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Abstract

After loss of intestinal surface area, the remaining bowel undergoes a morphometric and functional adaptive response.

Enterocytic expression of the transcriptional coregulator tetradecanoyl phorbol acetate induced sequence 7 (Tis7 ) is

markedly increased in a murine model of intestinal adaptation. Mice overexpressing Tis7 in intestine have greater

triglyceride absorption and weight gain when fed a high-fat diet (42% energy) than their wild-type (WT) littermates fed the

same diet. These and other data suggest that Tis7 has a unique role in nutrient absorptive and metabolic adaptation.

Herein, male Tis72/2 and WT mice were fed a high-fat diet (42% energy) for 8 wk. Weight was monitored and metabolic

analyses and hepatic and intestinal lipid concentrations were compared after 8 wk. Intestinal lipid absorption and

metabolism studies and intestinal resection surgeries were performed in separate groups of Tis72/2 and WT mice. At 8 wk,

weight gain was less and jejunal mucosal and hepatic triglyceride and cholesterol concentrations were lower in Tis72/2

mice than in the WT controls. Following corn oil gavage, serum cholesterol, triglyceride, and FFA concentrations were

lower in the Tis72/2 mice than in the WT mice. Incorporation of oral 3[H] triolein into intestinal mucosal cholesterol ester

and FFA was less in Tis72/2 compared with WT mice. Following resection, crypt cell proliferation rates and villus heights

were lower in Tis72/2 than in WT mice, indicating a blunted adaptive response. Our results suggest a novel physiologic

function for Tis7 in the gut as a global regulator of lipid absorption andmetabolism and epithelial cell proliferation. J. Nutr.

140: 1907–1914, 2010.

Introduction

Short bowel syndrome results from loss of functional small
bowel surface area due to surgical resection for therapy of
Crohn’s disease or from trauma, ischemia, radiation enteritis, or
other small bowel injuries. Following loss of small bowel, the
remaining intestine undergoes an adaptive response character-
ized by increased crypt cell proliferation and enhanced villus
height and crypt depth, resulting in increased functional ab-

sorptive capacity (1,2). The amount of residual normal small
bowel and colon and the robustness of the adaptive response
determine whether patients with short bowel syndrome can
continue to eat normally or require parenteral nutrition for
nutritional support. Elucidation of the mechanisms that regulate
this response can lead to the design of novel therapeutic agents,
as recently demonstrated in clinical trials utilizing an analogue
of glucagon-like peptide 2 (GLP-2)10 to enhance the gut adaptive
response (3,4).

We have previously shown that in rodent models of short
bowel syndrome, expression of the transcriptional coregulator
Tis7 is markedly increased in the rodent adaptive small bowel
post resection (5,6) and its expression in epithelial cells is
regulated by a GLP-2 analogue (6). To further explore the role of
Tis7 in the gut adaptive response, we previously generated
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transgenic mice that overexpress Tis7 (Tis7tg) in the small bowel
and proximal colon (7). These mice had shorter villi in the
proximal small intestine and reduced small bowel length.
Nevertheless, when subjected to partial small bowel resection,
Tis7tg mice exhibited a normal adaptive response. Pro-daptive
changes in lipid trafficking were also observed. When fed a low-
fat, nonpurified (control) diet, intestinal Tis7tgmice weighed less
than their wild-type (WT) littermates and had less body surface
area but had greater whole body adipose tissue mass. Intestinal
Tis7tg mice also exhibited accelerated weight gain and an
additional increase in adiposity when fed a high-fat (42%
energy) diet compared with WT mice (7,8). This phenotype was
associated with fat accumulation in the liver and the small bowel
and an increase in the rate of triglyceride absorption from the
lumen into serum, as documented by a rapid rise in serum
triglyceride and FFA concentrations after oral lipid challenge.
The expression of several candidate genes associated with
enterocytic triglyceride absorption, including diacylglycerol
acyltransferase (Dgat) 1, Dgat2, and microsomal triglyceride
transfer protein (Mttp), was greater in intestinal Tis7tg mice
receiving both low-fat, nonpurified (control) and high-fat (42%
energy) diets. Thus, we postulated that Tis7 may play a unique
role in the gut adaptive response, enhancing intestinal triglyc-
eride absorption and increasing adiposity, both of which are
clearly advantageous for mammals with nutritional compromise
due to short bowel syndrome.

To further elucidate the role of Tis7 in the gut adaptive
response, we now report our findings in Tis72/2 mice, generated
as described in (8). Our data suggest that Tis7 plays an
important role in both the functional and morphometric
adaptive responses following loss of small bowel surface area.

