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Abstract
The intestinal epithelium plays an essential role in nutrient absorption, hormone release, and

barrier function. Maintenance of the epithelium is driven by continuous cell renewal by

intestinal epithelial stem cells located in the intestinal crypts. Obesity affects this process

and results in changes in the size and function of the tissue. Because both the amount of

food intake and the composition of the diet are contributing factors to developing and

maintaining obesity, it is necessary to tease apart the separate contributions of obesity

versus the type/amount of diet in driving the epithelial changes. C57BL/6J mice were fed a

60% high-fat diet versus a 10% low-fat diet for three months. A pair fed group was included

(mice were fed with high-fat diet, but in equal kcal as that eaten by the low-fat diet- fed mice

to keep them lean). We investigated the differences in (1) crypt-villus morphology in vivo, (2)

the number and function of differentiated epithelial cell types in vivo, and (3) lasting effects

on intestinal epithelial stem cell proliferation and growth in vitro. We found that high-fat diet-

induced obesity, independent of the high-fat diet, increased crypt depth, villus height, the

number of intestinal epithelial stem cells and goblet cells in vivo, and enhanced the size of

the enterospheres developed from isolated IESCs in vitro. In addition, there is an interaction

of obesity, type of diet, and availability of the diet (pair fed versus ad libitum) on protein and

mRNA expression of alkaline phosphatase (an enzyme of enterocytes). These results sug-

gest that high-fat diet-induced obesity, independent of the high-fat diet, induces lasting effects on intestinal epithelial stem cell

proliferation, and drives the differentiation into goblet cells, but an interaction of obesity and diet drives alterations in the function

of the enterocytes.
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Introduction

The intestinal epithelium plays an essential role in nutrient
absorption, satiety hormone release, and immune barrier
function. Maintenance of the epithelium is driven by con-
tinuous cell renewal by intestinal epithelial stem cells
(IESCs) located in the intestinal crypts.1 IESCs give rise to
progenitor cells, and then progenitor cells differentiate into
mature intestinal epithelial cell types (e.g. enterocytes,
enteroendocrine cells, goblet cells and Paneth cells) as

they migrate through the crypt-villus axis. Obesity affects
this process and results in changes in the size and cellular
make-up of the tissue.2 In particular, obesity increases IESC
number and proliferation, total epithelial cell number,
villus height or crypt depth in vivo.3–6 Moreover, diet-
induced obesity causes lasting effects in IESCs, such that
isolated IESCs from obese compared to lean mice grow at
different rates in vitro.3,4 These findings suggest that obesity
may alter the proliferation, growth, and function of the
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intestinal epithelial tissue through the modulation of
somatic stem cells.

Previous studies investigating the effect of obesity on
the proliferation of IESCs used a diet-induced obese
mouse model that is limited to comparing a high-fat diet
(HFD)-fed versus chow-fed mice.3,4 Although chow is a
low-fat diet (LFD) that will result in a lean phenotype
when consumed ad libitum in rodents, chow-fed mice do
not eat the same kilocalorie (kcal) amount as the HFD-fed
mice.7–11 In addition, the ingredients and composition of
these diets vary greatly (e.g. sugar, fiber, and protein).
Both the amount of food intake and the composition of
the diet are factors that may lead to alterations in intestinal
epithelial growth and function independent of the body
weight differences between groups. In order to control
for these factors, we chose to use an LFD that has the
same ingredients as the HFD with only the amount of fat
or carbohydrate varied, and included a pair fed (PF) group
that was fed the HFD, but in equal kilocalories as that eaten
by the LFD group. Using this model allows us to tease apart
the separate contributions of obesity versus the type/
amount of diet in altering proliferation, growth, and func-
tion of the intestinal epithelial tissue. Mice were equally
divided into three groups and fed (1) a 60% HFD ad libitum,
(2) a 10% LFD fed ad libitum or (3) an HFD PF group. After
three months on the respective diets, mice were euthanized
and the crypt depth, villi height, the number of different
intestinal epithelial cell types and the expression of
enzymes or secretory proteins of different intestinal epithe-
lial cell types were measured in vivo, whereas the lasting
effects on IESC proliferation and epithelial growth were
measured in vitro.

