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Abstract
Inflammatory bowel disease is a complex collection of disorders. Microbial dysbiosis as

well as exposure to toxins including xenoestrogens are thought to be risk factors for inflam-

matory bowel disease development and relapse. Bisphenol-A has been shown to exert

estrogenic activity in the colon and alter intestinal function, but the role that xenoestrogens,

such as bisphenol-A , play in colonic inflammation has been previously described but with

conflicting results. We investigated the ability of bisphenol-A to exacerbate colonic inflam-

mation and alter microbiota metabolites derived from aromatic amino acids in an acute

dextran sulfate sodium-induced colitis model. Female C57BL/6 mice were ovariectomized

and exposed to bisphenol-A daily for 15 days. Disease activity measures include body

weight, fecal consistency, and rectal bleeding. Colons were scored for inflammation,

injury, and nodularity. Alterations in the levels of microbiota metabolites derived from aro-

matic amino acids known to reflect phenotypic changes in the gut microbiome were ana-

lyzed. Bisphenol-A exposure increased mortality and worsened disease activity as well as

inflammation and nodularity scores in the middle colon region following dextran sulfate sodium exposure. Unique patterns of

metabolites were associated with bisphenol-A consumption. Regardless of dextran sulfate sodium treatment, bisphenol-A

reduced levels of tryptophan and several metabolites associated with decreased inflammation in the colon. This is the first

study to show that bisphenol-A treatment alone can reduce microbiota metabolites derived from aromatic amino acids in the

colon which may be associated with increased colonic inflammation and inflammatory bowel disease.
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Introduction

Inflammatory bowel disease (IBD) is a complex collection
of gastrointestinal disorders. IBD incidence is on the rise, a
concerning trend, as treatment is lifelong and often requires
surgery, and colitis-associated inflammation is a risk factor
for developing colon cancer.1–3 Increased prevalence of
these diseases has been observed in North American and
European nations for decades, but as developing nations

become more industrialized, IBD prevalence increases in
these countries.1,2 A growing body of data suggests envi-
ronmental exposures significantly influence IBD develop-
ment and relapse.1–3 The two most common IBDs, Crohn’s
disease (CD) and ulcerative colitis (UC), differ in their path-
ophysiology, patterns of incidence, and environmental risk
factors, complicating the elucidation of the role of the envi-
ronment in IBD.2 Proposed environmental risk factors for
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IBD include diet, smoking, infections and pharmaceutical
usage, altered gut microbiome, estrogen-containing medi-
cation usage, and toxins or pollutants.1,2,4

Both endogenous estrogens as well as pharmaceutical
estrogens in oral contraceptive pills and hormone replace-
ment therapy are potential risk factors for IBD develop-
ment and relapse.1,2,4 Therefore, it is plausible that
environmental exposure to xenoestrogens (XEs) could
increase the risk of IBD. One such XE, bisphenol A (BPA)
is used in the production of polymers including those that
compose polycarbonate plastics, epoxy resins, and thermal
paper.5 A major source of human exposure to BPA is in
the diet, particularly through canned foods.5,6 Epoxy
resins line metal food and beverage containers, and poly-
carbonate plastics are also used in a variety of food-related
containers.6 Worldwide, over 3.8 million tons of BPA
are produced annually, and because BPA is used in a
wide variety of consumer and industrial applications, it is
pervasive in the environment and human tissues.6,7 For
example, in the United States, BPA was detected in the
urine of 92.6% of tested individuals over the age of 6.8

One review found BPA levels in human serum between
0.2 and 20 ng/mL, and these levels are above those BPA
concentrations known to cause adverse effects in vitro.7

Exposure to the compound has been linked with obesity,
reproductive issues, metabolic disorders, hormone-
dependent tumors, and other health effects.7,9 The
Environmental Protection Agency has established guide-
lines for acceptable levels of BPA exposure in humans.10

The no observed adverse effect level (NOAEL) is
5mg/kg-bw/day, the lowest observed adverse effect level
(LOAEL) is 50 mg/kg-bw/day, and the reference dose is
50mg/kg-bw/day.10 This reference dose is an estimate of
the daily exposure level that is unlikely to cause deleterious
effects in humans over the course of the lifespan. However,
several studies have shown negative effects of this or lower
doses, and a lower reference dose of 16 mg/kg-bw/day has
been proposed.11–13

