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Background: Early life stress (ELS) is an environmental trigger believed to promote increased risk of IBD. Our goal was to identify mechanisms 
whereby ELS in mice affects susceptibility to and/or severity of gut inflammation.
Methods: We utilized 2 published animal models of ELS. In the first model, newborn mice were separated from the dam daily for 4 to 8 hours 
starting on postnatal day 2 and then weaned early on postnatal day 17. Control mice were left undisturbed with the dams until weaning on post-
natal day 21. In the second model, dams were fed dexamethasone or vehicle ad libitum in drinking water on postpartum days 1 to 14. Plasma 
and colonic corticosterone were measured in juvenile and adult mice. Colitis was induced in 4-week-old mice via intraperitoneal injection of 
interleukin (IL)-10 receptor blocking antibody every 5 days for 15 days. Five or 15 days later, colitis scores and transcripts for Tnf, glucocorticoid 
receptors, and steroidogenic enzymes were measured.
Results: Mice exposed to ELS displayed reduced plasma and colonic corticosterone. Control animals showed improvements in indices of in-
flammation following cessation of interleukin-10 receptor blockade, whereas ELS-exposed animals maintained high levels of Tnf and histological 
signs of colitis. In colitic animals, prior exposure to ELS was associated with significantly lower expression of genes associated with corticos-
terone synthesis and responsiveness. Finally, TNF stimulation of colonic crypt cells from ELS mice led to increased inhibition of corticosterone 
synthesis.
Conclusions: Our study identifies impaired local glucocorticoid production and responsiveness as a potential mechanism whereby ELS 
predisposes to chronic colitis in susceptible hosts.

Lay Summary 
Using 2 distinct animal models, this study shows that in mice, early life stress leads to reduced colonic corticosterone and that induction of co-
litis after stress removal results in reduced transcription of glucocorticoid synthesis genes, increased Tnf, and enhanced chronicity of intestinal 
inflammation.
Keywords: early life stress, glucocorticoids, TNF, chronic colitis.

Introduction
Inflammatory bowel disease (IBD) develops at the inter-
section of genetic susceptibility and dysregulated immune 
responses to the microbiota and other environmental triggers. 
There is still no cure for IBD. However, consistent with the 
elevated levels of tumor necrosis factor (TNF) in affected 
tissue of IBD patients and the role of this cytokine as a dom-
inant inflammatory mediator of IBD,1 some of the most ef-
fective therapies for induction of remission are neutralizing 
antibodies against TNF.2,3 Environmental triggers of inflam-
mation, including various forms of psychological stress are 
arguably the least understood contributing factors despite 

increasing acknowledgment of the potential of these stimuli to 
impact IBD development and/or relapse. Acute psychological 
stress has long been acknowledged to exacerbate symptoms 
and trigger relapses in IBD patients.4–6 Moreover, epidemio-
logical studies retrospectively identified significant positive 
correlations between IBD diagnosis and adverse childhood 
experiences (ACEs)—traumatic experiences that occur prior 
to adulthood.7 In 2019, the US Centers for Disease Control 
and Prevention (CDC) reported that of 100 000 adults 
studied across 25 states, 1 in 6 had experienced 4 or more 
types of ACEs and that 5 of the top 10 leading causes of death 
are associated with ACEs.8 Considering the rates of diagnosis 
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of IBD in children and adolescents, and the multiple poten-
tial stress signals encountered during early life, an improved 
understanding of the mechanisms whereby ELS impacts gut 
immune regulation in health and during inflammation can 
ultimately enhance our ability to predict and/or manage the 
effects of ELS in IBD-susceptible individuals.

The main stress response system of the body is the 
hypothalamic-pituitary-adrenal (HPA) axis, and it is 
known that ELS can lead to HPA-axis dysfunction.9,10 
Upon receipt of a perceived stressor, the paraventricular 
nucleus of the hypothalamus secretes corticotrophin-
releasing factor (CRF) and arginine vasopressin (AVP). 
Corticotrophin-releasing factor and AVP stimulate the an-
terior pituitary gland to secrete adrenocorticotropic hor-
mone (ACTH), which then activates the adrenal glands 
to release glucocorticoids (GCs), cortisol in humans and 
corticosterone (CORT) in rodents.10 Glucocorticoids can 
negatively feedback into the HPA-axis in a dose- and 
duration-dependent manner to repress the HPA-axis-
mediated stress response, including GC production.11 This 
controlled regulation of HPA-axis activity is crucial be-
cause excessive or diminished GC release can have dire 
metabolic and immunological consequences.12,13

Systemic GCs are derived from adrenal glands and can im-
pact multiple physiological processes,13,14 but other organs 
including the intestine are also capable of producing GCs.15 
Intestinal GCs are synthesized by crypt epithelial stem cells 
following activation of liver receptor homolog-1 (LRH-
1), which transcriptionally regulates the expression of 
steroidogenic enzymes including CYP11A1 and CYP11B1.16 
Glucocorticoids can signal to multiple cell types due to the 
ubiquitous expression of the GC receptor (GCR, encoded by 
Nr3c1). Under homeostatic conditions, colon-derived GCs 
promote maturation and preservation of the epithelial bar-
rier and, being potent immune suppressors, help regulate 
immune cell activation and proliferation.17,18 Gut-specific 
GC synthesis has also been implicated in IBD pathogenesis, 
as transcriptome-wide association studies have identified 
NR5A2 (which encodes LRH-1) as a susceptibility gene 

for both Crohn’s disease (CD) and ulcerative colitis (UC).19 
Compared with healthy tissue, inflamed colonic biopsies 
from UC and CD patients exhibit significantly lower levels 
of NR5A2, CYP11A1, and CYP11B1.20 Owing to their an-
ti-inflammatory capabilities, administration of synthetic GCs 
is common practice for the treatment of several inflammatory 
diseases including IBD.21 Furthermore, therapeutic targeting 
of colonic GC production successfully impeded experimental 
IBD; and consequently, investigation into the potential clin-
ical use of LRH-1 agonists is ongoing.22