Methods

Animals

Male C57BL/6J mice at 10-weeks-old were obtained from
the Jackson Laboratory (Bar Harbor, ME; N¼ 24). Mice
were individually housed in modified shoebox cages with
a raised woven wire platform and lined with brown kraft
paper for collection and measurement of food spillage.
Mice were acclimated to the housing for one week with
ad libitum access to tap water and laboratory chow
(Tecklad 22/5, Tecklad Diets, Madison, WI) on a 12:12
light:dark cycle in a climate-controlled room (22� 1�C
and 60% relative humidity). All procedures were approved
by the Institutional Animal Care and Use Committee at the
University of Illinois at Urbana-Champaign.

Following the one week acclimation, mice were fed
an HFD or an LFD for three months. The HFD and
control groups were as follows: (1) 60% HFD ad libitum
fed (Research Diets D12492), (2) 10% LFD ad libitum fed
(Research Diets D12450J), and (3) 60% HFD PF group
(fed a HFD, but in equal kcal as that eaten by the LFD fed
animals to keep them lean), n¼ 8 per group. It is not pos-
sible to include an LFD that eats the same kcal amount as
the HFD ad libitum group without using a transgenic
mouse or lesioning the hypothalamus to induce hyperpha-
gia of the LFD. Mice were weighed weekly and food intake

was measured daily. Mice in HFD PF group were given an
equal kcal of the food eaten by the LFD-fed mice a day later
than other groups.

After three months, mice were killed by decapitation
under isoflurane anesthesia (Henry Schein Animal
Health, Dublin, OH). A subset of the mice (n¼ 5 per
group) were used for histology or qPCR. A power analysis
(G�Power 3.1.9.2) based on previously published data
investigating the lasting effect of diet-induced obesity on
IESC growth in vitro and epithelial changes in vivo show
that to achieve a power¼ 0.8 and a type I error of 0.05, an
n¼ 3 per group for in vitro experiments and an n¼ 5 per
group for in vivo analysis are needed.3,4 The intestine was
exposed, and tissue was collected from the duodenum, jeju-
num, ileum, and colon as previously described.12 Briefly, to
ensure that we are collecting similar segments of the intes-
tine for analysis between animals, we measured from the
pyloric sphincter, discarded the first 1 cm, and then collect-
ed two 5 mm samples to be processed for histology or
qPCR. We then measured from the cecum, discarded the
first 1 cm, and then collected two 5 mm segments of
the ileum or colon. From the remaining jejunal segment,
we measured from the middle and collected two 5 mm
segments to be processed similarly to the duodenal and
ileal segments. For histology, each of the 5 mm intestinal
segments were fixed in 10% neutral-buffered formalin for
24 h at RT and then stored in 70% ETOH at RT prior to
paraffin embedding. For qPCR, each of the 5 mm intestinal
segments was stored in RNAlater stabilization solution
(Invitrogen, Carlsbad, CA) at �80�C prior to RNA extrac-
tion. Another subset of mice (n¼ 3 per group) were used for
isolation and culture of IESCs. For these mice, the entire
small intestine was harvested for immediate IESC isolation.