BPA is considered an endocrine disruptor capable of
binding estrogen receptor a and b (ERa and ERb, respec-
tively), as well as G-protein coupled receptor 30 (GPR30),
and other non-classical estrogen-related receptors, which
may provide a mechanistic explanation for these adverse
effects.14 More specifically, BPA mimics 17b-estradiol (E2)
when binding to ERa, but acts as an antagonist when

binding ERb.14 This is particularly relevant in the colon,
where ERb is the primary ER and is considered to mediate
the protective effects of estrogen in inflammation-
associated and sporadic colon cancer.15,16 It is has been pre-
viously shown that BPA is linked to changes in gut barrier
function, inflammation, and altered gut microbiome.11,17,18

Previous studies have linked changes in gut microbiome
and the levels of metabolites present in the feces with colon-
ic inflammation and IBD development.19 Reduced levels of
tryptophan (Trp) and several microbiota metabolites
derived from aromatic amino acids (MDAs) including sero-
tonin have been associated with IBD and with increased
severity of symptoms in human patients and animal
models.20 Therefore, compounds that alter the gut micro-
biome and, as a result, the metabolome of the colon, could
impact IBD development and symptom severity.

The purpose of this study was to determine the effects of
BPA exposure on colonic inflammation and the intestinal
metabolome both in the absence of and during dextran sul-
fate sodium (DSS)-induced colitis. Previous studies have
shown that BPA does not alter disease severity or is
mildly protective against 2,4,6-trinitrobenzene sulfonic
acid (TNBS)-induced colitis.11,21 However, previous studies
in our laboratory and others have demonstrated differential
effects of E2 signaling on varying models of colitis, partic-
ularly a worsening of disease severity during DSS-induced
colitis.22–24 In the work presented here, we hypothesized
that BPA exacerbates DSS-induced colitis and reduces Trp
and MDAs in the colon.

Materials and methods

Animal model

Wild type C57BL/6 mice were obtained from Charles River
Laboratories. The mice were housed at the Laboratory
Animal Resources and Research facility at Texas A&M
University. All procedures were performed under a proto-
col approved by the Institutional Animal Care and Use
Committee at Texas A&M University; 10-week-old female
C57BL/6 mice were randomly divided into four groups
that received either no treatment (n¼ 12), BPA alone
(n¼ 10), DSS alone (n¼ 12), or BPA and DSS (n¼ 12).
The experimental timeline is shown in Figure 1. Animals
were allowed to acclimatize for one week prior to the start
of the study. To limit the effects of variations in endogenous

150 57- 10

BPA in Corn Oil 50 µg/kg/dayOVX and Pellet Implantation

Purified, phytoestrogen-free diet 
and Nanopure drinking water

1.5% DSS Termination

-8 -1 3 8 13 
Fecal 

Collection

Figure 1. Experimental design.
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estrogen production, animals were ovariectomized as
described previously.15 Mice were transferred to a pelleted,
purified, phytoestrogen-free diet (Baker Amino Acid Diet
5CC7, Test Diet) at the time of surgery and allowed food
and reverse osmosis and UVUF-treated water (Nanopure
Diamond, Barnstead) ad libitum. Mice were housed in poly-
ethylene cages and provided drinking water in polyethyl-
ene bottles.

Beginning one week after ovariectomy, animals were
gavaged with 50 mg/kg-bw/day BPA (Sigma Aldrich) dis-
solved in corn oil or vehicle control for 15 days at the
same time each morning. BPAwas first dissolved in ethanol
for a final ethanol concentration in treatment and controls
groups of 0.01%. BPAwas dissolved in corn oil at a concen-
tration of 6.25 mg/mL. This concentration allowed gavage
of 1.25 mg BPA per 200 mL corn oil for a 25 g mouse such
that the maximum gavage volume of 1% body weight was
not exceeded. The same calculations were used to dose
vehicle controls with corn oil. Treatments were prepared
fresh daily.

Induction of colitis

DSS (1.5%) (MP Biomedicals; 36–50 kDa) was provided ad
libitum in drinking water from days 5 through 10 of BPA
treatment. DSS was replaced every 48 h. Animals in control
groups received normal drinking water. Body weight, fecal
consistency score, and macroscopic fecal blood scores were
obtained daily on all animals. Disease activity index
(DAI), providing an average measure of body weight
loss, fecal consistency score, and macroscopic rectal bleed-
ing scores were adapted from previous work.25,26 Briefly,
body weight loss percentage from start of the study was
scored as 0: weight gain or 0–1% loss, 1: 1–5% loss, 2: 5–10%
loss, 3: 10–15% loss, 4: >15% loss compared to study day
�1. Fecal consistency was scored as 0: normal stool, 1: soft
but formed pellet, 2: very soft pellet, 3: diarrhea (no pellet),
or 4: dysenteric diarrhea (blood in diarrhea). Rectal bleed-
ing was scored as 0: no bleeding, 2: presence of visible
blood in stool (red/dark pellet), 4: gross macroscopic bleed-
ing (blood around anus). Body weight as well as fecal
consistency, rectal bleeding, and disease activity scores
are only reported through day 12. After this point, the
loss of animals influenced these data points such that
they were not interpretable.

