kg BW

Treatment groups

CON DEHP20 DEHP200 Prvalue
Duodenum
Sucrase activity 239+49 31.7+54 433+7.8 0.12
Lactase activity 72.7+134 103+13.0 14 +£20.1 0.28
Jejunum
Sucrase activity 95.4 +8.5° 159 +11.8° 209 +22.7° 0.0002
Lactase activity 129+10.1 107 +26.8 147 +£22.6 0.42
lleum
Sucrase activity 77.4+£143 ne+23.4 775+8.8 0.19
Lactase activity 495+16.8 416+6.4 39.0+£10.0 0.81

Data are expressed as mean + SEM. Different letters superscripts in a column indicate differences at P < 0.05. n = 8 per group. DEHP: Di-(2-
ethylhexyl) phthalate; BW: body weight; SEM: standard error of the means.

Intestinal lactase and sucrase activities

Disaccharidase activities were assessed in the duodenum, jejunum, and ileum [Table 3]. Oral DEHP had no
impact on intestinal lactase activity or sucrase activity in the duodenum or ileum. Sucrase increased in a
dose-dependent fashion in the jejunum, with the highest activity in the DEHP200, intermediary in the
DEHP20, and lowest in CON.

Intestinal microbiota

Alpha diversity is a measure of the diversity of ecological communities, which can be described using
indices such as richness, evenness, the Shannon index, and Faith’s PD. The Shannon index considers both
species richness (how many different species are present) and evenness (how evenly species are distributed).
Faith’s PD measures the diversity of a microbial community by considering the phylogenetic relationships
between species, rather than just their presence or abundance”. DEHP exposure notably enhanced alpha
diversity in the AC contents compared to CON, as evidenced by the increased number of observed features
and Shannon index [Table 4]. In the RC, although the number of observed features tended to be higher in
the DEHP200 group relative to CON (P = 0.073), other indices did not show significant differences between
the groups. Examination of overall bacterial communities through PCoA and PERMANOVA indicated that
bacterial communities were similar between CON and DEHP20 (P > 0.05). However, both CON and
DEHP20 significantly differed from DEHP200 in both AC and RC [Figure 3].

Analysis of differential abundance revealed significant alterations in bacterial composition due to DEHP
exposure at both phyla and genera levels. At the phyla level, no differences were observed in bacterial
abundances between the CON and DEHP20 in either the AC or RC contents [Table 5]. The AC contents of
piglets fed DEHP200 exhibited increased levels of Actinobacteria, Bacillota (formerly known as Firmicutes),
and Verrucomicrobiota compared to CON. Conversely, AC contents of piglets fed DEHP200 showed
decreased abundances of Bacteroidota and Spirochaetota relative to both CON and DEHP20. In the RC,
bacterial abundances of piglets fed DEHP200 did not differ significantly from CON piglets. However, RC
contents of DEHP200 piglets had higher relative abundances of Actinobacteria and Bacillota, while
Bacteroidota were lower than DEHP20 [Table 5].
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Table 4. Alpha diversity measures of ascending colon and rectal contents of piglets supplemented orally with 0 (CON), 20
(DEHP20), or 200 (DEHP200) mg DEHP/kg BW/day

Treatment groups

CON DEHP20 DEHP200 P-value
Ascending colon
Observed features 365+24.8° 451+ 21.8° 448+18.2° 0.012
Evenness 0.7+0.01 0.73+0.01 0.74+0.01 0.073
Shannon index 59+0.17° 6.4+0.09 6.5+014° 0.0117
Faith's PD 16.3+0.55 17.6 +£0.58 171+0.4 0.19
Rectum
Observed features 392+18.5 421+23 462 +22.9 0.069
Evenness 0.74+0.02 0.74 +0.01 0.73+0.01 0.99
Shannon index 6.4+0.23 6.4+0.14 6.5+ 0.16 0.83
Faith's PD 17.9+0.51 18.7+0.75 18.5+0.58 0.64

Data are expressed as mean + SEM. Different letters superscripts in a row indicate differences at P < 0.05. n = 7 to 8 per group. DEHP: Di-(2-
ethylhexyl) phthalate; BW: body weight; PD: phylogenetic diversity; SEM: standard error of the means.
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Figure 3. Principal co-ordinate analysis based on weighted UniFrac distances generated from ascending colon (A) and rectal (B)
contents of piglets administered with O (CON), 20 (DEHP20) or 200 (DEHP200) mg DEHP/kg BW/day. DEHP: Di-(2-ethylhexyl)
phthalate; BW: body weight.

