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Growth hormone (GH) regulates anabolic metabo-
lism via activation of the STAT5b transcription fac-
tor and reduces mucosal inflammation in colitis.
Peroxisome proliferator-activated receptor (PPAR)
� suppresses mucosal inflammation and is regu-
lated by GH through STAT5b. We hypothesized that
the GH:STAT5b axis influences susceptibility to co-
litis via regulation of local PPAR� abundance. Colon
biopsies from children with newly diagnosed
Crohn’s disease (CD) and controls were exposed to
GH in short-term organ culture. Trinitrobenzene
sulfonic acid (TNBS) administration was used to
induce colitis in STAT5b-deficient mice and wild-
type controls , with and without rosiglitazone pre-
treatment. GH receptor , STAT5b, PPAR� , and nu-
clear factor �B activation and expression were
determined. Epithelial cell GH receptor expression
and GH-dependent STAT5b activation and PPAR�
expression were reduced in CD colon. STAT5b-defi-
cient mice exhibited reduced basal PPAR� nuclear
abundance and developed more severe proximal
colitis after TNBS administration. This was associ-
ated with a significant increase in mucosal nuclear
factor �B activation at baseline and after TNBS ad-
ministration. Rosiglitazone ameliorated colitis in
wild-type mice but not STAT5b-deficient mice. GH-
dependent STAT5b activation is impaired in affected
CD colon and contributes to chronic mucosal in-
flammation via down-regulation of local PPAR� ex-
pression. Therapeutic activation of the GH:STAT5b
axis therefore represents a novel target for restor-

ing both normal anabolic metabolism and mucosal
tolerance in CD. (Am J Pathol 2006, 169:1999–2013; DOI:

10.2353/ajpath.2006.060186)

Current evidence suggests that Crohn’s disease (CD) is
caused by loss of tolerance to the enteric flora, leading to
chronic inflammation and intestinal damage.1 Increased
epithelial nuclear factor �B (NF-�B) activity and conse-
quent chemokine expression are fundamental molecular
features of this loss of tolerance. Increased NF-�B DNA-
binding activity has been attributed to increased binding
of the p50 and p65 subunits.2 Importantly, disease activ-
ity in mice with colitis due to 2,4,6-trinitrobenzene sulfonic
acid (TNBS) administration was inhibited by antisense
oligonucleotides that inhibit p65 expression.2 These stud-
ies suggest a critical role for NF-�B in mediating expres-
sion of proinflammatory factors, which are central to the
pathogenesis of CD. Although much less is known re-
garding the regulatory transcription factors that may pro-
mote mucosal tolerance, recent studies have suggested
that both STAT5a/b and peroxisome proliferator-acti-
vated receptor (PPAR) � may play a role.

Colonic mRNA expression of the STAT5b transcription
factor is down-regulated in affected segments in adults
with CD and ulcerative colitis.3 However, the functional
significance of this is not known. Moreover, whether GH-
dependent STAT5b tyrosine phosphorylation and DNA
binding are reduced in affected CD colon has not been
determined. Current data suggest that the closely related
STAT5a and STAT5b transcription factors are required, in
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a largely redundant manner, for the survival of anti-inflam-
matory regulatory T cells (Treg) and maintenance of mu-
cosal tolerance. Combined deletion of STAT5a and
STAT5b results in reduced survival of Treg and the spon-
taneous development of autoimmune disease including
colitis.4 Targeted deletion of STAT5b alone results in
growth failure due to impaired growth hormone (GH)
signaling, without spontaneous autoimmune disease.5–8

A nonredundant role for STAT5b in preventing mucosal
inflammation has not previously been proposed. Al-
though our group and others have shown that GH admin-
istration will improve symptoms in patients with CD and
reduce mucosal inflammation in several animal models of
colitis, whether this involves mucosal STAT5b activation
is not known.9–14