Fecal and tissue collection

Animals were singly housed for up to 2 h, and feces were
collected prior to BPA treatment (day �1), and on days 3, 8,
and 13 of BPA treatment, and at termination. For targeted
metabolomics, day 8 samples were chosen because this
time point would best allow for determining the effects of
BPA on the gut metabolome during DSS-induced inflam-
mation. Fecal pellets were flash frozen and stored at �80�C
until analysis.

Animals were terminated on study day 15, 5 days
following cessation of DSS. Final treatments of BPA or vehi-
cle control were gavaged 2 h before termination. Blood was
collected via cardiac puncture, and plasma was stored at
�20�C. Colons were resected, flushed with PBS, and

opened longitudinally. Half of each colon was Swiss
rolled, fixed in 4% paraformaldehyde (JT Baker) for 4 h,
and then sectioned for pathological analysis; 4 mm, non-
serial sections from fixed colons were H&E stained
and scored for severity of acute colonic inflammation and
injury by a blinded, board-certified pathologist (B. Weeks).
Degree of inflammation was scored as 0: no unexpected
inflammation, 1: minimal to very mild inflammation,
2: mild to moderate inflammation, or 3: moderate to
severe inflammation. Degree of tissue injury was scored
as 0: no unexpected injury, 1: minimal to very mild injury,
2: mild to moderate injury, or 3: moderate to severe injury.
Nodularity or aggregation of inflammation was scored as
0: diffuse inflammation, 1: minimal to very mild nodular
inflammation 2: moderately nodular inflammation, or
3: very nodular inflammation.

Cytokine analysis

Cytokine analysis was performed as described
previously.22 Briefly, the middle third of snap frozen
colons were homogenized in 333 mL tissue protein extrac-
tion reagent (Thermo Scientific). Homogenate was centri-
fuged at 10,000g for 5min before 100 mL aliquots of
supernatant were stored at �20�C until analysis.
Following protein concentration measurement using the
DC protein assay (Bio-Rad), all samples were diluted to
2mg/mL. The Mouse Cytokine/Chemokine and Mouse
Th17 Magnetic Bead Panel Milliplex Map Kits (Millipore)
were used per the manufacturer’s instructions. The plate
was analyzed on a BioPlex 200 (Bio-Rad).

Quantification of metabolites from aromatic

amino acids

Fecal samples for targeted metabolomics were processed
and run at Integrated Metabolomics Analysis Core at
Texas A&MUniversity. Nine metabolites derived from aro-
matic amino acids were quantified from fecal samples.27

Fecal samples were homogenized in methanol/chloroform
and metabolites were extracted as previously described
with minor modifications.28 Briefly, metabolites were
sequentially extracted twice using 1mL of cold methanol
and 0.5mL of chloroform using a homogenizer (Omni
International). The polar phase was separated and concen-
trated using a vacufuge (Eppendorf, Hauppauge, NY). The
concentrated pellet was re-suspended in methanol/water
(1:1 v/v) and metabolites of interest were quantified using
a Synergi Fusion-RP 4m 80 Å 150� 2.0mm column
(Phenomenex) on a triple Quadrupole Mass Spectrometer
(TSQ QuantivaTM) coupled to liquid chromatography
(Agilent). The solvents used were Waterþ 0.1% formic
acid and methanol, 0.1% formic acid. Pure standards
were run for 10 known concentrations (ranging from
0.009 mg/mL to 10mg/mL) for each metabolite and metab-
olite concentrations in the samples were determined from
the integration of the standard curves.
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Statistical analysis

Data were analyzed using JMP 13.0.0 software. Outliers
were removed, one-way ANOVA was used to determine
significant (P< 0.05) differences between groups, and,
once found significant, Student’s t test was used to compare
means between specific groups. To determine if survival
times were significantly different (P< 0.05) between
groups, the log-rank test was performed. Non-parametric,
categorical inflammation, injury, and nodularity score data
were transformed to achieve normality by assigning an
average rank within each sub-group as previously
reported.29 One-tailed Student’s t test assuming unequal
variances was then used to determine significance
(P< 0.05). Metabolome data were normalized to per gram
of the starting material and analyzed using KaleidaGraph.
Outliers were removed following Grubb’s test and scatter-
plot analysis, and then data were normalized and analyzed
using a one-tailed t test.