Table 6 illustrates alterations in AC bacterial genera. Exposure to phthalates at either dose increased the
abundance of Christensenellaceae R-7 group and Romboutsia and decreased the relative abundance of
Lachnospiraceae UCG-014 compared to the CON group. Additionally, DEPH200 animals displayed lower
levels of Odoribacter, Sphaerochaeta, Clostridia UCG-014, [Eubacterium] Fissicatena, and Rominococcus
compared to both CON and DEHP20. The abundance of bacteria from the genera Lactobacillus and
Clostridium sensu stricto 1 was higher in the AC contents of the DEHP200 group than the CON but not the
DEHP20 group. Lastly, exposure to DEHP20 led to a significant decrease in the relative abundance of
Holdemanella and Clostridia Vadim BB60 compared to both CON and DEHP200.
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Table 5. Bacterial phyla that significantly differed in the ascending colon and rectal contents of piglets supplemented orally with O
(CON), 20 (DEHP20), or 200 (DEHP200) mg DEHP/kg BW/day

Bacterial phyla Base mean DEHP20/CON DEHP200/CON DEHP200/DEHP20
LFC Padj LFC Padj LFC Padj
Ascending colon
Actinobacteriota 7203 1.85 0.355 244 0.024 0.59 0.787
Bacteroidota 11,705.8 -0.02 0.965 -1.07 0.012 -1.06 0.014
Bacillota 10,727.8 0.32 0.471 0.67 0.012 0.35 0.358
Spirochaetota 191.2 1.60 0.693 -25.12 <0.001 -26.72 <0.001
Verrucomicrobiota 50.3 133 0.525 254 0.050 1.20 0.627
Rectum
Actinobacteriota 670.0 -0.10 0.95733 1.60 0.115 1.70 0.092
Bacteroidota 9,352.1 0.54 0.81531 -0.95 0.115 -1.50 0.006
Bacillota 18,693.0 -0.09 0.95733 0.70 0.115 0.78 0.092

Data were analyzed by DESeq2 package of R, n = 7 to 8 per group. Padj, P-value adjusted by the Benjamini-Hochberg method to control for false
discovery rate; Padj < 0.10 was considered statistically significant. DEHP: Di-(2-ethylhexyl) phthalate; BW: body weight; base mean: means of
normalized counts for all samples; LFC: log2 fold-change.

Table 6. Bacterial genera that significantly differed in the ascending colon contents of piglets supplemented orally with 0 (CON), 20
(DEHP20), or 200 (DEHP200) mg DEHP/kg BW/day

Bacterial genus Base mean DEHP20/CON DEHP200/CON DEHP200/DEHP20
LFC Padj LFC Padj LFC Padj
Bacteroidota
Bacteroides 7,778.4 -1.07 0.458 -1.82 0.020 -0.75 0.591
Odoribacter 197.2 -0.90 0.958 -26.7 <0.001 -25.8 <0.001
Sanguibacteroides 39.3 -1.48 0.852 -5.67 0.024 -4.19 0.250
Spirochaetota 191.2 1.60 0.693 -25.12 <0.001 -26.72 <0.001
Verrucomicrobiota 50.3 1.33 0.525 2.54 0.050 1.20 0.627
Bacillota
Holdemanella 376.0 -6.36 0.0m 0.94 0.803 7.30 0.001
Lactobacillus 702.0 0.71 0.693 1.44 0.098 0.73 0.591
RF39 32.0 2.33 0.693 -3.46 0.277 -5.79 0.024
Christensenellaceae R-7 264.1 1.92 0.01 2.00 0.003 0.08 0.945
Clostridia UCG-014 188.9 -0.62 0.693 -2.14 0.002 -1.52 0.046
Clostridia vadin BB60 49.6 -4.68 0.01 -3.03 0.141 1.65 0.591
Clostridium sensu stricto 1 102.6 1.44 0.693 3.00 0.059 1.56 0.591
[Eubacterium] fissicatena 203.8 -0.66 0.925 -3.75 0.008 -3.10 0.046
Lachnospiraceae UCG-004 30.9 -4.73 0.084 -6.06 0.006 -1.33 0.786
Colidextribacter 16.7 2.56 0.086 1.56 0.337 -1.00 0.691
Ruminococcus 212.2 -0.12 0.958 -1.98 0.024 -1.86 0.046
Intestinibacter 2.7 -2.66 0.600 -4.79 0.043 -2.13 0.596
Romboutsia 62.2 2.62 0.086 3.19 0.012 0.58 0.788
Spirochaetota
Sphaerochaeta 203 0.30 0.970 -26.3 <0.001 -26.6 <0.001