Materials and Methods

Mice

All animal experimentation was approved by the Animal Studies

Committee of the Washington University School of Medicine
(WUSM). WT or Tis72/2 (on a C57Bl/6 background) mice were

generated as per (8). Mice were housed in WUSM animal facilities and

maintained on a strict 12-h:12-h light/dark cycle with ad libitum

consumption of the control diet (Picolab 20, Ralston Purina), containing
200 g protein, 99 g fat, 47 g fiber, and an energy value of 14.24 MJ/kg

diet (9), and water. The experimental diets for fat feeding and intestinal

resection experiments are described below.

Tissue preparation for histochemical and immunohistochemical

analyses

Mice were killed using isoflurane anesthetic. The intestine, liver, heart,

and skeletal muscle were rapidly removed. The intestine was rinsed and

then suspended with a fixed weight to measure the length. A duodenal

segment was obtained and the remaining intestine was divided into a
proximal jejunal (proximal third of remaining intestine), distal jejunal

(middle third), and ileal (distal third) segments. The harvested

segments were different for the intestinal resection experiments (see
below). Tissues were frozen in liquid nitrogen for RNA and protein

isolation and placed in optimal cutting temperature solution or in

formalin for histochemical and immunohistochemical analysis. Histo-

logic studies were performed in the Morphology Core of the WUSM
Digestive Diseases Research Core Center. For morphometric analyses,

paraffin-embedded tissues were stained with hematoxylin and eosin.

Fat droplets were analyzed using frozen sections stained with Oil Red

O as described (7). Formalin-fixed, paraffin-embedded tissues were
used for immunohistochemical detection of 5-bromodeoxyuridine

incorporation into DNA using a monoclonal anti-bromodeoxyuridine

antibody (Zymed Laboratories) and streptavidin-biotin amplification

(10).

Expt. 1: High-fat diet

Weight- and age-matched (7–10 wk old) male Tis72/2 mice and WT

controls were fed a synthetic, high-saturated fat (Western) diet for 8 wk
[Adjusted Calories Diet TD 88137, Harlan Teklad, containing 173 g

protein, 210 g milk fat, and 1.5 g cholesterol/kg diet with 42% of total

energy from fat and an energy value of 18.84 MJ/kg diet (9)]

(Supplemental Table 1). Mice were weighed every 2–3 d after beginning
the high-fat diet (n = 5/group).

Quantitation of food consumption and fecal fat. At the beginning of

wk 5, the mice were transferred to metabolic cages containing inserts
that permitted collection of wasted food and prevented coprophagia.

The quantity of food ingested per mouse was measured every 2–3 d for

7–11 d. Feces were collected every 2–3 d for 1 wk and fecal fat was
quantitated following extraction with 2:1 chloroform:methanol (11).

Body composition analysis. During wk 8 of the high-fat diet, body

composition analyses of awake mice were performed with MRI
following the manufacturer’s protocol (EchoMRI 3–1, Echo Medical

Systems). The device included a permanent magnet with a transmitter/

antenna that allowed for acquisition of unobscured signals from all

elements of a 3-dimensional body and permitted the direct evaluation of
fat and lean tissue and free liquids. Anesthesia was not required and each

analysis required ;2 min.

Basal metabolic rate measurements and mouse activity mea-

surements. During wk 8, oxygen consumption and carbon dioxide

production were studied at room temperature using single chamber

indirect calorimetry to measure (Oxymax System, Columbus Instru-
ments) as per (12,13). Tomeasure physical activity, infrared sensors were

utilized to detect body heat and its spatial displacement over time

[InfraMot Activity System, TSE Systems as per (14) and the manufac-

turer’s brochure]. Sensors were mounted on mouse cage covers and data
analyzed by InfraMot software (v. 1.3), which provided a relative

measure of duration and intensity of the activity (time moving/total

time).

Tissue analyses. At the end of 8 wk of the high-fat diet the mice were

killed. Heart, liver, skeletal muscle, and small intestinal segments were

harvested for Oil Red O staining to detect lipid accumulation. Liver and

intestinal samples were collected for RNA isolation and for quantifica-
tion of total triglycerides, cholesterol, FFA, and phospholipids. For lipid

analysis, tissues were frozen, extracted with chloroform/methanol, and

assayed enzymatically using the L-type triglyceride H kit, the cholesterol

E kit, the NEFA-HR(2) microtiter procedure kit, and the phospholipid
B-kit, respectively (Wako Diagnostics, Wako Chemicals USA) (15). Data

were normalized to tissue weight.