Results

Disease activity

In the presence of DSS, BPA co-treatment resulted in earlier
and increased mortality compared to control animals
(Figure 2). Log-rank test indicated significant differences
between survival among all groups (P< 0.001), and DSS
and BPA co-treatment resulted in significantly worsened
mortality compared to DSS alone (P¼ 0.0084). DSS alone
did not result in significantly increasedmortality compared
to vehicle control (P¼ 0.1483). DSS and BPA combination
resulted in 67% mortality, with most deaths between five
and seven days after initiation of DSS. While DSS alone
resulted in 17% mortality, with most deaths occurring
between seven and nine days after the start of DSS. No
control or BPA alone treated animals died during the
course of the study.

Average group body weight did not differ significantly
at the start of the study. By day 11, 6 days after initiation of
DSS treatment, DSS groups had significantly lower body
weight than non-DSS groups, but BPA exposure did not
significantly reduce body weight compared to controls
in either DSS or non-DSS-treated mice (Figure 3(a)). As
expected, DSS worsened fecal consistency scores beginning
24 h after initial exposure. This difference was significant
regardless of BPA exposure. After cessation of DSS, DSS
alone animals showed improved fecal consistency scores;
however, animals co-treated with BPA exhibited signifi-
cantly worsened scores during the recovery period on
days 10–12 (Figure 3(b)). DSS worsened rectal bleeding
scores within three days of DSS initiation. BPA exposure
significantly worsened macroscopic rectal bleeding begin-
ning four days after initial DSS exposure and throughout
the remainder of the study (Figure 3(c)).

DAI was significantly worsened in both DSS-treated
groups within 48 h of initiation of DSS (Figure 3(d)).
Following cessation of DSS, the DSS group showed score
improvement more quickly than the DSS and BPA group.
By day 11 of the study, BPA exposure resulted in a signif-
icantly worse DAI when compared to the DSS controls. BPA
treatment did not significantly alter DAI in groups not
treated with DSS. DSS treatment shortened colon length
regardless of BPA treatment, and DSS alone significantly
increased colon weight/length (Supplementary Figure 1
(a) to (c)).

Histological scores

Pathologist scoring of tissues from each group showed an
increase in inflammation in the middle portion of the colon
in BPA-dosed animals regardless of DSS. This increase was
not significant in BPA-treated animals compared to controls
(Figure 4(a)). However, inflammation score was significant-
ly increased in the middle colon region in mice exposed to
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BPA and DSS when compared to DSS-treated controls
(P¼ 0.04; Figure 4(b)). Injury was also scored in these tis-
sues, and, as expected, DSS significantly increased both
inflammation and injury scores. BPA did not significantly
alter injury score in the presence or absence of DSS (data
not shown). Nodularity was assessed in DSS treatment
groups to assess pattern of inflammation. Nodularity
score was also significantly increased in the middle colon
region in BPA and DSS co-treated animals compared to DSS
controls (P¼ 0.02; Figure 4(c)). Representative images of
increased inflammation in the middle portion of the
colon, colon ulceration and erosion, as well as nodular
and diffuse inflammation are shown in Figure 4(d) to (h).

Cytokine measurements

Cytokine protein levels were determined using multiplex
magnetic bead assays. Cytokine expression is often used to
assess inflammation in DSS models.30,31 In the present
study, cytokines were measured in the middle portion of
the colon as significant differences in histological inflam-
mation score were observed in this region. As expected,
DSS treatment led to an increase in cytokines (e.g. TNF- a
and IL-1b) that have been previously reported to be

elevated in DSS-treated mice compared to controls (data
not shown).30–32 This supports the pathological analysis
that DSS induced tissue inflammation in this portion of
the colon. However, we chose to focus on cytokines that
were changed between the DSS alone and DSS- and BPA-
treated mice to explore how BPA may be exacerbating the
effects of DSS. DSS and BPA co-treatment significantly
increased expression of IL-1a, IL-12p(70), IL-13, and IL-31
compared to all other treatment groups (Figure 5(a) to (d)).
VEGF expression was significantly decreased by DSS and
BPA treatment compared to control (Figure 5(e)).