Data were analyzed by DESeq?2 package of R, n = 7 to 8 per group. Only the genus with mean relative abundance = 0.01% and present in 2 20% of
the samples were evaluated. Padj, P-value adjusted by the Benjamini-Hochberg method to control false discovery rate; Padj < 0.1 was considered
statistically significant. DEHP: Di-(2-ethylhexyl) phthalate; BW: body weight; base mean: means of normalized counts for all samples; LFC: log2
fold-change.
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Table 7. Bacterial genera that significantly differed in the rectal contents of piglets supplemented orally with 0 (CON), 20
(DEHP20), or 200 (DEHP200) mg DEHP/kg BW/day

Bacterial genus Base mean DEHP20/CON DEHP200/CON DEHP200/DEHP20
LFC Padj LFC Padj LFC Padj
Bacteroidota
Odoribacter 589.2 1.00 0.945 -6.23 0.175 -7.23 0.063
Sanguibacteroides 97.0 -0.39 0.952 -3.84 0.107 -3.45 0.084
Alistipes 676.0 .64 0.525 -1.48 0.469 -3.12 0.063
Bacillota
[Clostridium] innocuum 55 -0.17 0.985 3.01 0.175 318 0.077
Holdemanella 589.8 -6.78 0.004 2.80 0.399 9.58 <0.001
Turicibacter 153.8 -0.67 0.934 1.99 0.322 2.66 0.085
Leuconostoc 31 -4.06 0.281 0.59 0.813 4.65 0.085
Lactococcus 6.5 -3.20 0.281 0.60 0.792 3.79 0.077
Streptococcus 218.6 -2.08 0.281 0.51 0.779 2.60 0.063
RF39 240.0 1.28 0.934 -4.09 0.175 -5.36 0.063
Eubacterium 50.6 -0.38 0.945 244 0.175 2.82 0.063
[Eubacterium] fissicatena 428.4 -0.77 0.720 -21 0.107 -1.35 0.266
Colidextribacter 65.4 2.63 0.135 277 0.107 0.4 0.925
Anaerovorax 9.8 0.39 0.945 -2.28 0.175 -2.67 0.063
Family XIIl AD3011 56.6 -0.97 0.525 -2.19 0.026 -1.21 0.210

Data were analyzed using DESeq2 package of R, n = 7 to 8 per group. Only the genus with mean relative abundance = 0.01% and present in
20% of the samples were evaluated. Padj, P-value adjusted by the Benjamini—-Hochberg method to control false discovery rate; Padj < 0.1 was
considered statistically significant. DEHP: Di-(2-ethylhexyl) phthalate; BW: body weight; base mean: means of normalized counts for all samples;
LFC: log2 fold-change.

The influence of phthalates on RC revealed a significant decrease in the relative abundance of
[Eubacterium] Fissicatena and Anaerovoracaceae Family XIII AD3011 in DEHP200 compared to CON
alone [Table 7]. Meanwhile, the reduction in Sanguibacteroides was relative to both CON and DEHP2o0.
Holdemanella levels decreased in DEHP20 compared to CON and DEHP200. In the pairwise comparison
between DEHP200 and DEHP20, the genera [Clostridium] innocuum, Turicibacter, Leuconostoc,
Lactococcus, Streptococcus, and Eubacterium were elevated, while Odoribacter, Alistipes, RF29, and
Anaerovorax were reduced.