Altogether, current knowledge suggests that downregulation 
of GC output due to chronic stress can directly and pro-
foundly impact intestinal immune homeostasis and local con-
trol of microbiota-dependent inflammation when it arises. 
Therefore, our goals in this study were to examine (1) whether 
and how ELS might cause local disruptions in intestinal im-
mune homeostasis, and (2) the potential impact of ELS on 
the subsequent development and progression of induced co-
litis. We first employed an established murine model of ELS 
based on maternal neglect—maternal separation with early 
weaning (MSEW). In this model, ELS resulted in impaired 
production of colonic corticosterone and reciprocally skewed 
expression of anti-inflammatory interleukin (IL)-10 and pro-
inflammatory interferon-gamma (IFNγ) by mucosal CD4 
T cells. When subjected to induction of chronic colitis via 
transient blockade of the IL-10 receptor, ELS mice displayed 
increased chronicity of disease characterized by sustained ex-
pression of Tnf and damage to the epithelial barrier. In a sep-
arate model of ELS involving direct HPA axis disruption via 
postnatal feeding of the synthetic glucocorticoid dexameth-
asone (Dex), we observed similarly impaired colonic CORT 
as in MSEW mice and a similar chronic disease phenotype 
following introduction of a colitogenic insult. In precolitic 
ELS mice and despite the lower levels of colonic corticos-
terone, we observed no differences in expression of Nr5a2 
compared with control animals. However, the chronic phase 
of colitis was associated with significant downregulation of 
Nr5a2 and the Lrh-1 transcriptional target steroidogenesis 
enzyme Cyp11a1. Conversely, colonic crypt cells that are the 
primary source of colonic CORT harbored increased TNF re-
ceptor transcripts. Additionally, TNF stimulation suppressed 
GC output of colonic crypt cells from ELS mice, more so 
than cells enriched from control mice. Collectively, our results 
demonstrate that ELS enhances the inflammatory tone of the 
intestine and predisposes to further suppression of intestinal 
GC synthesis during chronic intestinal inflammation.

Materials and Methods
Mice
All mice used in this study were of the C57BL/6 genetic back-
ground, originally acquired from Jackson Laboratories (Bar 
Harbor, ME). In initial studies, we observed substantial var-
iability in stress response phenotypes and disease outcomes 
in female mice that was not evident in males, reminiscent of 
our previous findings that MSEW promoted endothelial dys-
function in male but not female mice.23 Therefore, the results 
presented herein were generated using male mice. All mice 
were bred and maintained under specific pathogen-free (SPF) 
conditions at the University of Alabama at Birmingham in ac-
cordance with Institutional Animal Care and Use Committee 
(IACUC) guidelines.

Key Messages

What is already known?

Early life stress can lead to reduced hypothalamic-pituitary-
adrenal (HPA) axis function and predispose to increased se-
verity of systemic inflammatory disease.

What is new here?

Early life stress inhibits intestinal production of and sensi-
tivity to corticosterone and predisposes to enhanced chro-
nicity of colonic inflammation that is induced after stress 
exposure.

How can this study help patient care?

Considering the multiple stress signals encountered during 
the formative years of life, an improved understanding of 
the mechanisms whereby ELS impacts gut immune regu-
latory cascades can ultimately enhance our ability to pre-
dict and/or manage the effects of ELS in IBD-susceptible 
individuals.
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Maternal Separation With Early Weaning 
Maternal separation with early weaning (MSEW) was 
performed as previously described.23,24 Briefly, pregnant 
females were monitored and randomly assigned to either 
normal rear (NR) or MSEW groups. To minimize “cage 
effects” on the microbiota, each dam underwent 2 breeding 
cycles with alternating assignments to NR or MSEW, that 
is, dams with normally reared control litters in the first 
breeding round had litters assigned to the MSEW group in 
the second breeding round and vice versa. Exact day of birth 
was noted as postnatal day 0 (PD0). Litters with MSEW 
mice were separated from dams for 4 hours/day on PD2 to 
PD5 from 9:00 AM to 1:00 PM. From PD6 to PD16, MSEW 
pups were separated for 8 hours/day from 9:00 AM to 5:00 
PM. The MSEW pups were weaned on PD17 with ad lib-
itum access to food and water. During the separation period, 
pups were housed in an Animal Intensive Care Unit (AICU) 
incubator (Lyon Technologies, Catalog No. 912-062) at 
37.5°C and 60% humidity. Normally reared (NR) litters 
remained undisturbed with dams until standard weaning on 
PD21. All mice were maintained on standard chow (NIH-
31; NSN 8710-01-005-8438) following weaning. After 
weaning, females were rested for a minimum of 7 days prior 
to being mated again.

Dexamethasone Administration
To promote its solubility in water, dexamethasone (D9184, 
Sigma) was first suspended in vehicle solution composed of 
0.002% dimethyl sulfoxide (DMSO, BP231, Thermo Fisher) 
and 0.02% 2-hydroxypropyl-b-cyclodextrin (H107, Sigma). 
Dexamethasone was delivered in the drinking water from 
PD1 to PD14 at a final concentration of 3.0 µg/mL. An equal 
volume of vehicle solution was diluted in water and provided 
to control animals. Pregnant females were monitored so that 
exact day of birth could be noted as PD0. Vehicle or dex-
amethasone was administered ad libitum in drinking water 
from PD1 to PD14. Fresh preparations were provided every 
5 days, and all cages were returned to normal drinking water 
on PD14.

Assessment of Intestinal Permeability
Four-week-old mice were fasted for 6 hours then gavaged 
with fluorescein isothiocyanate (FITC)-conjugated dextran 
(FITC dextran, Sigma Aldrich) at 400  mg/kg body weight. 
Four hours after gavage, blood was collected via the retro-
orbital plexus into heparinized tubes, and plasma was 
separated by centrifugation at 10 000 g for 10 minutes at 
room temperature. Plasma was diluted 1:4 in sterile deionized 
(DI) water in a 96-well plate. Fluorescence was detected by a 
Synergy HT spectrophotometer (Biotek; excitation: 485 nm, 
emission: 528 nm). FITC dextran was dissolved in sterile DI 
water at final concentrations ranging from 0 to 10 000 ng/
mL, which was used to calculate FITC dextran concentrations 
of the samples. Fluorescent emission signals in the plasma of 
mice that did not receive FITC dextran were averaged and 
subtracted from emission signals of mice treated with 4-kDa 
FITC dextran to eliminate background signal.