Targeted metabolomics

The concentration of nine MDAs in fecal pellets collected
on day 8 of BPA treatment was analyzed. 5-Hydroxy indole
3-acetic acid (HIAA), serotonin, and Trp concentrations
were significantly decreased in the presence of BPA com-
pared to vehicle control without DSS treatment (P< 0.05;
Figure 6(a) to (i)). HIAA concentration decreased 66%
(P¼ 0.0004, Figure 6(b)), serotonin concentration decreased
35% (P¼ 0.003, Figure 6(f)), and Trp concentration in feces
decreased 52% (P¼ 0.006; Figure 6(i)), in BPA-treated ani-
mals compared to vehicle-treated controls. No significant

a
a

a a

b

b

b

b
15

16

17

18

19

20

21

22

A
ve

ra
ge

 B
od

y 
W

ei
gh

t 
(g

)

Day

Control

BPA

DSS

DSS and BPA

DSS

b
b

b b b b

ba

a
a

a

a

a

c

a a

a

a

a

a

a

0

0.5

1

1.5

2

2.5

3

3.5

4

-1 0 1 2 3 4 5 6 7 8 9 10 11 12

A
ve

ra
ge

 F
ec

al
 C

on
si

st
en

cy
 S

co
re

 (
ar

bi
tr

ar
y 

un
it

s)

Day

Control

BPA

DSS

DSS and BPA

DSS

c c c c c
ac

b

b
b

b

a

a

a a
a

0

0.5

1

1.5

2

2.5

3

3.5

4

-1 0 1 2 3 4 5 6 7 8 9 10 11 12

A
ve

ra
ge

 R
ec

ta
l B

le
ed

in
g 

Sc
or

e 
(a

rb
it

ra
ry

 u
ni

ts
)

Day

Control

BPA

DSS

DSS and BPA

DSS

b

b
b b

b
c c

a

ab

a

1
a

a

b
b

a a

a

a

a

a
a

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

0 1 2 3 4 5 6 7 8 9 10 11 12

D
is

ea
se

 A
ct

iv
it

y 
In

de
x 

(a
rb

it
ra

ry
 u

ni
ts

)

Day

Control

BPA

DSS

DSS and BPA

DSS

(a) (b)

(c) (d)

Figure 3. Measures of disease activity. Scoring system adapted from Murthy et al. Dig Dis Sci 1993 and Singh et al. Immunity 2014. n¼ 10 to 12 per group at the start

of the study; n declined over time as shown in the survival curve. Mean�SEM. Points without a common letter differ on the given day; P< 0.05. (a) Average body

weight. (b) Average fecal score. Scoring system: 0¼Normal stool, 1¼Soft but formed pellet, 2¼Very soft pellet, 3¼Diarrhea (no pellet), 4¼Dysenteric diarrhea

(blood in diarrhea). (c) Average rectal bleeding score. Scoring system: 0¼No visible blood, 2: presence of visible blood in stool (red/dark pellet), 4: gross macroscopic

bleeding (blood around anus). (d) Disease activity index. Average of body weight loss, fecal consistency, and rectal bleeding scores.

868 Experimental Biology and Medicine Volume 243 June 2018
...............................................................................................................................................................



(a) (b)

(c) (d)
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Figure 4. (a) BPA and colonic inflammation in the absence of DSS. (b) BPA and colonic inflammation in the presence of DSS. (c) Nodularity in the presence of DSS.

Mean�SEM. *indicates significant difference compared to control; P< 0.05. (d) Representative image of increased inflammation in middle portion of colon. Inflamed

portion of the middle colon is indicated by black arrows. (e) Representative image of ulceration in the colon. Ulcer is indicated by the black arrow. (f) Representative

image of erosion of the colon. Erosion is indicated by the black arrow. (g) Representative image of nodular inflammation. Nodular inflammation is indicated by the black

arrow. (h) Representative image of diffuse inflammation. Diffuse inflammation is indicated by the black arrow. (A color version of this figure is available in the

online journal.)
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changes were found in other MDAs measured, including
3-indole acetic acid (Figure 6(a)), anthranilic acid
(Figure 6(c)), indole 3-acetamide (Figure 6(d)), indole
3-carboxaldehyde (Figure 6(e)), shikimic acid (Figure 6
(g)), and tryptamine (Figure 6(h)). A heat map shows the
changes in the concentrations of the quantified metabolites
with or without BPA treatment in the absence of DSS
(Supplementary Figure 2(a)).