IESC isolation

IESCs were isolated as previously described.13,14 Briefly, the
entire small intestine was harvested, opened longitudinally,
and washed with cold 1� PBS to remove luminal contents.
The villi were scraped off with a coverslip. The tissue was
cut into 2–4mmpieces with scissors andwashed 5–10 times
with cold 1� PBS until the supernatant was almost clear.
Tissue fragments were incubated with 2 mM EDTA (Fisher
Scientific, Pittsburgh, PA) and gently rocked at 4�C for
30min. After removal of EDTA, tissue fragments were
washed with 1� PBS three times. The supernatant was
then collected and passed through a 70-lm cell strainer
(Corning, Corning, NY) and centrifuged at 300g at 4�C for
5 min. The cell pellet was resuspended with single cell dis-
sociation medium (Advanced DMEM/F12 [Gibco, Grand
Island, NY], 2 mM GlutaMax [Gibco, Grand Island, NY],
10mM HEPES [Gibco, Grand Island, NY], 100U/mL
Penicillin–Streptomycin [Gibco, Grand Island, NY], 1�
N2 [Gibco, Grand Island, NY], 1� B27 [Gibco, Grand
Island, NY], 10 lM Y-27632 [Sigma-Aldrich, St. Louis,
MO]) at 37�C for 45 min. During incubation, the cell sus-
pension was pipetted every 10 min. Dissociated cells were
passed through a 40-lm cell strainer (pluriSelect, Leipzig,
Germany), followed by a 20-lm cell strainer (pluriSelect,
Leipzig, Germany) and centrifuged at 300g at 4�C for
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5min. The pellet was then resuspended with staining
medium (Advanced DMEM/F12, 2 mM GlutaMax,
10mM HEPES, 100 U/mL Penicillin–Streptomycin, 10 lM
Y-27632, 0.5 mM N-Acetyl-L-cysteine [Sigma-Aldrich,
St. Louis, MO]), and stained with antibodies including
CD45-FITC (1:100; eBioscience, San Diego, CA), CD44-PE/
Cy5 (1.5:100; BioLegend, San Diego, CA), CD24-eFluor 450
(1.25:100; eBioscience, San Diego, CA), CD166-PE (1.5:100;
R&D Systens, Minneapolis, MN), and GRP78 (0.5:100;
Sigma-Aldrich, St. Louis, MO) at 4�C for 30 min followed
by secondary antibody, goat anti-rabbit IgG, F(ab0)2-APC
(1:100; Santa Cruz Biotechnology, Dallas, TX), straining for
another 30 min at 4�C, and IESCs were isolated as
CD45�CD44þCD24lowCD166medium/lowGPR78low/� by
fluorescence-activated cell sorting (FACS) with a BD FACS
ARIA II sorter into staining medium for following culture.
Dead cells were excluded from the FACS with the viability
dye propidium iodide (Invitrogen, Carlsbad, CA).

Cell culture

Isolated IESCs were cultured as previously described.14,15

Briefly, freshly isolated IESCs from each animal were
embedded in Matrigel (Corning, Corning, NY) including
1 lM Jagged-1 peptide (Ana Spec, Fremont, CA) at 500
IESCs/10 lL, seeded on 96-well plate (replicates of three
wells per animal), and incubated in IESC culture medium
(Advanced DMEM/F12 containing 2 mM GlutaMax, 10
mM HEPES, 100 U/mL Penicillin–Streptomycin, 1�N2,
1�B27, 1 mM N-Acetyl-L-cysteine, 50 ng/mL EGF [Gibco,
Grand Island, NY], 100 ng/mL Noggin [PeproTech, Rocky
Hill, NJ], 500 ng/mL R-Spondin-1 [PeproTech, Rocky Hill,
NJ], 3 lM CHIR99021 [Sigma-Aldrich, St. Louis, MO] and
1mM valproic acid [Sigma-Aldrich, St. Louis, MO]). Two
inhibitors of differentiation (CHIR99021 and valproic acid)
were used to maintain IESCs in a self-renewing and undif-
ferentiated state,15 which allow for us to assess the lasting
effect of obesity or the type/amount of diet on IESC prolif-
eration without the interference of mixed cell types in pre-
viously described IESC culture conditions. Medium
was changed every other day. Representative images
were captured from day 2 to day 12 post plating using an
Axio Vert.A1 inverted microscope (Zeiss, Oberkochen,
Germany) fitted with an Axiocam 503 mono camera
(Zeiss, Oberkochen, Germany). Enterosphere size was
quantified through analysis of captured images at 10�
magnification using ImageJ software (NIH, Bethesda, MD).