Microarray and quantitative real-time RT-PCR analysis of intesti-

nal gene expression. Total RNA was prepared using TRIzol Reagent

(Invitrogen) according to the manufacturer’s protocol. RNA quality was

assessed using an Agilent 2100 Bioanalyzer. RNAwas labeled using the

Agilent low RNA input linear amplification kit. The resulting probes
were hybridized to Agilent DNAmicroarrays containing 41,000+ mouse

genes and transcripts (Agilent). Probe preparations and hybridizations

were performed in the WUSM Genomics Core of the Digestive Diseases
Research Core. Data are reported as the ratio of means comparing Tis72/2

to WT. Changes in gene expression identified by microarray analysis

were verified for selected genes using quantitative real-time (q) RT-PCR.

qRT-PCR was also used to analyze the expression of genes with roles in
intestinal lipid absorption and genes that are members of the Hedgehog

(Hh), Wingless-type MMTV integration site (Wnt), and bone morpho-

genetic protein (Bmp) gene families. Database identifier numbers are

from the National Center for Biotechnology Information (16). For qRT-
PCR, jejunal RNA was treated with DNase I using the DNA-free kit

(Ambion). First- strand cDNA was synthesized from 1 mg RNA using

Super-Script II RT (Invitrogen) with random hexamer primers. qRT-PCR
was performed on an SDS 7000 (Applied Biosystems) machine using 23
Sybr Green Master mix (Applied Biosystems). Oligonucleotide primers

(Supplemental Table 2) (17) were chosen using Primer Express software
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(Applied Biosystems). For all primer sets, the kinetics of the RT-PCRwas

confirmed by serial dilutions of different cDNA preparations. Amplifi-

cation of 18s ribosomal RNA was used for normalization and quanti-
fication was done by the comparative Ct method (user bulletin no. 2,

Applied Biosystems).

Expt. 2: Analysis of in vivo intestinal triglyceride (corn oil)

absorption

Triglyceride absorption experiments were performed as previously

described (7) with the following modifications: Tis72/2 mice and WT

littermates maintained on the control diet were feed deprived for 4 h.
Serum was obtained from feed-deprived mice for measurement of

triglyceride, cholesterol, and FFA concentrations. Mice were then i.v.

injected with 1 g/kg of pluronic F127 (Invitrogen) to inhibit lipolysis and

clearance of triglyceride-rich lipoproteins (18). At 15 min after the
injection, mice were gavaged with 500 mL of corn oil. Groups of mice

(n = 5) were killed 4 and 24 h later. Serum triglycerides, FFA, cholesterol,

and glucose concentrations were measured at t = 0, 4, and 24 h utilizing

core facilities of the WUSM Clinical Nutrition Research Unit. Tissues
were harvested as above for histochemical analysis by hematoxylin and

eosin and Oil Red O staining.

Expt. 3: Analysis of in vivo 3H-triolein absorption

Tis72/2 or WT mice fed the control diet were feed deprived overnight

and serum was obtained for measurement of triglyceride, cholesterol,

and FFA concentrations. Mice were injected with pluronic F127 as
described in Expt. 2. After 30 min, mice were gavaged with a tracer of

(9,10) 3H-triolein (10 mL, 37 kBq/mL, American Radiochemical) mixed

with corn oil (90 mL) and Intralipid (400 mL; Baxter). At 2 h postgavage,

serum was collected. At 4 h, mice were killed and serum and small
intestine were collected for lipid analysis and quantitation of 3H-labeled

fatty acids as per (19). The small intestine was divided into thirds,

opened, and rinsed. The luminal contents were saved and the mucosa
was then scraped and frozen in liquid nitrogen.

Expt. 4: Analysis of intestinal adaptation

Male 3-mo-old Tis72/2 or WT mice were fed an AIN93M liquid diet

(Dyets Liquid Diet no. 10080, containing 38.7 g protein, 11.0 g fat/L diet

with an energy value of 16.74 MJ/L diet) (Supplemental Table 3).