Tissue Dissociation and Flow Cytometry
Mesenteric lymph nodes and/or colons were collected from 
mice between 8:00 AM and 1:00 PM and were mechanically 

dissociated in RPMI medium; the cell suspension was 
filtered through a 70-μM mesh strainer. Mesenteric fat was 
removed from colons, and colons were flushed with sterile 
phosphate-buffered saline (PBS) and cut open longitudinally. 
Tissue was sectioned into 1-cm pieces and incubated for 20 
minutes at 37°C with rotation in 154 µg/L L-dithioerythritol 
and 2 µM ethylenediaminetetraacetic acid (EDTA) in Hank’s 
balanced salt solution (HBSS) to remove the mucus and ep-
ithelial cells. The tissue was then incubated at 37°C with 
rotation in 20 µg/mL DNase-I and 100 U/mL collagenase 
4 (Sigma-Aldrich), and tissue digestion was completed with 
a GentleMACS Dissociator (Miltenyi Biotec). Lamina pro-
pria cells were further purified on a 35% percoll gradient 
with room temperature centrifugation for 20 minutes at 
500 × gwith no brake. Cells were washed with PBS, blocked 
with 2.4G2 (BioXCell, 10 μg/mL), and then stained with 
LIVE/DEAD Fixable Near-IR (Invitrogen) and antimouse 
antibodies purchased from BioLegend: CD4 (GK1.5), TCRβ 
chain (H57-597), IL-17A (TC11-18H10.1), CD90.1 (OX-
7), or eBioscience, Foxp3 (FJK-16S), and IFNγ (XMG1.2). 
Cells for effector cytokine staining were stimulated at 37° in 
RPMI medium with 10% fetal bovine serum (FBS) (R10 me-
dium) with ionomycin (750  ng/mL), phorbol 12-myristate 
13-acetate (50  ng/mL), and GolgiPlug (BD Biosciences). 
Intracellular staining was performed after cell permeabil-
ization using the Foxp3/Transcription Factor Fixation/
Permeabilization Kit (eBioscience). All cells were fixed in 2% 
paraformaldehyde and acquired with an LSR 2 cytometer 
(BD Biosciences). Data were analyzed using FlowJo software 
(TreeStar).

Interleukin-10 Receptor Neutralization
Following the end of the ELS-inductive period, 4-week-old 
mice were injected intraperitoneally with 100 μg of anti-IL-
10R (BE0050, BioXCell) or vehicle (PBS; 21-040-CV, Corning) 
every 5 days for 15 days. Injections were administered be-
tween 2:00 and 4:00 PM. Mice were killed on day 20 or 30 
after the initial anti-IL-10R injection.

Assessment of Colitis
Representative sections of the proximal, middle, and distal 
colon were fixed in 2% buffered formalin then embedded in 
paraffin. 5 um sections were cut and stained with hematoxylin 
and eosin (H&E). Histological scoring was performed using a 
previously established scheme25 from a veterinary pathologist 
who was blinded to the experimental groups. Representative 
images were collected using Nikon Eclipse Ci microscope and 
analyzed with NIS-Elements software.

Measurement of CORT, ACTH, and TNF
Blood was collected either by retro-orbital bleeding from 
isoflurane anesthetized mice or via cardiac puncture at nec-
ropsy, all between 8:00 AM and 1:00 PM. Plasma was 
separated by centrifugation at 3630 g for 10 minutes at 4°C 
and stored at −80°C until use. Colonic tissue was rinsed and 
voided of fecal contents, cut into 1-cm pieces, and incubated 
at 37°C and 5% CO2 in 500 μL R10 medium in a 48-well 
plate. After 48 hours, contents of each well were transferred 
to a 1.5-mL tube and centrifuged at 20 000 g for 8 minutes; 
the colon culture supernatant was collected and stored at 
−80°C until use. Corticosterone levels were detected using 
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the DetectX Corticosterone Enzyme Immunoassay Kit 
(K014-H5, Arbor Assays). Plasma ACTH levels were detected 
using the ACTH Enzyme Immunoassay Kit (EIA-ACTH-5, 
RayBiotech). Tumor necrosis factor levels were detected 
using the Mouse TNF-alpha DuoSet ELISA kit (DY410-
05, R&D Systems). Total protein was determined via the 
bicinchoninic acid (BCA) protein assay from colon culture su-
pernatant samples.26 Colon culture corticosterone levels were 
normalized to total protein.

Real-time Polymerase Chain Reaction 
Proximal colonic tissues were homogenized using the Omni 
tissue homogenizer (Omni International, TH115). Total 
RNA was extracted from whole colonic tissue or from 
enriched epithelial cells using TRI Reagent (Zymo Research, 
R2050-1-200). For colon crypt-enriched epithelial cells, 
total RNA was extracted using the E.Z.N.A Total RNA Kit 
1 (Omega Bio-Tek, R6834-02). Reverse transcription poly-
merase chain reaction (PCR) was performed using a C1000 
Touch Thermal Cycler (Bio-Rad) with a High-Capacity 
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 
4368813). Real time quantitative PCR was performed on 
a QuantStudio 3 system (Thermo Fisher Scientific) with 
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 
1725274). Gene expression was normalized to TATA box-
binding protein mRNA. Primer sequences can be seen in 
supplementary data (Table S1). 

Isolation and Stimulation of Colonic Crypt Cells
Mesenteric fat was removed from the colon prior to flushing 
luminal contents with PBS. The proximal colonic tissue 
was cut into 0.2-cm pieces and washed 3 times via serolog-
ical pipetting with 10  mL of cold Dulbecco’s PBS (DPBS) 
(MT21031CM, Corning). Tissue pieces were settled by gravity 
and the supernatant was vacuum aspirated. To release crypt 
epithelial cells, tissue was digested 3 times for 20 minutes at 
37°C with rotation in collagenase type 1 (2mg/m1; 17-100-
017, Corning). The collagenase was neutralized with DPBS 
containing 0.1% bovine serum albumin (BSA; BP1600-100, 
Fisher), and the supernatant containing released epithelial 
cells was filtered through a 70-μm strainer. The filtered epi-
thelial cell fraction collected after the third digestion step was 
centrifuged at 290 g for 5 minutes at 8°C, and 1000 cells were 
suspended in Matrigel (CLS356235, Corning) and plated in 
a 48-well plate. Cells were cultured with media consisting of 
50% L-WRN conditioned media,71 50% advanced Dulbecco’s 
modified Eagle’s medium (DMEM/F-12; D6421, Sigma), 
supplemented with 20% fetal bovine serum (SH30109.03, 
Cytiva), 50 μg/mL of gentamicin (G1397, Sigma), 10 μM of 
SB 431542, 10 μM of Y-27632, 2.5 μg/mL of fungizone, 100 
units/mL of penicillin, and 0.1 of mg/mL streptomycin (16-
141-0, 12-541-0, MT30003CF, MT30002CI, Thermo Fisher 
Scientific). Some wells were stimulated with 10 ng/mL TNF 
(T7539, Sigma). Culture supernatants were collected after 48 
hours.

Statistical Analysis
Statistical significance was calculated by unpaired Student t 
test, Mann-Whitney U test, 1-way ANOVA, 2-way ANOVA, 
or Brown-Forsythe test as appropriate, using Prism software 
(GraphPad). All P ≤ .05 values are considered significant and 
indicated as such in the text.