Histology

Formalin fixed tissue sections were embedded using paraf-
fin and cut on a microtome at 5 lm thickness and mounted
onto charged glass microscope slides. For crypt-villus mor-
phology, tissue sections were deparaffinized in xylenes
followed by a series of graded ethanol, then rinsed in
deionized water. Intestinal sections were counterstained
in hematoxylin (Fisher HealthCare, Houston, TX) and
dehydrated in a series of graded ethanol followed by
xylenes. Slides were mounted with Permount mounting
media (Fisher Scientific, Pittsburgh, PA) and stored at RT.

For immunohistochemical processing for Olfactomedin-
4 (Olmf4; an IESC marker) and Chromogranin A (an enter-
oendocrine cell marker), after deparaffinizing slides as
described above, antigen retrieval was performed by
immersing the slides in the sodium citrate buffer (10 mM
sodium citrate hydrochloride [Fisher Scientific, Pittsburgh,
PA] and 0.05% Tween 20 [Sigma-Aldrich, St. Louis, MO]
diluted in distilled water, pH 6.0) for 20 min in a water
bath at 95�C, then allowed to cool, while still immersed in
the sodium citrate buffer solution for 30 min at RT. Slides
were rinsed between each step in 1� PBS. Slides were incu-
bated in blocking solution (3% Normal Donkey Serum
[Jackson ImmunoResearch, West Grove, PA] and 0.3%
Triton X-100 [Sigma-Aldrich, St. Louis, MO] diluted in 1�
PBS) for 1 h at RT. Sections were incubated overnight at 4�C
in the following primary antibodies diluted in the blocking
solution: Olmf4 (1:400; Cell Signaling Technology, Danvers,
MA), Chromogranin A (1:1,000; Abcam, Cambridge,
United Kingdom). Sections were incubated in a donkey
anti-rabbit biotin-conjugated IgG (H&L) secondary anti-
body (1:500, Jackson ImmunoResearch, West Grove, PA)
diluted in 1� PBS for 1 h at RT. Sections were then incubat-
ed in an avidin-biotin complex (Vector Laboratories,
Burlingame, CA) for 30 min at RT. A diaminobenzidine-
hydrogen peroxidase reaction was performed using a sub-
strate kit (Vector Laboratories, Burlingame, CA). Slides
were dehydrated and mounted as described above.

For Periodic Acid Schiff staining of mucins (a goblet cell
marker) and Paneth cell granules (a Paneth cell marker),
after deparaffinizing slides as described above, slides
were immersed in 0.5% Periodic Acid (Newcomer Supply,
Middleton, WI) for 10 min at RT and washed in distilled
water. Sides were then immersed in Schiff reagent
(Newcomer Supply, Middleton, WI) for 30 min at RT and
rinsed in 0.55% potassium metabisulfite (Fisher Scientific,
Pittsburgh, PA) for 30 s and followed by washing in warm
running tap water for 10 min. Slides were counterstained in
hematoxylin, dehydrated andmounted as described above.

For staining of alkaline phosphatase (an enterocyte
marker), after deparaffinizing slides as described above,
slides were immersed in alkaline phosphatase substrate
working solution (Vector Laboratories, Burlingame, CA)
for 25 min. Slides were then washed in 100 mM Tris hydro-
chloride (PH 8.2; Fisher Scientific, Pittsburgh, PA) for
5min and followed by washing in running distilled water
for 5min. Slides were dehydrated and mounted as
described above.