Individually caged mice consumed ad libitum the diet for 1 wk prior to
surgery. A liquid diet was used to reduce the incidence of intestinal

obstruction following resection surgery (17,20). Mice were anesthetized

with ketamine HCl (87 mg/kg)/xylazine HCl (13 mg/kg) and underwent

50% bowel resection. The resection was begun 2–3 cm distal to the
ligament of Treitz and extended to 8 cm proximal to the ileocecal valve

as described previously (6,7,17,20). The distal ileum of the resected

intestine was fixed in formalin for morphometric analysis. An end-to-end
anastomosis was formed between the remnant jejunum and ileum using

9–0 silk sutures. All mice received gentamicin as a prophylactic

antibiotic (0.2 mg in 0.5 mL of saline intraperitoneally) and buprenor-

phine (0.03 mg/kg subcutaneously) for analgesia. Mice were killed with
inhalational isoflurane 72 h after surgery. The remnant intestine was

divided into duodenal-jejunal and ileal segments that were fixed in

formalin, frozen in optimal cutting temperature solution, or placed into

liquid nitrogen. qRT-PCR (as described above) was used to compare the

expression of members of the Bmp, Wnt, and Hh gene families in the
remnant ileum of Tis72/2 and WT resected mice.

Intestinal morphometric analyses. Villus heights, crypt depths, and

crypt cell numbers were measured in the resected ileum and the remnant
intestine in at least 7–10 well-oriented, full-length crypt-villus units as per

(7,17,20). Crypt cell proliferation was measured by 5-bromodeoxyuridine

incorporation into DNA (17) and reported as the percentage of labeled

cells per full-length crypt (i.e. number of labeled cells divided by the total
number of cells per crypt).

Statistical analyses

For most experiments, means were calculated and compared between

WT and Tis72/2 mice using a Student’s t test. For comparison of villus

heights and crypt depths in WT and Tis72/2 mice pre- and postsurgery,

2-way repeated ANOVA was performed with Tukey’s post hoc test
(Sigma Stat). Values in the text are means 6 SEM. Differences were

considered significant at P # 0.05.

Results

Tis72/2 mice are protected from high-fat diet-induced

weight gain. The effects of Tis7 deletion on high-fat diet-
induced weight gain were examined in Expt. 1. In contrast to
WTmice, Tis72/2 mice gained less weight when fed the high fat-
diet (Fig. 1). The change in weight gain in Tis72/2 mice was
evident by as early as 12 d and persisted for up to 8 wk.

This protection from weight gain was not due to differences
in food consumption or in the overall quantity of lipid absorbed,
because fecal fat (data not shown) as well as fecal weight were
the same in Tis72/2 and WT mice (Supplemental Table 4).
Tis72/2 andWTmice also did not differ in physical activity rates

FIGURE 1 Growth curves of Tis72/2 [knockout (KO)] and WT male mice fed a high-fat diet for 8 wk (Expt. 1). Values are means, n = 5.

Asterisks indicate different from KO: *P , 0.05; **P = 0.001.

FIGURE 2 Hepatic lipid accumulation in WT (A) Tis72/2 (B) mice

fed a high-fat diet for 8 wk (Expt. 1). Sections were stained with Oil

Red O to detect lipid. In A, note the large red fat globules in

hepatocytes. Fat accumulation is markedly less in B.

Weight gain and adaptation are reduced in Tis72/2 mice 1909



and basal metabolic rates as measured by indirect calorimetry
(Supplemental Table 4).

Protection from adiposity in high fat-fed Tis72/2 mice

(Expt. 1). The differences in weight gain between the Tis72/2

and WT mice were reflected by differences in total body fat
mass. Total adiposity, expressed as grams of body fat, was
markedly less in theTis72/2 comparedwithWTmice at 8wk (P,
0.0001), whereas lean body mass was unchanged in Tis72/2

compared with WT mice (Supplemental Table 4).
Previous studies showed that intestinal Tis7tg mice rapidly

developed fatty livers after 2 wk of high-fat (42% energy)
feeding (7). To determine whether Tis72/2 mice were protected
from diet-induced fatty liver, Oil Red O staining was performed
on livers harvested fromWTand Tis72/2mice from Expt. 1 (Fig.
2A,B). WT mice (Fig. 2A) had a marked accumulation of fat,
whereas Tis72/2 livers were relatively spared (Fig. 2B) Consis-
tent with the Oil Red O staining patterns, hepatic triglyceride,
FFA, and cholesterol concentrations were lower in Tis72/2

compared with WT mice (Table 1). The phospholipid concen-
tration was unchanged in Tis72/2 compared with WT mice. WT
and Tis72/2 mice did not differ in Oil Red O staining of heart or
skeletal muscle.

Triglyceride, cholesterol, and FFA absorption are altered

in Tis72/2 mice. Based on our previous findings in Tis7tg mice
(7), which showed an increase in the rate of intestinal triglyc-
eride absorption, we hypothesized that Tis7 deletion might
result in delayed triglyceride and FFA absorption. Proximal
intestinal triglyceride and cholesterol concentrations were lower
in high fat-fed Tis72/2 compared with WT mice from Expt.
1 (Table 1). FFA and phospholipid concentrations were un-
changed.