Trp, tryptamine, HIAA, indole 3-carboxaldehyde, and
shikimic acid significantly decreased in the presence of
BPA and DSS co-treatment compared to DSS alone
(P< 0.05; Figure 7(a) to (i)). Metabolite concentration were
decreased in the feces of DSS and BPA-treated mice com-
pared with DSS and vehicle control mice as follows: HIAA
by 77% (P¼ 0.02, Figure 7(b)), indole 3-carboxaldehyde by
87% (P¼ 0.007, Figure 7(e)), shikimic acid by 32% (P¼ 0.03,
Figure 7(g)), tryptamine by 73% (P¼ 0.003, Figure 7(h)),
and Trp by 26% (P¼ 0.001, Figure 7(i)). Other metabolites
measured, including 3-indole acetic acid (Figure 7(a)),
anthranilic acid (Figure 7(c)), indole-3-acetamide (Figure 7

(d)), and serotonin (Figure 7(f)), did not significantly
change. A heat map shows changes in concentrations of
the same metabolites with or without BPA treatment
in the presence of DSS (Supplementary Figure 2(b)). BPA
treatment appears to alter MDAs in the feces more predict-
ably during DSS treatment compared to the absence of DSS
treatment, as evidenced by clustering on the heat map of
BPA vs. control-treated animals in the DSS-treated groups.

Discussion

BPA exposure during DSS-induced colitis worsens meas-
ures of disease severity. Survival is one method by which
degree of colitis can be assessed, and DSS and BPA co-
treated animals showed decreased survival compared to
DSS alone controls. In addition to survival, severity of
experimental colitis is often assessed using a scoring
system that accounts for body weight loss, fecal consisten-
cy, and rectal bleeding.25,33 These measures were assessed
daily in all mice, and, as expected, DSS treatment worsened
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all disease activity scores, regardless of BPA treatment.
Recovery of the scores in animals following cessation of
DSS is also used to measure the effects of treatments
during experimental colitis. Interestingly, DSS and BPA
co-treatment inhibited recovery of animals compared to
DSS alone controls following cessation of DSS.

Previous experiments have linked BPA and inflamma-
tion. This correlation is most well established between BPA
and the low-grade chronic inflammation associated with
obesity. For example, several human studies have shown
a positive correlation between serum or urinary BPA levels
and increased levels of inflammatory markers such as
malondialdehyde, 8-hydroxydeoxyguanosine, C-reactive
protein, interleukin-6 (IL-6), and tumor necrosis factor-a
(TNFa) in serum.34,35 In vitro and in vivo experiments have
also demonstrated that BPA exposure results in increases in
inflammatory markers in serum (leptin and resistin) and
white adipose tissue (IL-6, TNFa, interferon-c (IFN-c), and
inducible nitric oxide synthase 2) as well as in adipose
tissue or differentiated adipocytes (IL-6 and IFN-c).36,37

Our results demonstrate that BPA exposure at
50mg/kg/day can exacerbate acute colonic inflammation

in the DSS model. This dose is the BPA reference dose set
by the Environmental Protection Agency.10 While this dose
is in the upper end of what is estimated for human expo-
sures to BPA, it results in circulating BPA concentrations in
C57BL/6 mice within the range of that observed in
humans.38 The effects of BPA on gut physiology have
been investigated in other models. Perinatal exposure to
BPA has been shown to decrease gut permeability at rela-
tively low oral doses and in an ERb-dependent manner,
altering gut physiology similar to E2.

11 The same group
found that BPA treatment protected against measures of
TNBS-induced colitis. These conflicting results are mir-
rored in similar experiments using E2; E2 treatment seems
to protect against DNBS or TNBS-induced colitis while
exacerbating DSS-induced colitis.22,23 While the effects of
estrogenic signaling in intestinal inflammation are clearly
complex, these varying results are likely due to the mech-
anism by which colitis is induced in each model.23 For
example, Roy et al.21 used 2,4-dinitrobenzene sulfonic
acid (DNBS) for colitis induction while directly exposing
animals to 50 mg of BPA/kg/day as in our model. Similarly
to TNBS, this chemical acts as a hapenating agent to induce

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6. Concentration of specific metabolites in feces on day 8 in control compared to BPA-treated animals in the absence of DSS treatment. (a) 3-indole acetic

acid. (b) 5-hydroxy indole 3-acetic acid. (c) Anthranilic acid. (d) Indole 3-acetamide. (e) Indole 3-carboxaldehyde. (f) Serotonin. (g) Shikimic Acid. (h) Tryptamine. (i)

Tryptophan. Mean�SEM. *indicates significant difference compared to control; P< 0.05.
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colitis via increased immune activation in the colon that
more closely mimics the symptoms of CD.39 DSS chemical-
ly damages colonic epithelial cells, leading to inflammation
that more closely resembles UC.39 The differing mecha-
nisms of action of these chemicals likely explain the
varied results of the Roy et al. study compared to the pre-
sent study.