DISCUSSION

This study aimed to investigate whether early postnatal exposure to DEHP results in deviations in intestinal
development and function, as well as alterations in gut microbiota, compared to no exposure in neonatal
pigs. The DEHP doses were in the range used in studies in rodents””*” and swine“>*" or described to be the
estimated exposure of infants in a neonatal intensive care unit*”. We observed no effects on whole BW gain
or organ growth, whereas effects on intestinal villus structure, disaccharidase activity, and colonic
microbiota were observed.

Based on urinary metabolite profiles, neonatal pigs appear to metabolize DEHP similarly to newborn infants
with respiratory distress who received IV fluid treatment™. Specifically, MEHHP, MEHP, MEOHP, and
MECCP concentrations in DEHP-exposed piglets were significantly higher than controls and increased in a
dose-dependent fashion. Diesters of phthalate metabolites are degraded by esterase and lipase to form
monoesters that may further be transformed into oxidative metabolites in the intestine or other tissues*".
Urinary metabolites are used as indicators of phthalates exposure and are used for biomonitoring of
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exposure. Although infants may not metabolize or eliminate phthalate byproducts as effectively as adults in
the first 6 months of life, this capacity evolves over time®.

In contrast to findings in rodents”*, exposure to DEHP at 20 or 200 mg/kg did not affect BW gain or organ
size in pigs. However, significant changes in intestinal morphology and function were observed. The highest
DEHP dose was associated with shorter villi but deeper crypts in the jejunum compared to CON, indicating
villus atrophy and crypt hyperplasia. Comparable outcomes were noted in adult mice receiving a high dose
(500 mg/kg BW) of dibutyl phthalate (DBP)"’. In this investigation, the DBP-treated group had
significantly reduced jejunal villus height and villus/crypt ratio compared to the control group, with no
notable changes in crypt depth. Conversely, DBP administration had the opposite effect in the duodenum,
leading to a significant increase in villus height and villus/crypt ratio*”. Likewise, a study of quails exposed
to high levels of DEHP (250, 500, 750 mg/kg BW) reported decreased villi length and increased crypt depth
in the duodenum. As a result of the exposure, disruption of the epithelial barrier and varying degrees of
intestinal inflammation were observed*”. Diisononyl phthalate (DINP) fed to female rats during pregnancy
and lactation caused severe villous atrophy in the 30-day-old offspring, while DEHP administration resulted
in intestinal lymphoepithelial lesions*. The same study documented higher lactase and sucrase activities in
the small intestine. Similarly, we noted a DEHP dose-dependent increase in sucrase activity in the jejunum,
while no discernible impact of DEHP was observed in the duodenum and ileum. Beumer and Clevers'*!
presented new insights into stem cell regulation and fate specification in response to intestinal insults or
damage. They postulated that cells in the intestinal epithelium have a certain degree of plasticity that allows
them to function as stem cells and display context-dependent functionality as dictated by their
microenvironment. Others have hypothesized that the gut microbiota may modulate changes in intestinal

function and structure after an insult such as DEHP exposure!™*'.

Many intestinal responses to environmental factors are associated with and modulated by the composition
and diversity of the colonic microbiota. The establishment of the gut microbiota starts at birth and evolves
during childhood until it reaches a composition that resembles those found in adults®?. Microbial dysbiosis
during early life has the potential to lead to chronic diseases, including inflammatory bowel disease, asthma,
and obesity, among others””. In recent years, environmental chemicals have been shown to alter the
microbiota. This study is the first, to our knowledge, to describe the significant effects of DEHP on the
microbiota in young pigs. Others demonstrated that exposure to bisphenol A (BPA) at the concentration of
500 mg/kg BW/day (or 0.1% in the diet) resulted in impaired growth performance and intestinal
morphology but observed no differences in alpha and beta diversity in young pigs"*". In our study, bacterial
richness (observed features and Shannon indices) increased significantly in the AC regardless of the DEHP
dose, with no differences detected in the RC. Furthermore, differences in overall bacterial communities
(beta diversity) separated the microbiota of animals from the high level of exposure from control and low
level. Studies in pubertal female mice observed increased fecal alpha diversity (Chao1 index) after 7 days of
oral administration of 1 or 10 mg DEHP/kg BW/day"™*. The effect disappeared after 14 days of treatment. In
contrast, the work by Cheng et al. showed a significant decrease in microbial richness and structure in 6-
week-old male C57BL/6 mice receiving 1,000 mg DEHP/kg BW/day for 15 weeks relative to non-exposed
mice"”. However, microbial diversity between control and animals exposed to 200 and 500 mg/kg BW/day
did not differ.