The proximal small intestinal lipid content was lower in
Tis72/2 mice compared with WT controls, yet fecal fat was not
greater in Tis72/2 mice, suggesting that unabsorbed fats may be
shunted to and absorbed by the distal bowel. Consistent with
this suggestion, FFA concentrations in the distal small bowel
were significantly higher in Tis72/2 compared with WT mice
(from Expt. 1) (Table 1). However, phospholipid, cholesterol,
and triglyceride concentrations were unchanged. Thus, Tis7
deletion decreases lipid absorption most prominently in the
proximal small bowel, with shunting of FFA to distal gut.

To examine more closely the dynamic alterations in intestinal
lipid uptake, Tis72/2 and WT mice received a corn oil bolus
([Expt. 2; as per (18)]. At 4 h after the corn oil bolus gavage,
serum triglyceride, FFA, and cholesterol concentrations were
significantly lower in Tis72/2 compared with WT mice (Table
2). At 24 h after the gavage, there were no longer significant
differences in serum cholesterol, FFA, and triglyceride concen-
trations between Tis72/2 and WT mice. Serum glucose concen-
trations were unchanged in Tis72/2 compared to WT mice
following food deprivation for 4 h, or after corn oil bolus.

To further define the differences in lipid absorption and
metabolism from proximal to distal intestine, mice were gavaged
with 3H triolein mixed with Intralipid and corn oil (Expt. 3).
Serum triglyceride concentrations were lower in Tis72/2 com-
pared with WT mice at 2 h after lipid gavage (P , 0.05).
Recovered radiolabel in serum at 4 h following gavage did not
significantly differ between the 2 groups. However, the distri-
bution of 3H triolein among different lipid classes was altered in
the Tis72/2 mice compared with WT mice in the proximal,
middle, and distal small intestines (Fig. 3). The relative abun-
dance of cholesterol esters was significantly lower in Tis72/2

compared with WT mice in the proximal mid (Fig. 3A) and
distal (Fig. 3B) intestines (data not shown). The relative
abundance of FFA was significantly lower in the mid (Fig. 3A)
and distal (Fig. 3B) intestine of Tis72/2 compared with WT
mice. In contrast, the relative abundance of triglycerides was
significantly higher in the distal gut.

Expression of genes involved in enterocytic fatty acid

uptake and processing in Tis72/2 jejunum after chronic

high-fat feeding. Compared with WT mice, intestinal Tis7tg

(transgenic) mice express greater levels of the lipid trafficking
proteins Dgat 1, Dgat 2, and Mttp. To further assess the role of
Tis7 in intestinal lipid metabolism, expression of these and other
genes involved in adipogenesis and triglyceride processing was
studied with microarray analyses and qRT-PCR (Table 3) using
mRNA isolated from jejunum of WT and Tis72/2 mice from
Expt. 1. Insulin-like growth factor binding protein 1 (Igfbp1)
mRNA, which encodes a binding protein that regulates insulin-
like growth factor 1 levels and affects adipogenesis, was
markedly lower in the gut of high fat-fed Tis72/2 mice (P =
0.04). Expression of Dgat1 (P = 0.08) tended to be lower.
Expression of Dgat2; cluster of differentiation 36 (Cd36), a
putative intestinal fatty acid transporter; the Niemann-Pick C1-
like 1 protein (Npc1L1), a cholesterol transporter; cytochrome
p450 4a14 (cyp4a14); ATP-binding cassette sub-family G
member 5 (Abcg5); Lipin 1; and Mttp did not differ between
the groups (P . 0.1).

TABLE 1 Hepatic and intestinal lipid concentrations in WT and Tis72/2 mice fed a high-fat diet for 8 wk (Expt. 1)1

Cholesterol, mmol/g Triglycerides, mmol/g FFA, nmol/g Phospholipids, mmol/g

WT Tis72/2 WT Tis72/2 WT Tis72/2 WT Tis72/2

Liver 2.58 6 0.59 0.75 6 0.31* 8.24 6 0.44 2.03 6 0.50* 2.10 6 0.17 1.07 6 0.13* 4.14 6 0.33 4.00 6 0.28

Proximal intestine 1.22 6 0.10 0.84 6 0.08* 40.79 6 8.46 19.15 6 4.60* 21.73 6 6.53 12.14 6 3.29 3.07 6 0.26 2.65 6 0.13

Distal intestine 1.81 6 0.17 1.79 6 0.29 790.10 6 84.20 930.59 6 200.74 44.99 6 7.02 92.18 6 16.71* 1.76 6 0.15 1.88 6 0.32

1 Values are means6 SEM. For liver lipids, n = 5 (Tis72/2 and WT); for proximal intestine, n = 5 (Tis72/2) or 4 (WT); for distal intestine, n = 5 (Tis72/2 and WT) except triglycerides,

n = 4 (Tis72/2 and WT). *Different from WT, P , 0.05.