Intestinal tissues sections were visualized using a
NanoZoomer Digital Pathology (NDP) System
(Hamamatsu, Hamamatsu City, Japan) using a 40� objec-
tive and NDP Scan software. Crypt depth and villus height
of three intestinal cross sections (4 crypts or villi per sec-
tion) from each segment of the intestine (duodenum, jeju-
num, ileum and colon) per mouse were measured using
NDP View 2 software. The number of Olmf4-postive
IESCs, Chromogranin A-positive enteroendocrine cells,
Periodic Acid Schiff-positive goblet cells, and Periodic
Acid Schiff-positive Paneth cells of three intestinal cross
sections (three crypts or villi per section) from the jejunum
per mouse was measured using NDP View 2 software.
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The expression of alkaline phosphatase was determined by
measuring relative intensity of alkaline phosphatase stain-
ing of three intestinal cross sections (three villi per section)
from the jejunum per mouse were measured using
ImageJ software.

qPCR

In order to investigate whether obesity or the type/
amount of diet alters the function of differentiated intesti-
nal epithelial cell types, we measured the expression of
alkaline phosphatase (an enzyme of enterocyte regulating
lipid absorption and barrier function),16 lysozyme (an anti-
microbial protein secreted by Paneth cells),17 chromogranin
A (a protein secreted by enteroendocrine cells, which facil-
itates the release of different peptide hormones through
controlling dense-core secretory granule biogenesis),18,19

and mucin 2 (the major secretory mucin secreted by
goblet cells).20 Total RNA was extracted from tissue using
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). RNA
was reverse transcribed into cDNA using QuantiTect
Reverse Transcription Kit (Qiagen, Hilden, Germany).
qPCR was performed with TaqMan Universal PCR
Master Mix (Applied Biosystems, Foster City, CA) and
TaqMan probes (Applied Biosystems, Foster City, CA)
using Applied Biosystems QuantStudioTM 7 Flex
Real-Time PCR System. Negative reverse-transcribed
samples were generated and all reactions were carried
out in triplicate. The following TaqMan probes were
used: Alpi: Mm01285814_g1, Lyz1: Mm00657323_m1,
Chga: Mm00514341_m1, Muc2: Mm01276696_m1, and
GAPDH: Mm99999915_g1. To determine relative expres-
sion values, the 2�DDCt method was used, where triplicate
Ct values for each sample were averaged and subtracted
from those derived from GAPDH.

Data analysis

Data are expressed as Mean� SEM. For measurement of
body weight and daily food intake, differences between
groups were analyzed using a two-way RM ANOVA.
Differences between groups for average daily food intake
were analyzed using a Student’s t test. For measurements
of crypt depth, villus height, number of different intestinal
cell types, the relative intensity of alkaline phosphatase
staining and qPCR, differences between groups for each seg-
ment were analyzed using a one-wayANOVA. Formeasure-
ment of enterosphere size, differences between groups at
each time points were analyzed using a one-way ANOVA.
Fisher’s LSD post hoc tests were used where appropriate.
P< 0.05 was considered statistically significant.

Results

Body weight and food intake

Body weight and food intake were increased in the HFD-
fed mice compared with the LFD and HFD PF groups
(Figure 1(a) to (c); P< 0.05).

Intestinal crypt and villus morphometry

Crypt depth and villus height in the duodenum and jeju-
num were increased in the HFD-fed mice compared with
the LFD and HFD PF groups (Figure 2(b) and (c); P< 0.05),
but no differences were found in the ileum and colon
(Figure 2(b) and (c)).

Number of intestinal epithelial cell types

The number of Olmf4-positive IESCs and Periodic Acid
Schiff-positive goblet cells in the jejunum was increased
in the HFD-fed mice compared with the LFD and HFD
PF groups (Figure 3(b) and (h); P< 0.05). There were no
differences in the number of Periodic Acid Schiff-positive
Paneth cells and Chromogranin A-positive enteroendo-
crine cells in the jejunum between the HFD, HFD PF, or
LFD groups (Figure 3(d) and (f)).