Results
ELS in Mice Disrupts Systemic and Colonic 
Glucocorticoid Production
For our initial studies, we used the maternal separation with 
early weaning model of ELS, designed to mimic maternal ne-
glect during the suckling period.24 In this model, newborn 
pups are separated from the moms daily during the resting 
period (Figure 1A). On day of life (DOL) 2 to 5, pups were 
separated for 4 hours daily and then from DOL 6 to 16 for 8 
hours daily. Mice were then weaned on DOL 17, 4 days be-
fore their normal rear (NR) counterparts—who were never 
separated from the moms—were weaned on DOL 21. These 
experiments were also conducted using our previously devel-
oped IL-10 reporter (10BiT) mice27 to allow simultaneous 
analysis of IL-10–producing cell subsets known to be critical 
for the establishment and maintenance of intestinal immune 
homeostasis. It has been reported that various models of 
stress including MSEW can result in increased intestinal per-
meability.28 In our hands, on DOL 28, we saw no difference 
in basal permeability between NR and MSEW mice (Figure 
1B). However, relative to normally reared mice, MSEW mice 
had significantly lower levels of circulating CORT but sur-
prisingly, no difference in ACTH (Figure 1, C-D). Significantly 
lower CORT was also detected in supernatants collected after 
colon tissue from MSEW mice were cultured ex vivo without 
any additional stimulation (Figure 1E). These data argue 
that ELS can directly impair GC synthesis by both adrenal 
glands and colonic stem cells independent of any effects on 
corticosterone-inducing ACTH.

Transient Decrease in IL-10-producing T cells, 
Followed by Increased IFNγ+ T cells in Mesenteric 
Lymph Nodes of MSEW Mice
We assessed live CD4+ T cells of the mesenteric lymph nodes 
(MLNs) at 4 and 8 weeks of age in NR and MSEW mice to 
evaluate the impact of ELS on mucosal T cell-dependent im-
mune regulation. There was no difference in the frequency or 
numbers of Foxp3+ + CD4+ T cells between NR and MSEW 
mice at either 4 or 8 weeks of age, indicating that MSEW does 
not impact basal accumulation of MLN Foxp3+ T regulatory 
(Treg) cells (Figure 1, F-G). Because we utilized the 10BiT 
mouse line, we were also able to assess IL-10-producing cells 
based on surface expression of Thy1.1. Interestingly, we found 
lower frequencies and numbers of IL-10-producing CD4+ T 
cells at 4 weeks of age in MLNs of MSEW mice relative to 
NR mice. This difference was no longer present at 8 weeks of 
age (Figure 1, F, H). Conversely, despite similar frequencies 
and numbers of interferon gamma (IFNγ)-producing CD4 
T cells at 4 weeks of age, we observed significantly greater 
frequencies and numbers of this population in the MLNs of 
8-week-old MSEW mice relative to NR counterparts (Figure 
1, 1-J). Collectively, these results indicate that MSEW causes 
delayed differentiation and/or accumulation of mucosal 
IL-10–producing cells, which can enable the emergence of 
pro-inflammatory Th1 effector cells, thereby altering the mu-
cosal immune cell balance.

MSEW Predisposes to Sustained Intestinal 
Inflammation Following a Colitogenic Insult
To study the effect of ELS on IBD susceptibility and severity, 
we employed a murine model of colitis predicated on transient 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac280#supplementary-data
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disruption of IL-10 receptor (IL-10R) signaling. In this model, 
antibody blockade of the IL-10R results in mild-moderate co-
lonic inflammation that resolves spontaneously following ces-
sation of antibody treatment. Four-week-old NR and MSEW 

mice received intraperitoneal injections of anti-IL-10R anti-
body or vehicle (PBS) every 5 days for 15 days (Figure 2A). 
Overall, MSEW mice gained weight more rapidly over the 
course of the experiment than did NR mice (Figure 2B). Mice 

Figure 1. ELS in mice leads to reduced levels of corticosterone and skewed expression of IL-10 and IFNγ by gut-associated CD4 T cells. A, Experimental 
design for maternal separation with early weaning (MSEW). B, Concentration of FITC-dextran in plasma of 4-week-old mice 4 hours after oral gavage 
and normalized to plasma from mice that did not receive FITC-dextran. Graphs (C-E) showing plasma concentrations of (C) CORT and (D; ACTH) in 
4-week-old NR and MSEW mice as measured by ELISA (n ≥ 10 mice/grp). E, CORT concentration in supernatants from 48-hour colon cultures of 
4-week-old NR and MSEW mice (n = 11 mice/grp). F, Representative flow cytometry plots showing Foxp3 and Thy1.1 expression by live CD4 T cells 
in the MLNs of NR and MSEW mice at 4 (upper), and 8 (lower) weeks of age. Graphs summarizing frequencies (upper) and numbers (lower) of live 
CD4 + Foxp3 + (G) and live CD4 + Thy1.1 + (H) determined as in E. I, Representative flow cytometry plots showing IFNγ and IL-17A expression by live CD4 
T cells in the MLNs of NR and MSEW mice at 4 (upper) and 8 (lower) weeks of age. I, Frequency (upper) and numbers (lower) of live IFNγ+CD4 + T cells 
determined as in H. Error bars represent mean ± SEM. Asterisks denote significance according to Mann-Whitney U test (B-D) or Student’s t test (E-J) at 
P < .05 (*), P < .01 (**), and P < .001 (***). Data are compiled from 2-3 independent experiments.