TABLE 2 Serum triglyceride, cholesterol, FFA, and glucose
concentrations in WT or Tis72/2 mice at 4 h following
an i.g. corn oil bolus (Expt. 2)1

WT Tis72/2

Triglycerides, mmol/L 25.9 6 1.50 17.8 6 2.76*

Cholesterol, mmol/L 3.66 6 0.20 2.79 6 0.21*

FFA, mmol/L 6.80 6 0.59 4.30 6 0.54*

Glucose, mmol/L 15.1 6 0.81 13.5 6 0.66

1 Values are means 6 SEM, n = 6 (Tis72/2) or 7 (WT). *Different from WT, P , 0.05.
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Deletion of Tis7 results in inhibition of morphometric

small bowel adaptation and diminished Hh and Wnt

signaling activity. To examine the functional consequences of
Tis7 deletion, 3-mo-old Tis72/2 and WT mice were subjected to
50% small bowel resection (Expt. 4). Tis72/2 mice exhibited a
blunted adaptive response. Crypt cell proliferation rates were
significantly lower in Tis72/2 compared with WT mice follow-
ing resection (Table 4). Furthermore, in WT but not Tis72/2

mice, villus heights were greater compared with preoperative
controls in the remnant intestine at 72 h post resection (Table 5).
After resection, villus heights in the remnant intestine of Tis72/2

mice were significantly lower than in WT mice. Crypt depths
were greater in WT and Tis72/2 mice following resection
compared with the respective preoperative controls. By 10 d
after surgery, the differences in proliferation and villus height
resolved (data not shown).

In vitro studies in cultured cells have shown that Tis7 is a
transcriptional coregulator that functions by interacting with
the mSin3B complex and histone deacetylases and may act to
inhibit or increase transcription of selected target genes (21–23).
Expression of Hh signaling pathway members, including Gli1
and Gli2, transcriptional targets of Hh that are markers of Hh
signaling activity, and Hedgehog interacting protein (Hhip),
which also reflects Hh signaling, were significantly lower in
Tis72/2 compared with WT remnant ileum (Expt. 4) (Table 6).
Gli3 trended to be lower (P = 0.09) and there were no significant
changes in Hh ligand [Indian Hedgehog (Ihh),Desert hedgehog
(Dhh)], Patched 1 (Ptc1) or Patched 2 (Ptc2)] receptor
expression. In addition, several downstream targets of Wnt
signaling, including Ephrin B2 and Cyclin D1, were also lower,
whereas Bmp2 and Bmp4 did not differ between the groups
(P . 0.1).

Discussion

The central findings from this study are that Tis72/2 mice are
protected from weight gain induced by the ingestion of a high-
fat diet and Tis72/2mice have a blunted early adaptive response.
The former phenotype was associated with decreased whole
body adiposity but no change in food consumption, fecal fat
content, or activity in Tis72/2 mice compared with WT
controls. Several observations suggest that changes in intestinal
lipid trafficking as well as hepatic lipid metabolism may account
for the observed reduced adiposity. Compared with WT mice,
Tis72/2 mice chronically fed a high-fat diet had lower proximal
intestinal triglyceride and cholesterol levels and markedly lower
hepatic cholesterol, triglyceride, and FFA levels as well. In mice
fed the high-fat diet, ileal FFA levels were greater in Tis72/2

mice compared with WT mice. Also consistent with a role for
Tis7 in hepatic and intestinal lipid metabolism was the finding
that serum triglyceride, cholesterol, and FFA concentrations
were lower in Tis72/2 compared with WT mice at 4 h following
gavage with corn oil. Following gavage with 3H-triolein in corn
oil and Intralipid, Tis72/2 compared with WT mice had lower
mucosal concentrations of cholesterol esters (proximal and
distal small bowel) and FFA (mid and distal jejunum and ileum)
and greater concentrations of ileal triglycerides. These results
suggest that Tis7 deletion alters intestinal lipid metabolism,
results in a decreased rate of intestinal triglyceride absorption,
and may indicate a novel link between lipid absorption and the
morphometric adaptive response. In agreement with our data
from Tis7tg mice (7), these results support the conclusion that
Tis7 is a mediator of intestinal lipid absorption and metabo-
lism and plays a role in functional adaptation following gut
resection.