Intestinal epithelial cell damage, increased gut
permeability, and the resultant migration of colonic bacteria
and lipopolysaccharides (LPS) have been implicated in the
mechanisms of DSS-induced colitis.23,40 As noted by Verd�u
et al.,23 E2 has been shown to increase macrophage sensitiv-
ity to LPS, providing a possible mechanism by which other
estrogenic compounds such as BPA could exacerbate DSS-
induced colitis.41,42 BPA exposure in utero has also been
shown to alter innate immune responses without affecting
adaptive immune responses, possibly explaining the differ-
ent responses of animals treatedwith DSS or TNBS.38 E2 has
been shown to sensitize immune cells, and coupled with
damage caused by DSS, innate immune cells are likely
exposed to increased levels of bacteria and their products

in BPA and DSS co-treated animals compared to vehicle
controls, resulting in a worsening of systemic symptoms.43

To further understand the effects of BPA on inflamma-
tion during acute colitis, inflammatory markers were mea-
sured. While there is limited information in the literature
on cytokine expression following BPA and DSS exposure in
vivo, BPA’s effects on cytokine expression have been exam-
ined in vitro. BPA significantly increased expression of
TNF-a and IL-6 in THP-1 macrophages in vitro, and these
changes were attenuated by treatment with an ERa and
ERß antagonist, ICI 182,780.44 E2 has also been shown to
induce pro-inflammatory cytokine expression in the DSS
model; 0.5mg E2/pellet and 5% DSS co-treated C57BL/6
mice showed a significant increase in TNF-a compared to
DSS alone.23 In the present study, TNF-a was significantly
increased during DSS treatment, regardless of BPA treat-
ment (data not shown). Significant increases in TNF-a in
the DSS and BPA group compared to DSS alone may not
have been observed as only the middle portion of the colon
was analyzed. At least one report has shown that cytokine
expression differs regionally in the colon following acute

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 7. Concentration of specific metabolites in feces on day 8 in control compared to BPA treated co-treated with DSS. (a) 3-indole acetic acid. (b) 5-hydroxy indole

3-acetic acid. (c) Anthranilic acid. (d) Indole 3-acetamide. (e) Indole 3-carboxaldehyde. (f) Serotonin. (g) Shikimic acid. (h) Tryptamine. (i) Tryptophan. Mean �SEM.

*indicates significant difference compared to DSS alone; P< 0.05.
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DSS colitis.30 Several cytokines that were significantly
altered by DSS and BPA treatment have been connected
to inflammatory responses in the colon, including IL-31,
IL-13, and VEGF. IL-31 treatment resulted in STAT, ERK,
and Akt phosphorylation in HCT116 and SW480 colon cells
in vitro.45 IL-13 has been shown to be increased in UC
patients, and this cytokine induces apoptosis in epithelial
cells and reduces the ability of epithelial cells to migrate
into wounds during repair.46 Increased VEGF levels are
commonly found in IBD patients and animal models of
colitis, and this increase accompanies an increase in pro-
inflammatory cytokines in inflamed tissue.47 However, one
study showed that inhibition of VEGF prior to acute
DSS colitis resulted in worsened inflammation on day
19 post-DSS, and the authors suggest that VEGF inhibition
may impact recovery following an acute bout of colitis.48

Therefore, it is possible that the significant reduction in
VEGF expression in DSS and BPA treatment has an
impact on delayed recovery observed in the DAI scores of
this group compared to mice treated with DSS alone.