To further explore the effect of DEHP on the composition of the microbiota, differential analyses at phylum
and genus levels were performed. The distribution of bacteria at the phylum level did not differ between
CON and DEHP20. DEHP200 led to significant changes in the abundance of Bacillota and Bacteroidota in
the AC, which account for 90% of the sequences annotated in the colon content of young pigs"”. The overall
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shift resulted in an increased abundance of Bacillota and Actinobacteria, accompanied by a decrease in
Bacteroidota and Spirochaetota. Consistent with our findings, research involving 4-week-old female ICR
mice administered 500 or 1,500 mg DEHP/kg BW/day"*, and pubertal Sprague-Dawley rats dosed with
3,000 mg DEHP/kg/BW/day"* reported an increase in the ratio between Bacillota and Bacteroidota in fecal
and cecal contents, respectively. The latter study found that DEHP doses of 300 and 1,000 mg/kg BW/day
did not induce the same microbiota shift"*”. Differences in outcomes can be attributed to the use of different
animal models and also, the dosage used, duration of exposure, and associated microbial changes'*.

To provide additional insight into the alterations in the microbiota, we performed differential analyses at
the genus level. Animals exposed to any DEHP dose had a higher abundance of the Christensenellaceae R-7
and Romboutsia genera in the AC than CON. In the same animals, the abundance of Lachnospiraceae UCG-
004 genus in DEPH20 and DEPH200 piglets was reduced compared to CON. Moreover, the AC contents of
piglets exposed to DEHP200 exhibited lower abundances of Odoribacter and Sphaerochaeta compared to
CON piglets. Interestingly, no difference was observed in either of these genera at the 20 mg DEHP/kg/day
dose.

Christensenellaceae presence in the pig intestine is relatively low, with the colon harboring more of this
bacterium than the ileum and cecum". In humans, Christensenellaceae comprises approximately 0.01% of
the fecal microbiota, and its relative abundance is affected by ethnicity, sex, age, and host genotype*.

Christensenellaceae has emerged as an important modulator of health, and it is negatively associated with
BMI, fat mass, serum lipids, blood pressure, and impaired glucose metabolism***". Furthermore, an
increased abundance of species of the family Christensenellaceae has been strongly associated with asthma
and asthma-associated intestinal metabolites in 3-year-old children®”. However, no other study reported an
increase in Christensenellaceae after exposure to phthalates. Romboutsia belongs to the Bacillota phylum. Its
prevalence is elevated in various health conditions, such as neurodevelopmental disorders, immune-related
chronic intestinal inflammation, and gastric cancer®. The higher abundance of Romboutsia observed at
either DEHP dose in our study has also been reported in rodent studies”***,

Conversely, DEHP reduced the abundance of the genera Lachnospiraceae UCG-004 (Bacillota), Odoribacter
(Bacillota), and Sphaerochaeta (Spirochaeota), all of which are known to metabolize polysaccharides and
non-digestible fiber to produce volatile fatty acids (VFA)"“**".. VFA are essential for gut integrity, provide an
energy source for intestinal epithelial cells, and modulate the immune system'™. In addition, VFA are
important neuro-immuno-endocrine regulators and play significant roles in microbiota-gut-brain crosstalk
like motility, secretion, and blood flow!*”. Fecal VFA were not measured in this study, but others reported
that administration of high levels of DEHP significantly reduced fecal acetate and butyrate concentrations in
rats'*”. The authors postulated that the DEHP-dependent change in the microbiota composition modulated
the physiological effects of DEHP (severe organ damage, Th1 inflammatory response, and low fecal

45]

butyrate). However, these responses are rodent strain- and species-specific'