Early Life Stress and Susceptibility to Colitis 965

Figure 2. Blockade of the IL-10 receptor subsequent to ELS results in sustained colitis characterized by elevated Tnf. A, Experimental design for colitis 
induction. B, Weight change as a percentage of initial (PND 28) weight over the course of the experiment. C, Graphs showing scores for inflammation, 
epithelial damage, and total colitis of the proximal colon in PBS- or α-IL-10R–treated NR and MSEW male mice at day 20 and day 30. (n ≥ 7). D, 
Representative hematoxylin and eosin (H&E) stained colonic tissue sections from PBS- and α-IL-10R–treated NR and MSEW mice. Scale bars = 100μm. 
E, Relative Tnf transcript levels on Day 20 (left), and Day 30 (right) in the proximal colons of NR and MSEW mice treated or not as indicated (n ≥ 7). All 
transcripts were initially normalized to TATA box binding protein (Tbp). F, TNF concentration in supernatants from 48-hour colon cultures of α-IL-10R–
treated NR and MSEW mice on Day 20 (n ≥ 7). Error bars represent mean ± SEM. Asterisks denote significance from 1-way ANOVA (C, E) followed by 
Tukey’s multiple comparisons test or unpaired t test with Welch’s correction (F) at *P < .05, **P < .01, ***P < .001, and ****P < .0001.
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were killed 5 and 15 days after the final α-IL-10R injection, 
that is, days 20 and 30, respectively, after the initiation of 
IL-10R blockade. As expected, by day 20, there were clear 
signs of inflammation and epithelial damage that contributed 
to an overall colitis score that was not different between NR 
and MSEW mice (Figure 2, C-D, upper panels). However, by 
day 30, and in contrast to significant resolution of colitis in NR 
mice, MSEW tissue still displayed visible signs of inflamma-
tion, epithelial damage, and an overall colitis that was virtually 
unchanged from day 20 (Figure 2, C-D, lower panels). Flow 
cytometric analysis of IFNγ-, IL-17A-, and Foxp3-expressing 
colonic CD4 T cells revealed that all these subsets were ele-
vated in response to anti-IL-10R treatment, but there were no 
significant differences in frequency or number between NR 
and MSEW animals (Figure S1). We also did not detect signif-
icant differences in transcript levels of pro-inflammatory Il6, 
Il1b, or Nos2 (Figure S2). However, as early as day 20, there 
were already significant differences in Tnf transcript in co-
lonic tissue from MSEW relative to NR animals, and this dif-
ference persisted through day 30 (Figure 2E). As confirmation, 
we detected significantly higher TNF protein levels following 
ex vivo culture of colon tissue from colitic MSEW mice rel-
ative to colitic NR mice (Figure 2F). Much of this transcript 
difference appeared to be attributable to nonepithelial cells 
because we observed small but significant differences in Tnf 
transcript expression among gut tissues crudely denuded of 
intestinal epithelial cells (IECs) but not among enriched IEC 
(Figure S3). To determine whether CD4 T cells are responsible 
for the TNF difference, we performed intracellular staining 
for TNF in live lamina propria CD4 T cells. Unfortunately, we 
also did not detect significant differences in the frequencies or 
numbers of CD4 + TNF + cells, neither were there consistent 
differences in mean fluorescence intensity of TNF (Figure S3, 
B and C). Altogether, these results support a role for ELS in 
enhancing individual susceptibility to chronic gut inflamma-
tion characterized by sustained production of TNF, poten-
tially by multiple cell subsets.

ELS Induced by Early Postnatal Glucocorticoid 
Exposure Recapitulates the Effects of MSEW
The foregoing results suggest a link between ELS-induced 
reductions in systemic and local GC synthesis. Previous 
studies associate HPA axis dysfunction with an initial spike 
in the circulating levels of stress-related hormones followed 
by a persistent decrease in basal corticosterone release.29,30 A 
recent study using maternal feeding of the synthetic GC dex-
amethasone (Dex) during the postnatal period as a model of 
ELS corroborates the theory that excessive GCs in the early 
postnatal phase can lead to impaired output of corticosterone 
later in life.31 Therefore, we asked whether early postnatal in-
troduction of glucocorticoids can mimic the effects of MSEW. 
Timed pregnant females were randomly assigned to control 
or ELS groups and fed Dex or vehicle (Veh) in drinking water 
from the day after delivery (postnatal day 1, PND 1) until PND 
14. All cages were returned to regular drinking water immedi-
ately thereafter, and progeny were weaned as normally done 
on PND 21 (Figure 3A). As with the MSEW model, we also 
observed no effect of Dex on basal colonic permeability at 4 
weeks of age (Figure 3B). However, there were significantly 
lower levels of plasma CORT, but not ACTH, in Dex mice 
relative to Veh controls (Figure 3, C-D). We then examined 
whether Dex also predisposed to chronic colitis using the 

IL-10R blockade model where Dex or Veh mice were injected 
intraperitoneally with PBS or anti-IL-10R antibody every 5 
days for 15 days (Figure 3E). Similar to MSEW mice, Dex 
mice also gained weight more rapidly during the experimental 
period (Figure 3F). We observed significant differences in the 
extent of colon epithelial damage and overall disease severity 
in Dex mice compared with Veh mice (Figure 3G), similar to 
MSEW mice. Specifically, colons from Veh mice showed an 
inflammatory infiltrate limited to the lamina propria and mild 
crypt epithelial hyperplasia, whereas colons from Dex mice 
had significantly increased inflammatory infiltrate and epithe-
lial erosion (Figure 3H). Furthermore, like the MSEW model, 
we did not observe significant differences in transcripts of 
Il6 or Il1b, their respective receptors, or Nos2 (Figure S3). 
However, Dex-treated mice displayed elevated Tnf mRNA 
30 days postinitiation of anti-IL-10R injections (Figure 3I). 
Importantly, this was accompanied by increased transcripts of 
Tnfrsf1a and Tnfrsf1b (which encode TNF receptors 1 and 2, 
respectively) in crypt-enriched colonic epithelial cells (Figure 
3J). Collectively, these data demonstrate that increased GCs 
in the early postnatal period impairs GC output and can con-
tribute to enhanced severity and chronicity of any inflam-
mation that subsequently develops in the colon. Moreover, 
this chronic inflammation is accompanied by increased Tnf 
transcription and seemingly elevated TNF responsiveness by 
CORT-producing colonic cells.

ELS Leads to Reduced Colonic CORT Levels at 
Steady State Without Suppression of Nr5a2
The effects of ELS extend well into adulthood, as has been 
demonstrated in both humans and animal models. Our 
results demonstrating the effects of 2 different models of 
ELS on systemic and colonic GC production shortly after 
cessation of stress exposure (4 weeks of age) raised the pos-
sibility of a mechanistic link between the impaired GC syn-
thesis and the colitis observed. Furthermore, given similar 
outcomes observed in mice subjected to MSEW or maternally 
transmitted Dex, we conducted side-by-side examination of 
the effects of both regimens on colonic GC synthesis in the 
absence of any additional perturbations. In 8-week-old adult 
mice previously subjected to either MSEW or Dex, colonic 
corticosterone levels were consistently and significantly lower 
than that of their control counterparts (Figure 4A). However, 
we found no differences between mice from either ELS co-
hort or their control counterparts in the colonic transcripts 
of the GC receptor Nr3c1 (Figure 4B), suggesting that any 
downstream effects of reduced GC under these “homeostatic” 
conditions may not be due to reduced potential for ligand-
receptor interactions. We also found no differences in colonic 
expression of Nr5a2 (which encodes Lrh-1), suggesting the 
differences in colonic corticosterone at steady state are also 
not regulated at the level of Lrh-1 expression (Figure 4C).