The finding in Tis72/2 mice that changes in the rate of
triglyceride absorption correlate to changes in body weight is
consistent with data from other animal models. For example,

FIGURE 3 Relative abundance of triglycerides, FFA, and choles-

terol esters in the jejunal (A) and ileal (B) mucosa of Tis72/2 and WT

mice at 4 h after receiving an i.g. bolus of 3H triolein (Expt. 3). Bars

represent means 6 SEM, n = 7. *Different from WT, P , 0.05.

TABLE 3 Expression of genes that regulate intestinal lipid
metabolism in jejunum of high fat-fed Tis72/2

mice (Expt. 1)1

Gene2 % of WT

Cd36 (12491) 67

Igfbp1 (16006) 33*

Cyp4A14 (13119) 56

Dgat1 (13350) 54

Dgat2 (67800) 60

Npc1L1 (237636) 65

Mttp (17777) 99

C/ebpb (12608) 135

Abcg5 (27409) 78

Lpin1 (14245) 79

1 Values are percentages, n = 3 (Tis72/2 and WT). *Different from WT, P = 0.04.
2 Database gene identifier numbers from (16).

TABLE 4 Crypt cell proliferation indices in WT and Tis72/2

adaptive ileum at 72 h after 50% intestinal
resection (Expt. 4)1

Total crypt
cells, n

Bromodeoxyuridine+
cells/crypt, n

Labeling
index

WT 353 6 68 94 6 29 0.28 6 0.04

Tis72/2 236 6 35 25 6 3* 0.11 6 0.01*

1 Values are means 6 SEM, n = 7 (Tis72/2) or 8 (WT). *Different from WT, P , 0.05.

Weight gain and adaptation are reduced in Tis72/2 mice 1911



intestinal alkaline phosphatase null mice exhibit increased
weight gain when fed a high-fat diet, associated with an
accelerated rate of lipid absorption (24). Tis7tg mice show
enhanced and rapid weight gain compared with WT controls,
associated with an increased rate of lipid absorption (7). In
contrast, L-Fabp2/2 mice have slower intestinal lipid secretion
kinetics and are protected against Western diet-induced obesity
(19). These mice exhibited no difference in food consumption or
fat absorption but did have reduced rates of appearance of
triglyceride in the serum after a fat bolus. Cd362/2 mice are
similarly protected from diet-induced obesity, possibly related to
decreased formation and secretion of chylomicrons (26,27).
Cd362/2 mice fed a high-fat diet have increased enterocytic
lipid, defective triacylglycerol secretion by enterocytes, and slow
clearance of lipoproteins derived from intestine.Dgat1-deficient
mice have reduced postabsorptive chylomicronemia after a fat
bolus and retain fat in enterocytes while fed a high-fat diet (28).
These mice do not exhibit fat malabsorption but are lean and
also are resistant to diet-induced obesity (29).

In chronically high fat-fed Tis72/2 mice, the concentration of
ileal FFA was greater than in WT controls. In addition, when
gavaged with radiolabeled triolein, the relative abundance of
ileal triglycerides was greater in Tis72/2 mice compared with
controls. These data suggest a shift in lipid absorption from the
proximal to distal small intestine, which may also contribute to
the decreased rate of absorption in Tis72/2 compared with WT
mice.

The absorption of nutrients in addition to lipids may be
directly or indirectly altered in Tis72/2 mice. Although beyond
the scope of the current studies, indirect data suggest that
carbohydrate absorption was unaltered in Tis72/2 mice. For
example, serum glucose concentrations were unchanged in feed-
deprived mice or after a lipid bolus (Table 2). Also, mRNA levels
of the major glucose transporter SGLT1 were unchanged in our
microarray analyses (data not shown).

When transfected into epithelial cells, Tis7 functions as a
transcriptional coregulator (22). Tis7 associates with the SIN3
complex to repress transcription by interacting with DNA
binding proteins. Other data suggest that specific genes may also
be induced, because the effects of Tis7 are cell-specific and Tis7
also acts to corepress inhibitors of transcriptional activity
(23,30). Specific targets for Tis7-mediated repression include
osteopontin and cellular retinoic acid binding protein II
(22,31,32). The human homolog IFRD1 has been shown to
act as a modifier gene for cystic fibrosis lung disease and
regulates nuclear factor-kB p65 transactivation in mice (30).
Our results suggest that Tis7 has pleiotropic effects in intestinal
epithelia. In Tis7tgmice, genes involved in lipid transport such as
Dgat1, Dgat2, and Mttp were upregulated (7). Deletion of Tis7
resulted in a tendency toward lower jejunal expression ofDgat1