Another possible mechanism by which BPA could exac-
erbate intestinal inflammation could be microbial dysbiosis
and a resultant shift in MDAs present in the intestinal
lumen. Dietary exposure to BPA resulted in a decrease in
gut microbial diversity, similarly to animals fed a high
fat diet, as well as an increase in Proteobacteria which is
associated with intestinal inflammation.18 Evidence exists
that this association may persist in later generations as gut
microbial dysbiosis caused by BPA exposure has also been
shown to persist in offspring unexposed to BPA.49 Our
results indicate that BPA treatment can reduce Trp and
MDAs in mouse feces compared to vehicle controls. We
have previously used Trp and the metabolites measured
to describe phenotypic changes in the intestinal micro-
biota.27 Trp is the precursor for serotonin synthesis, and
HIAA is the metabolic product of serotonin. Our results
suggest that BPA affects the metabolism of the essential
amino acid Trp itself. This is important since many MDAs
like indole are anti-inflammatory and are beneficial to the
host, and exposure to BPA might downregulate the metab-
olism of Trp.50 Low levels of Trp and MDAs have been
associated with increased autoimmune disease activity,
including IBD.51,52 Human patients with confirmed IBD
had decreased the levels of Trp in serum compared to con-
trols.51 Patients with active CD or UC also had reduced
Trp serum levels compared to those whose disease was in
remission.51 In a mouse model, increased levels of Trp
result in increases in the lactobacilli population in the gut,
causing increased indole-3-aldehyde production which
contributes to interleukin-22 production and anti-
inflammatory effects.52

One specific metabolite, serotonin, is significantly
reduced in BPA alone treated animals compared to vehicle
controls. While serotonin is also decreased in DSS and
BPA-treated animals compared to DSS alone controls, this
decrease is not significant. Human patients with UC have
reduced levels of serotonin in gut mucosa, likely due to
alterations in serotonin synthesis, signaling, and reup-
take.20 Reduced serotonin reuptake has been suggested to
exacerbate colonic inflammation and the symptoms of IBD

including diarrhea.20 Conversely, a study by Ghia et al.53

did not find that mice globally lacking tryptophan hydrox-
ylase 1 had decreased levels of serotonin in the GI tract, but
that these mice had decreased colitis severity. While this
conflicts with our results, tryptophan hydroxylase 1 defi-
ciency could result in increased levels of metabolites
produced via other pathways including the kynurenine
pathway by indoleamine 2,3-dioxygenase-1 (IDO-1)
which is upregulated during colonic inflammation.51,54

For example, tryptophan depletion following host IDO-1
activation reduced microbial proliferation and increased
production of the MDA indole-3-alydehyde in IDO-1
knockout mice infected with Candida albicans.52 These
mechanisms cannot be separated in the model used by
Ghia et al. In the present study, though concentrations of
serotonin were similar between the control and DSS alone
groups, a variety of reasons can be implicated, including
the sample source (feces rather than mucosa), mouse
strain, sex, age, and time of sample collection after initial
DSS exposure.

Additional MDAs were significantly reduced with BPA
treatment. HIAA, a metabolite of serotonin, was also sig-
nificantly depleted in BPA-treated animals regardless of
DSS treatment. Reduction in HIAA level could result
from inhibition of the enzymes that converts serotonin to
HIAA, monamino-oxidases, or serotonin uptake.55

The reduction in HIAAwithout a similar reduction in sero-
tonin in the BPA and DSS-treated animals could indicate
impairment of serotonin reuptake and metabolism.55

Additional metabolites were found to have decreased con-
centrations in BPA-treated mice compared to controls in the
presence of DSS treatment. These metabolites include trypt-
amine, indole-3-acetate, and shikimic acid. Tryptamine and
indole-3-acetate have both been previously shown to
reduce production of pro-inflammatory cytokines in
LPS-stimulated murine macrophages in vitro.56 Shikimic
acid has been previously shown to reduce measures of dis-
ease activity in acetic acid-induced colitis.57 Regardless of
DSS treatment, BPA appears to significantly alter MDAs in
ways that negatively impact gut physiology.

Concentration differences in MDAs between DSS-
treated groups and controls could be the result of microbial
dysbiosis caused by DSS treatment. Alterations in gut
microbiome by DSS are well reported.43 However, Trp
and several MDAs are decreased in BPA-treated animals
that were not exposed to DSS. This indicates that BPA is
capable of altering Trp concentrations irrespective of micro-
biome changes resulting from DSS treatment. Though BPA
treatment increased inflammation score in non-DSS-treated
animals, this increase was not significant. However, signif-
icant changes in measured metabolites show that BPA
alters MDAs in the colon andmay therefore affect intestinal
epithelial cell physiology in uninflamed states as well.

In the present study, BPA treatment reduced fecal Trp
content, along with that of MDAs including serotonin and
its metabolite HIAA, indicating a mechanism by which
BPA treatment worsens DSS-induced colitis disease activity
and affects recovery after DSS treatment has been halted.
The present study is the first to show that BPA treatment
alone can alter MDAs in the colon in a way that has been
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linked with increased colonic inflammation and IBD.
Further studies are necessary to determine the mechanisms
by which BPA lowers levels of Trp and MDAs in the colon.
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