ELS and TNF Additively Suppress Colonic CORT 
Output
We then sought to determine the potential effects of ELS 
on GC synthesis and responsiveness under inflammatory 
conditions by comparing colonic tissues of colitic MSEW and 
Dex mice normalized to unstressed, noncolitic animals. We 
found that overall, inflammation caused modest reductions 
in Nr3c1 in both stressed and unstressed mice (Figure 4D). 
However, this decrease was even more pronounced and 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac280#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac280#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac280#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac280#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac280#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac280#supplementary-data
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significantly different in colitic Dex mice relative to Veh-
exposed counterparts (Figure 4D, lower). A similar trend was 
seen in the transcript levels of Nr5a2, where inflammation 
promoted lower expression in both models with a clearly 
significant difference observed between Dex and Veh mice 
(Figure 4E). When we examined the expression of the Nr5a2 
transcriptional target Cyp11a1, we found that inflammation 
was associated with a significant upregulation in transcript 
levels of Cyp11a1 in colitic but unstressed mice. However, 
this upregulation was either tempered or completely inhib-
ited in colitic MSEW and Dex mice, respectively (Figure 4F). 
These findings suggest that ELS has the potential to mod-
ulate intestinal GC synthesis pathway, especially in mice 
subjected to Dex during the suckling period. This was not 
surprising given that this approach involves more direct 
and controlled manipulation of the early GC spike believed 
to be associated with ELS. We thus focused our remaining 
experiments on mice exposed to vehicle or Dex. In addition 
to the sustained deficit in local CORT production at steady 
state that was found in both ELS models (Figure 4A), we also 
confirmed that there is diminished intestinal CORT output 

during active colitis from Dex mice relative to Veh (Figure 
4G), providing further support for impaired steroidogenic 
pathway induction in colitic ELS animals. We next asked 
whether TNF—the most reproducibly upregulated inflam-
matory mediator detected in our experiments—was central 
to the inflammation-induced downregulation of GC syn-
thesis. Indeed, a role for TNF in suppression of colonic GC 
synthesis has been described.32 We isolated colonic crypt 
cells from healthy Veh and Dex mice and cultured in vitro 
supported by stem cell survival factors in the presence or 
absence of exogenous TNF. Like the cultures of whole colon 
tissue (Figure 4A), unstimulated crypt cells from Dex mice 
spontaneously secreted lower levels of corticosterone than 
cells from Veh mice. Addition of TNF inhibited the produc-
tion of corticosterone in both circumstances; but impor-
tantly, there was a more significant reduction in expression 
of corticosterone production by cells from Dex-exposed 
mice (Figure 4H). Collectively, these data demonstrate that 
TNF-driven local inflammation potently suppresses colonic 
GC synthesis and that this effect is further exacerbated by 
prior exposure to ELS.

Figure 3. Early postnatal exposure to glucocorticoids recapitulates the effects of MSEW on adolescent mice. A, Experimental design for early life 
exposure (day of life 1 to 14) to dexamethasone (Dex) or the vehicle (Veh, 0.002% DMSO, 0.02% 2-hydroxypropyl-β- cyclodextrin). B, Concentration 
of FITC-dextran in plasma of 4-week-old mice 4 hours after oral gavage and normalized to plasma from mice that did not receive FITC-dextran. Graphs 
(C-D) showing plasma concentrations of (C) CORT and (D; ACTH) in 4-week-old Veh and Dex mice as measured by ELISA (n ≥ 13). E, Experimental 
design for colitis induction, beginning at 4-wks of age, 2-wks post Dex exposure. F, Weight change as a percentage of initial (PND 28) weight over the 
course of the experiment. G, Graphs showing scores for inflammation, epithelial damage, and total colitis of the proximal colon in α-IL-10R–treated 
Veh and Dex mice on day 30. (n ≥ 17). H, Representative H&E-stained colonic tissue sections from PBS- and α-IL-10R–treated Veh and Dex mice Scale 
bars = 100μm. I, Relative Tnf mRNA levels in proximal colons of α-IL-10R–treated Veh and Dex mice normalized to PBS-treated Veh mice (n ≥ 10 mice/
group). J, Relative mRNA levels of Tnfrsf1a (left) and Tnfrsf1b (right) in crypt-enriched epithelial cells from the colons of α-IL-10R–treated Veh and Dex 
mice, normalized to PBS-treated Veh mice (n ≥ 6). All transcripts were initially normalized to Tbp. Error bars represent mean ± SEM. Asterisk denotes 
significant difference from Mann-Whitney U test (C), or 1-way ANOVA followed by Tukey’s multiple comparisons test (G, I, J) at *P < .05, **P < .01, ***P 
< .001, and ****P < .0001.Data are compiled from 3 individual experiments.
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Figure 4. ELS and TNF suppress colonic CORT output. A, Corticosterone concentration in supernatant after 48-hour cultures of colon from 8-week-old 
NR and MSEW (upper); and Veh and Dex mice (lower; n ≥ 7). B, Relative expression of Nr3c1 and (C) Nr5a2 in proximal colons of healthy NR versus 
MSEW (upper) and Veh versus Dex (lower) mice (n ≥ 5). D-F, Relative expression of (D) Nr3c1, (E) Nr5a2, and (F) Cyp11a1, in proximal colons of α-IL-10R–
treated NR and MSEW mice (upper), and Veh and Dex mice (lower), normalized to PBS-treated NR and Veh mice, respectively (n ≥ 7). All transcripts 
were initially normalized to Tbp. G, Corticosterone concentration in supernatant after 48-hour cultures of colon from 8-week-old α-IL-10R–treated Veh 
and Dex mice at Day 30 (n ≥ 9). H, Corticosterone concentration as determined by ELISA in supernatant of proximal colonic crypt cells generated from 
8-week-old Veh and Dex mice stimulated or not with 10 ng/mL TNF stimulation for 48-hour (n ≥ 4). Error bars represent mean ± SEM. Asterisks denote 
significant differences from Student’s t test at (A), 1-way (D-G) or 2-way (H) ANOVA followed by Tukey’s multiple comparisons test at *P < .05, **P < .01, 
***P < .001, and ****P < .0001.
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Discussion
In this study, we examined the effects of ELS on mediators 
of intestinal immune regulation and on the chronic phase of 
colonic inflammation induced secondarily to ELS. As valida-
tion of our approach, we showed that whether induced via 
MSEW or postnatal dexamethasone exposure, ELS resulted 
in HPA axis dysfunction, evidenced by reduced circulating 
levels of CORT. In addition, we demonstrate for the first time 
that ELS also leads to impaired production of CORT in the 
colon both in the adolescent period shortly after removal of 
the stress signal and in adulthood. This reduced local CORT 
may be central to the increased inflammatory tone of the in-
testine, which was characterized by early deficits in mucosal 
IL-10–producing CD4 T cells followed by increased IFNγ-
producing CD4 T cells in early adulthood. Although ELS has 
been reported to alter intestinal barrier integrity and promote 
low-grade inflammation in mice,28,33–36 in noncolitic MSEW 
and Dex mice, we did not detect differences in basal epithelial 
permeability or any overt pathology relative to control mice. 
Manifestation of the effects of ELS on gut inflammation re-
quired the introduction of a colitogenic insult for which we 
employed antibody-mediated blockade of the IL-10 receptor. 
Thus, our study demonstrates how this environmental trigger 
can induce and imprint disruptions in normal gut immune 
homeostasis and can have long-term effects on the predispo-
sition to and perpetuation of chronic inflammation in suscep-
tible hosts (Figure 5).