Expression of intestinal enzymes or secretory proteins

The protein levels of alkaline phosphatase (a marker
for enterocytes) were highest in the HFD PF group in the
jejunum (Figure 3(j); P< 0.05). Specifically, alkaline phos-
phatase levels in the HFD PF group were increased com-
pared with the HFD and LFD groups (Figure 3(j); P< 0.05).
Alkaline phosphatase levels were also increased in the HFD
compared with the LFD group (Figure 3(j); P< 0.05). Gene
expression of alkaline phosphatase was highest in the HFD
PF group, with significant increases in the duodenum and
jejunum (Figure 4(d); P< 0.05). Specifically, alkaline phos-
phatase expression in the HFD PF group was increased
in the duodenum compared with the HFD group and in
the jejunum compared with the HFD and LFD groups
(Figure 4(d); P< 0.05). Alkaline phosphatase expression
was also increased in the HFD compared with the LFD
group, but only in the jejunum (Figure 4(d); P< 0.05).
There were no differences in the gene expression of lyso-
zyme (a marker for Paneth cells), chromogranin A
(a marker for enteroendocrine cells) and mucin 2
(a marker for goblet cells) between the HFD, HFD PF, or
LFD groups (Figure 4(a) to (c)).

IESC proliferation in culture

The size of the enterospheres that developed from IESCs
isolated from HFD-fed mice was increased compared with
those from HFD PF group and LFD group on days 11 and
12 post plating (Figure 5(b); P< 0.05). There were no differ-
ences in the number of enterospheres developed from
IESCs isolated from any group (data not shown).

Discussion

The aim of these experiments was to investigate whether
obesity or the type/amount of diet differentially alters
the proliferation, growth, and function of the intestinal epi-
thelial tissue. The major findings were: (1) HFD-induced
obesity, independent of the HFD, increased crypt depth
and villus height in the duodenum and jejunum of intestine
in vivo, (2) HFD-induced obesity, independent of the HFD,
induced increases in the number of IESCs and goblet cells
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in the jejunum in vivo, (3) HFD-induced obesity, indepen-
dent of the HFD, enhanced IESC proliferation and growth
in vitro, and (4) there was an interaction of obesity, the type
of diet (HFD), and availability of the diet (PF versus ad
libitum) on the function of enterocytes in the duodenum
and jejunum of intestine in vivo.

Consistent with previous findings,3,5,6,21 our results
showed that HFD-induced obesity leads to a growth of
the epithelium as measured by increases in crypt depth
and villus height, and this increase in epithelial mass is
reflected by an increase in the number of IESCs and
goblet cells. We showed for the first time that this effect
was not driven by the HFD alone and occurs even when
an LFD of a similar composition is used as a control condi-
tion (as opposed to a chow-fed group). Because the intesti-
nal epithelial cells are the first point of contact with
ingested food and prepare the body for the nutrients that
are entering the system, it makes sense that their cellular
make-up would be comprised of cells that would be best
suited for the digestion of a diet that is maintained across
time. The high adaptability of the epithelium to change its
cellular make-up is likely due to a coordinated effort of the
presence and nature of the distinct food components (e.g.
proteins, lipids, carbohydrates) in the lumen of the intesti-
nal tract mixed with signals from the basal surface of the
tissue (e.g. hormonal, neural). These signals likely direct the

IESCs to proliferate and direct the progenitor cells at the
crypt-villus axis to differentiate into the functional cells
needed. Moreover, this obesity-induced tissue growth is
pronounced in the proximal, but not the distal intestine.
Although we find differences in the HFD-induced obesity
effect between the proximal and distal axis, there is data to
support the idea that the IESCs are not intrinsically differ-
ent between the intestinal segments and, instead, prolifer-
ation and differentiation along the proximal to distal axis
are driven by the local niche environment at each segment.
Intestinal transposition studies where duodenal, jejunal or
ileal segments are transposed with each other show that the
proliferation, total number of epithelial cells, and villus
height are determined by the environment and not an
intrinsic property of the crypts that contain the IESCs at
each segment.22 For example, the short villi normally seen
in ileal segments quickly grow long when transplanted into
the duodenum or vice versa.22 The function of transposed
or transplanted segments can also be regained.22 In addi-
tion, we find that isolated crypts from the duodenum,
jejunum, ileum, or colon grown under the same conditions
in vitro will produce all of the same types of daughter cells
even though they do not produce these in vivo (unpub-
lished observations). For example, enteroendocrine cell
types typically vary along the proximal to distal axis of
the intestinal tract with I cells in the proximal and L cells