(P = 0.08) but not Dgat2, Npc1L1, or Cd36. Full thickness
jejunal samples were used for RNA extraction, thus reducing the
sensitivity for detecting changes specific to the mucosa where
these genes are preferentially expressed. Tis7 deletion resulted in
lower Igfbp1 mRNA levels, which would be expected to raise
effective IGF-1 concentrations. Because IGF-1 regulates gut
proliferation and has effects on adipogenesis, this may represent
an adaptive response to the decrease in adiposity and prolifer-
ation in the Tis72/2 mice.

In addition to decreased weight gain and diminished intes-
tinal triglyceride absorption, Tis72/2 mice also exhibited lower
crypt cell proliferation rates and villus lengths following small
bowel resection. The early adaptive response is characterized by
an increase in crypt cell proliferation over time and a presump-
tive expansion of the stem cell population (33), and Tis7
expression is upregulated in the gut by 48 h after resection (5).
The marked reduction in crypt cell proliferation rates resulting
from Tis7 deletion was associated with lower Hedgehog and
Wnt signaling activity (Table 6). Wnt signaling plays a critical
role in regulating gut epithelial proliferation (34), and Hh
signaling is most active in the upper crypt and is required for
normal gut epithelial cell differentiation (35). Thus, the observed
reductions in crypt cell proliferation and villus heights are
consistent with the changes in Wnt and Hh signaling. Our data
also suggest a novel connection between enterocytic lipid
accumulation and the regulation of crypt cell proliferation,
possibly mediated via Hh and Wnt pathways. Other mouse
models suggest these 2 observations may be linked. For example,
the Mttp-Iko null mouse exhibits an increase in lipid accumu-
lation and crypt cell proliferation rates (36). Neonatal mice
treated with a Hh blocking antibody retain enterocytic lipid,
associated with greater crypt cell proliferation (37). In addition,
oral administration of SCFA or precursor fiber and resistant
starches enhances the small bowel adaptive response and results
in greater crypt cell proliferation (2). Little is known about the
underlying mechanisms; however, fat feeding enhances GLP-2
release, a potent trophic enteroendocrine cell product. It is
tempting to speculate that enhanced GLP-2 secretion in the
Mttp-Iko null mouse or decreased secretion in the Tis72/2mouse
might be implicated in the regulation of the crypt cell prolifer-
ative response.

TABLE 5 Villus heights and crypt depths in Tis72/2 and WT
ileum before surgery and at 72 h after 50% intestinal
resection (Expt. 4)1

Villus height mm Crypt depth, mm

Presurgery Postsurgery Presurgery Postsurgery

WT 265 6 17.4b 421 6 34.9a 92.5 6 3.92b 115 6 10.3a

Tis72/2 288 6 21.9b 354 6 32.1b 89.1 6 4.21b 103 6 7.03a

1 Values are means 6 SEM, n = 8 (Tis72/2) or 6 (WT). For each variable, labeled means

without a common letter differ, P , 0.05. There was a significant effect of surgery and

genotype on villus height and of surgery on crypt depth, but no effect of genotype.

TABLE 6 qRT-PCR analysis of expression of selected genes
that regulate epithelial crypt cell proliferation in
Tis72/2 vs. WT proximal ileum at 72 h post
resection1 (Expt.4)

Gene2 % of WT

Gli1 (14632) 27*

Hhip (15245) 36*

Gli2 (14633) 51*

Gli3 (14634) 50

EphB2 (13642) 66*

Cyclin D1 (12443) 51*

Ihh (16147) 61

Dhh (13363) 91

Ptc1 (19206) 63

Ptc2 (19207) 72

Bmp2 (12156) 124

Bmp4 (12159) 98

1 Values are percentages, n = 5 (Tis72/2) or 4 (WT). Asterisks indicate different from

WT: *P # 0.05.
2 Database gene identifier numbers from (16).
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In summary, our results indicate a novel physiologic function
for Tis7 in the gut as a global regulator of lipid absorption and
metabolism as well as epithelial cell proliferation. The precise
mechanisms by which it acts in the whole animal have yet to be
elucidated but are likely to include changes in gene expression
that are either a direct result of Tis7 deletion or reflect regulation
of downstream targets. Further identification of these mecha-
nisms may help identify novel therapeutic targets to enhance
functional and morphometric adaptation following loss of
functional small bowel surface area.
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