The literature reports contradictory effects of ELS on cir-
culating GC concentrations in both humans and laboratory 
animals with GCs elevated in some settings37,38 and decreased 
in others.39–41 The change in CORT is often directly related 
to changes in the levels of circulating ACTH, the primary 

activator of CORT release by adrenal glands. Despite the 
reduced CORT, in both models of ELS, we did not detect sig-
nificant changes in circulating ACTH. Yet, although we did 
not directly assess adrenal gland CORT secretion, impaired 
adrenal gland GC output in response to stress is the most 
likely reason for the reduced plasma CORT levels in our ELS 
mice. Notably, in the absence of inflammation in the intestine, 
we also did not detect changes in expression of Nr5a2, the 
gene encoding Lrh-1 that transcriptionally regulates colonic 
CORT synthesis. Thus, both models of ELS resulted in lower 
basal levels of adrenal- and intestinal-derived CORT without 
affecting expression of the established upstream mediators of 
GC synthesis and/or release.

In contrast to the otherwise steady state, under inflam-
matory conditions we detected ELS-dependent reductions 
in expression of Nr5a2 and Cyp11a1,and a corresponding 
significant decrease in intestinal CORT output from colitic 
ELS mice relative to colitic unstressed mice. Our findings are 
consistent with the reported downregulation of NR5A2 in the 
colons of ulcerative colitis patients.42 Colon tissue from colitic 
ELS mice also showed lower expression of Nr3c1, the gene 
encoding the GCR. Thus during inflammation, prior exposure 
to ELS contributes to reduced CORT output and signaling, 
which collectively can contribute to the chronicity of co-
litis via inadequate control of pro-inflammatory mediators. 
Interestingly, all these transcripts were altered in unstressed 
mice with colitis, demonstrating effects of inflammation inde-
pendent of ELS. However, particularly in colitic Dex mice, each 
was more substantially altered/downregulated, suggesting ad-
ditive effects of ELS and inflammation. The reason for the 
discordance in GC receptor transcripts in control vs ELS 
colons during health and disease is currently unclear. Further 
studies will be required to delineate the potentially distinct 
mechanisms underlying ELS-mediated suppression of CORT 
synthesis and sensitivity in the colon under the 2 conditions.

Chronic inflammation in mice is characterized by 
upregulation of numerous pro-inflammatory pathways in 
both innate and adaptive immune effector cells. Accordingly, 
we found that independent of ELS, there was elevated Th1 
and Th17 cells and increased mRNA of pro-inflammatory 
cytokines IL-1β and IL-6 in colonic tissue of colitic mice. 
However, across multiple experiments in 2 different models, 
Tnf was the only factor examined for which we consistently 
detected significantly higher transcript levels in ELS mice rel-
ative to control mice. We were unable to identify a single cell 
population that is primarily responsible for the elevated Tnf 
in ELS mice. At a minimum, our data appears to exclude ep-
ithelial cells and potentially CD4 T cells as being solely re-
sponsible. Thus, we speculate that the elevated TNF may 
be a net effect of moderate overproduction by multiple cell 
types in the lamina propria. Our results also suggest that ex-
pression of the GCR is a major feature of the culpable cell 
type(s), and the near ubiquitous expression of the GCR fur-
ther supports the notion that multiple cellular sources of TNF 
may be involved.

Despite not identifying a primary source of TNF, our 
results suggest that CORT-producing colonic crypt stem 
cells are important targets of TNF in colitic ELS mice. 
Specifically, crypt-enriched colonic epithelial cells harbored 
increased transcripts of the genes encoding TNF receptors 
1 and 2—but not those encoding IL-1 or IL-6 receptors—
and produced less CORT in the presence of TNF. This led 
us to explore the potential intersection of TNF and local 

Figure 5. Proposed model of the impact of ELS in health and disease. 
ELS results in reduced production of colonic corticosterone (CORT). 
In otherwise healthy ELS mice under “homeostatic” conditions, ELS 
also alters the mucosa-associated immune cell balance with an initial 
deficit in anti-inflammatory IL-10-producing CD4 T cells followed by an 
increase in IFNγ-producing CD4 T cells. This diminished local CORT 
and altered mucosal immune milieu enhance the susceptibility of 
ELS-exposed individuals to inflammation especially in the presence 
of additional colitogenic insults. During active colitis, local deficits in 
CORT production and function are further reinforced via reductions in 
(1) Nr5a2, the gene encoding Lrh1 that is responsible for colonic CORT 
production, (2) Cyp11a1, which encodes the first enzyme involved in de 
novo steroidogenesis, and (3) Nr3c1, which encodes the global GCR. 
Conversely, colitis in ELS animals is consistently associated with (1) 
increased intestinal TNF production, which can further suppress local 
CORT synthesis, and (2) increased transcription of genes encoding TNF 
receptors 1 and 2. The combination of increased TNF and reduced CORT 
contributes to a sustained inflammation in the colons of ELS-exposed 
mice.
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colonic CORT in mediating the long-term effects of ELS 
in colitic mice. Even prior to our study, it was known that 
this is a complex relationship. For example, in acute colitis 
in mice, TNF administration can trigger CORT synthesis 
to reduce disease.43 Conversely, in chronic colitis, TNF 
can prevent CORT synthesis via suppression of Nr5a2, 
and TNF blockade can restore intestinal CORT synthesis 
to limit disease activity.44 Interestingly in the same study, 
lower amounts of TNF over a shorter duration induced ex-
pression of intestinal steroidogenic genes, suggestive of a 
dose-dependent relationship.44 In our study, we found that 
the ELS-induced deficit in colonic CORT existed under 
“homeostatic” conditions when TNF levels were minimal 
or undetectable and persisted well into the chronic phase 
of colitis, which was characterized by constantly elevated 
TNF. Furthermore, in vitro stimulation of colonic crypt cells 
with high-dose TNF—used to mimic severe chronic inflam-
mation—resulted in significantly reduced CORT output, es-
pecially in cells from Dex-exposed mice. This inhibition of 
CORT synthesis by TNF is likely self-perpetuating. Both the 
GCR and TNF can be expressed by multiple intestinal cell 
types during inflammation, meaning that inadequate CORT 
signaling to any or all the major TNF-producing subsets 
can result in failure to regulate TNF production and po-
tentially sustain the inflammatory reaction. Thus, our study 
supports a model wherein ELS predisposes to prolonged 
colitis via insufficient local production of CORT via direct 
targeting of crypt stem cells by TNF coupled with reduced 
GCR availability, enabling additional TNF production and 
signaling.