Figure 1. Body weight (a), daily food intake (b) and average daily food intake (c) of mice fed with HFD or LFD for three months. Data are expressed as Mean�SEM

(n¼ 8). * indicates significant different between HFD and HFD PF groups and between HFD and LFD groups at that time point, P< 0.05. # indicates significantly

different between HFD and LFD groups at that time point, P< 0.05.
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in the distal intestine. We find that both cell types are pro-
duced in the same enterospheres in vitro, regardless from
where the crypts were isolated along the intestinal axis
(unpublished observations). Thus, it is likely that the envi-
ronment along the intestinal axis drives the differences in
response to HFD-induced obesity and not intrinsic differ-
ences between the IESCs from each intestinal segment.
There is likely a coordinated effort of the presence and
nature of the distinct food components and enzymes in
the lumen of each segment of the intestinal tract mixed
with signals from the basal surface of the tissue.

We found that there is an interaction of obesity, the type
of diet, and availability of the diet (PF versus ad libitum) on
protein and mRNA expression of alkaline phosphatase, but
not the expression of markers for other differentiated cell
types. Moreover, this effect is pronounced in the proximal,
but not the distal segments of intestine. Alkaline phospha-
tase is a brush border protein that has a number of activi-
ties, including the hydrolysis of various substrates, and
participates in a rate-limiting step regulating fat absorp-
tion.16,23 It is expressed exclusively in villus-associated
enterocytes and can be released into the lumen or circula-
tion.24 Although often used as a marker for the number of
enterocytes, it is likely a better marker for the activity

occurring in the enterocytes. Alkaline phosphatase is
increased during fat absorption and is higher in animals
maintained on a high fat diet.25 Just as we have found,
though, there are dissimilar results between groups of ani-
mals due to the differences in the amount eaten or fatty acid
composition of the HFD.16,26–29 The role of alkaline phos-
phatase in HFD-driven effects is further complicated
by data showing that alkaline phosphatase levels are pos-
itively correlated with obesity,30,31 but that high levels of
alkaline phosphatase can protect against HFD-induced
obesity and the development of type II diabetes.30,32,33

The distinction for the role of alkaline phosphatase may
depend on when the protein is measured in the progression
of HFD ingestion, development of obesity and the diabetic
condition given that HFD dose-dependent effects on gene
expression have been found. It appears that the intestinal
epithelium has the capacity to handle increasing levels of
dietary fat until a threshold (20% fat), but then progressive
adaptations in epithelial activity are more pronounced as
dietary fat levels continue to increase above that threshold
(from 20% to 30% to 45% fat).34 We postulate that the
HFD-driven increase in alkaline phosphatase in our HFD
PF group is attenuated in our HFD group by circulating
factors related to obesity. Conversely, there may have

Figure 2. Representative images of hematoxylin stained crypt-villus morphology in the jejunum (a), and quantification of crypt depth (b) and villus height (c) in intestinal

segments (duodenum, jejunum, ileum, and colon) collected frommice fed with HFD or LFD. Scale bar, 100 lm. Data are expressed as Mean�SEM (n¼5). Means with

different letters indicate significantly different in each intestinal segment, P<0.05. (A color version of this figure is available in the online journal.)

Zhou et al. Obesity-induced intestinal epithelial stem cell proliferation 831
...............................................................................................................................................................