In the AC, the abundance of VFA-producing bacteria from the genera Holdomanella and Clostridia vadin
BBe60 group were lower in DEHP20 than CON, with no difference at the higher dose. A higher abundance
of Holdemanella biformis was inversely correlated with irritable bowel symptoms following fecal microbial
transplant”™. Additionally, the AC contents of DEHP20 were enriched with Colidextribacter, a genus
negatively correlated with BMI z-scores in 5-year-old children who had been born prematurely”’. Others
have reported that the effects of DEHP on the microbiota are not dose-dependent in rodents“>*!. Herein,
the overall microbiota structure in the AC and RC clustered more closely to CON than the DEHP200. We
speculate that higher doses are needed to observe significant overall changes in the piglet model.
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From a translational perspective, it is interesting to note that the effects of DEHP on the microbiota were
more apparent in the AC contents compared to the RC contents, the latter of which is reflective of a fecal
sample in humans. A higher number of phyla that differed in AC vs. RC (5 vs. 0) were observed between
CON and DEHP200. Additionally, 6 and 13 bacterial genera differed between CON and DEHP20, and
between CON and EDHP200, respectively, in AC, while only 1 and 4 differential genera were observed in
RC between CON and DEHP20, and between CON and DEHP200, respectively. In this study, bacterial
genera in the phyla Firmicutes were more affected by DEHP than those in the phylum Bacteroidota in
samples from both the AC and RC. However, within the Bacteroidota, both Odoribacter and
Sanguibacteroides were affected in AC and RC, whereas Bacteroides were also affected in the AC vs. Alistipes
in the RC. Within the Bacillota, there were about an equal number of genera with differential abundance in
response to DEHP. This should be considered when evaluating the impact of DEHP on the microbiome in
human studies, as microbial dysbiosis in more proximal regions of the gut is likely underappreciated.

This study revealed for the first time notable alterations in small intestine structure and disaccharidase
activity, as well as changes in colonic bacteria due to DEHP exposure, in the piglet model. However, several
limitations warrant consideration. First, the doses administered exceeded typical DEHP exposure levels
observed in healthy infants and children, although the DEHP20 dose reflected that found in the urine of
pregnant women'””. Second, we did not factor in potential secondary phthalate exposure from other dietary
sources, plastic materials in the feeding system, or uncontrolled environmental factors. However, any
additional exposure to phthalate contaminants affected all groups equally, minimizing potential
compounding effects on the outcomes. Third, microbial taxonomy was assessed by 16S rRNA gene
sequencing, and we did not measure fecal VFAs and other metabolites, which could have provided
additional insights into the impact of microbiota functional changes. In addition, 16S rRNA gene
sequencing does not capture the genetic differences that are known to exist in different strains of the same
bacterium, as observed among the different strains of E. coli, with some being highly pathogenic while
others are not. A recent study in mice®™ concluded that DEHP exposure causes an imbalance of intestinal
microbial homeostasis, which results in a decrease in beneficial bacteria and an expansion of pathogenic
bacteria abundance. The analyses of fecal metabolome indicated metabolic profiles were also changed due to
DEHP and caused intestinal barrier dysfunction and activation of the AhR/NF-«B pathway to induce
intestinal inflammation. Unfortunately, it is still unclear if the change in the metabolic profile was caused by
DEHP or by dysbiosis"™. Future studies could use gnotobiotic animals not directly exposed to DEHP but
implanted with microbiota from DEHP-exposed animals. This approach would enable the determination of
the specific effects of a DEHP-modified microbiota on host health. Future studies should use DEHP infant
exposure levels and should incorporate metagenomic sequencing and metabolomic analyses to gain broader
insight into the potential effects of DEHP on microbiome function.

CONCLUSION

This study documented that DEPH, a widely recognized endocrine-disrupting chemical, alters both the
structure and function of the small intestine and induces changes in the colonic microbial community. The
extent to which these microbiota structural changes contribute to alterations in intestinal development
requires further study. Herein, we confirmed that the neonatal piglet is a suitable model for investigating
how phthalate impacts development in early life. Building on previous findings"”, this study sheds light on
the complex effects of phthalates, emphasizing the importance of continued inquiry into their biological
ramifications. Furthermore, our findings highlight the potential health risks associated with DEHP exposure
during critical periods of development. Future research should focus on the long-term consequences of
early-life exposure to DEHP and other phthalates, including potential impacts on growth, immune function,
and overall health. Additionally, exploring interventions to mitigate these effects could be valuable.
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Understanding the mechanisms underlying DEHP-induced changes in the gut microbiome and intestinal
structure will be crucial for developing targeted strategies to protect vulnerable populations, such as infants,
from the adverse effects of phthalate exposure.
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