The exact molecular pathway whereby ELS targets and 
imprints colonic crypt cells also remains to be elucidated. 
Studies in humans and rodents have uncovered ELS-induced 
epigenetic alterations in multiple stress-response genes across 
various regions of the brain.45,46 These changes have been 
found to impact GC output and alter the functional signaling 
capability of the GCR, but the relationship—if any—to local 
colonic CORT is unclear. Early life is also a critical devel-
opmental window for the gut microbiota, which is also 
impacted by ELS.47–50 For example, we recently observed 
differences in microbiota composition between NR and 
MSEW mice characterized by lower abundance of a number 
of short chain fatty acid (SCFA)-producing taxa,50 which may 
explain the delayed emergence of regulatory IL-10-producing 
CD4 T cells observed in 4-week-old MSEW mice. The second 
model employed in this study involved maternal ingestion of 
Dex, which could also potentially alter both the microbiota 
and the brain physiology of the pups. Interestingly, despite 
the very different approaches, we observed similar GC-related 
phenotypes in both models before and after induction of in-
flammation, suggesting that both regimens caused similar 
microbial changes or that the net effect of any microbial 
differences is minimal relative to the effects of reduced co-
lonic CORT synthesis.

In summary, our study demonstrates how exposure to 
chronic stress during early life can lead to defective gut im-
mune regulation, including inadequate colonic CORT pro-
duction. Throughout our study, we observed that several, 
albeit statistically significant, ELS-dependent phenotypes and 
outcomes were not particularly dramatic relative to those of 
the control counterparts. Instead, the overarching effects of 
ELS appear to be cumulative and synergistic with additional 

colitogenic perturbations and served to exacerbate the effects 
of inflammation. Our findings are consistent with the multi-
factorial nature of IBD and demonstrate how this specific en-
vironmental trigger can contribute to worse disease outcomes 
in susceptible individuals (Figure 5).

Supplementary Data
Supplementary data is available at Inflammatory Bowel 
Diseases online.

Figure S1. Chronic colitis induces increased colonic 
Foxp3-, IL-10-, and IFNγ-, and IL-17A-expressing CD4 
T cell populations independent of ELS. A, Representative 
flow cytometry plots showing Foxp3 and Thy1.1 expres-
sion by live CD4 T cells in the colons of PBS vehicle control 
and anti-IL-10R treated NR and MSEW mice at 8 weeks of 
age, 15 days after the last anti-IL-10R injection. B-C, Graphs 
summarizing frequencies (upper) and numbers (lower) of 
live CD4 + Foxp3 + (B) and live CD4 + Thy1.1+ (C; n ≥ 8). D, 
Representative flow cytometry plots showing IFNγ and IL-
17A expression by live CD4 T cells in the colons of PBS vehi-
cle control and anti-IL-10R treated NR and MSEW mice at 8 
weeks of age, 15 days after the last anti-IL-10R injection. E-F, 
Frequency (upper) and numbers (lower) of live IFNγ+CD4 + T 
cells (E) and live IL-17A + CD4 + T cells (F; n ≥ 4). Error bars 
represent mean ± SEM. Asterisks denote significance from 
2-way ANOVA (B, C, E, F) followed by Tukey’s multiple 
comparisons test at *P < .05, **P < .01, ***P < .001, and 
****P < .0001. Data are compiled from 2-3 independent 
experiments.

Figure S2. MSEW does not lead differential induction of 
Il6, Il1b, or Tnf when mice are subjected to colitis. Relative 
mRNA levels of (A) Il6, (B) Il1b, and (C) Nos2 in proximal 
colons of α-IL-10R–treated NR and MSEW mice normalized 
to PBS-treated NR mice (n ≥ 7). All transcripts were ini-
tially normalized to Tbp. Error bars represent mean ± SEM. 
Asterisks denote significant differences from Brown-Forsythe 
and Welch ANOVA followed by Dunnett’s T3 multiple 
comparisons test (A-C) at *P < .05, **P < .01, ***P < .001, 
and ****P < .0001.

Figure S3. Elevated induction of Tnf by nonepithelial cells 
in colitic MSEW mice relative to NR counterparts. A, Relative 
Tnf mRNA levels from epithelial cells (left) or epithelial-
depleted colonic tissue (right) of α-IL-10R treated NR and 
MSEW male mice at Day 20, normalized to PBS-treated 
NR mice (n ≥ 3). All transcripts were initially normalized 
to TATA box binding protein (Tbp). B, Representative flow 
cytometry plots showing TNF expression by live CD4 T cells 
in the colons of PBS treated NR and anti-IL-10R treated NR 
and MSEW mice on day 20. C, Frequency (left), number 
(middle), and mean fluorescent intensity (MFI, right) of live 
TNF + CD4 + T cells (n ≥ 3). Asterisks denote significance from 
1-way ANOVA (A) followed by Tukey’s multiple comparisons 
test at *P < .05, **P < .01, ***P < .001, and ****P < .0001.

Figure S4. Dex does not significantly impact Il6 or Il1b 
induction or responsiveness when mice are subjected to coli-
tis. Relative mRNA levels of (A) Il6, (B) Il1b, (C) Il6ra, (D) 
Il1r1, and (E) Nos2 in proximal colon tissue (A, B, E) or crypt-
enriched epithelial cells from the colons (C, D) of α-IL-10R–
treated Veh and Dex mice, normalized to PBS-treated Veh 
mice (n ≥ 4). All transcripts were initially normalized to Tbp. 
Error bars represent mean ± SEM. Asterisks denote significant 
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differences from Brown-Forsythe and Welch ANOVA followed 
by Dunnett’s T3 multiple comparisons test (A, B, E) or 1-way 
ANOVA followed by Tukey’s multiple comparisons test (C, D) 
at *P < .05, **P < .01, ***P < .001, and ****P < .0001.

Table S1. Primer sequences.
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