Figure 3. Representative images of the jejunal sections collected from mice fed with HFD or LFD stained with Olmf4 (IESC marker), Scale bar, 20 lm (a), Paneth cell

granules (Paneth cell marker), Scale bar, 20 lm (c), Chromogranin A (enteroendocrine cell maker), Scale bar, 100 lm (e), mucins (goblet cell marker), Scale bar, 100 lm
(g), and alkaline phosphatase (enterocyte marker), Scale bar, 100 lm (i). Quantification of the number of Olmf4-positive IESCs (b), periodic acid Schiff-positive Paneth

cells (d), chromogranin A-positive enteroendocrine cells (f), and periodic acid Schiff-positive goblet cells (h) in the jejunum. Quantification of relative intensity of alkaline

phosphatase staining (j). Data are expressed as Mean�SEM (n¼5). Means with different letters indicate significantly different, P< 0.05. (A color version of this figure

is available in the online journal.)
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been an adaptation in the PF animals to the feeding regi-
men in order to enhance the absorption of food. These mice
are fed in a single HFD meal that is normally eaten in its
entirety within an hour, instead of being able to eat the food
ad libitum as in the HFD group. Moreover, the differences
seen along the intestinal axis are likely because alkaline
phosphatase-regulated lipid absorption mainly takes
place in the proximal and not the distal intestine.34 Thus,

the interaction of diet, obesity, and the feeding regimen
may alter the function of enterocytes in the proximal intes-
tine and could potentiate the downstream effects of
HFD-induced obesity. In addition, although we found
that HFD-induced obesity increased goblet cell number,
there were no differences in the expression of mucin 2,
the major secretory mucin secreted by goblet cells, between
groups. It is likely that obesity-induced increases in goblet

Figure 4. Gene expression of enzymes or secretory proteins of different intestinal epithelial cell types in intestinal segments (duodenum, jejunum, ileum and colon)

collected from mice fed with HFD or LFD. Gene expression of lysozyme (Paneth cells) (a), chromogranin A (enteroendocrine cells) (b), mucin 2 (goblet cells) (c), and

alkaline phosphatase (enterocytes) (d). Data are expressed as Mean�SEM of fold change relative to HFD PF group in the duodenum (n¼ 5). Means with different

letters indicate significantly different in each intestinal segment, P< 0.05.

Figure 5. Representative images (a) and quantification of the size of enterospheres that developed from IESCs (b) isolated from mice fed with HFD or LFD. Scale bar,

200 lm. Data are expressed as Mean�SEM (n¼ 3). Means with different letters indicate significantly different at each time point, P< 0.05.
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cell number may contribute to the changes in the expres-
sion of other types of mucus proteins secreted by goblet
cells, but not the expression of mucin 2.

We have replicated the findings that HFD-induced obe-
sity results in lasting effects on IESC growth in vitro.3,4 We
show for the first time that this effect (1) occurs even when
proliferation is investigated without concomitant differen-
tiation and (2) was not driven by HFD alone and requires
hyperphagia of the HFD and/or obesity. Although the
delayed in vitro effect (significant differences between
groups is not apparent until day 11) likely reflects the
need for a threshold number of cells in the enterospheres
to be present for statistical comparison, it is striking that the
obesity-induced effect on IESC proliferation remains across
multiple days of growth in vitro. Thus, there must be some
intrinsic differences in how the “obese” versus “lean” stem
cells adapt to a new environment. The retention of mecha-
nisms of IESC proliferation after isolation and culture may
be driven by in vivo high circulating levels of insulin and
local release of insulin-like growth factor-1 (IGF-1), as sug-
gested previously.3,35,36 The long-term changes in insulin/
IGF-1 receptor signaling in the IESCs may promote epige-
netic modifications in the proliferation process, which
might be retained in IESCs across generations of new
cells in vitro, mechanisms that have yet to be studied.
Regardless of the mechanism, it is not known whether
this obesity-induced effect on IESC proliferation would
also be maintained in vivo after weight loss or if animals
were switched to a new diet. This might have far-reaching
consequences for an individual as this may be a key factor
in maintaining altered tissue growth and function associat-
ed with obesity. It is not clear, though, how the obesity-
induced cellular adaptation may affect tissue growth
or function.
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