PPAR� is a nuclear receptor that is highly expressed in
colon epithelial cells (CECs) and lamina propria macro-
phages (LPMs) and that promotes mucosal tolerance by
inhibiting NF-�B activation.15,16 Recently, PPAR� has
been shown to inhibit NF-�B activity by associating with
the p65 subunit in the nucleus and promoting export of
the PPAR�:p65 complex to the cytosol.16 Multiple exper-
imental studies using PPAR� haplo-insufficient mice and
PPAR� gene therapy have confirmed a profound anti-
inflammatory effect in murine colitis.15,17–19 Patient-
based studies have demonstrated a reduction in PPAR�
expression in inflamed colon, with mixed results obtained
with PPAR� ligand administration.20–23 Administration of
the PPAR� agonist rosiglitazone has also been more
consistently effective when given before the onset of
experimental colitis than when given after the onset of
disease.15,18,19,24 This may be due to the basal reduction
in PPAR� nuclear abundance, preventing an optimal re-
sponse to ligand administration. The molecular basis for
the reduction in PPAR� expression in colitis has not been
defined. Recently, GH has been shown to regulate the
human PPAR�3 transcript, which is highly expressed in
CECs and LPMs, via a STAT5b cis-element.25 Interest-
ingly, STAT5a could not substitute for STAT5b in this
regard. Whether STAT5b, via regulation of PPAR� nu-
clear abundance, would exert a nonredundant tolero-
genic effect in colitis was not known.

In this study, we have determined that STAT5b activa-
tion and PPAR� expression are reduced in pediatric CD
colon at diagnosis. STAT5b-deficient mice exhibited re-
duced colonic PPAR� nuclear abundance, increased
NF-�B activation, and enhanced susceptibility to colitis
after TNBS administration; this was refractory to rosiglita-
zone administration.

Materials and Methods

Human GH was from Sigma (St. Louis, MO). All antibod-
ies were from Santa Cruz Biotechnology (Santa Cruz, CA)
unless otherwise noted. Anti-GH receptor (GHR)cyt-AL47 is
a polyclonal antibody against the human GHR cytoplas-
mic domain that cross reacts with mouse GHR.26 This
serum and its control preimmune serum were purified by
ammonium sulfate precipitation. Antibodies specific for
STAT5a and STAT5b were from Zymed Laboratories

(South San Francisco, CA). A tyrosine phosphorylation-
specific STAT5 antibody was from Upstate Biotechnology
(Lake Placid, NY). Rosiglitazone was from Cayman
Chemicals (Ann Arbor, MI) and was blended with the
chow food at 80 mg/kg food to provide 20 mg/kg/day to
a 20-g mouse consuming 5 g of chow food per day. We
confirmed that wild-type (WT) and STAT5b-deficient mice
consumed sufficient chow in the 3 days before TNBS
administration to receive 20 mg/kg rosiglitazone per day.

Patient-Based Studies

Colon biopsies were obtained from untreated pediatric
patients with Crohn’s colitis and healthy controls 5 to 18
years of age during the initial diagnostic colonoscopy.
Biopsies were obtained from endoscopically affected
segments primarily in the cecum and ascending colon.
The diagnosis of CD was made by the patient’s primary
gastroenterologist based on established clinical, radio-
logical, and histological criteria. The study was approved
by the Cincinnati Children’s Hospital Medical Center In-
stitutional Review Board and the Cincinnati Children’s
Hospital Medical Center General Clinical Research Cen-
ter Scientific Advisory Committee. The Crohn’s Disease
Histological Index of Severity (CDHIS) was computed as
previously described by a single gastrointestinal pathol-
ogist (E.B.).27,28

Human Colon Biopsy Organ Culture

In brief, colon biopsies were washed with cold phos-
phate-buffered saline (PBS) and trimmed into explants.10

Explants were cultured in serum-free CMRL-1066 tissue
culture medium (GIBCO, Grandland, NY) on collagen
I-coated plates (BIOCOAT, Bedford, MA) at 37°C in 95%
oxygen, 5% carbon dioxide atmosphere for 24 hours. The
morphological appearance of the explants was pre-
served under these conditions as assessed by light mi-
croscopy. After 24 hours in culture, explants were treated
with human GH (500 ng/ml) or PBS, and nuclear protein
and sections were prepared 45 minutes later. This dose
of human GH has previously been shown to regulate
chloride secretion in the T84 human colon carcinoma cell
line and to activate STAT5 in liver cell lines.29,30

Animal Resources and Maintenance

STAT5b-deficient mice were provided by Dr. James Ihle
(St. Jude Children’s Research Hospital, Memphis, TN).8

These mice are on a C57BL6/J background; sex-
matched males and females were used between 8 and
12 weeks of age. The protocol was approved by the
Cincinnati Children’s Hospital Research Foundation Insti-
tutional Animal Care and Use Committee.

TNBS Colitis

TNBS colitis was induced as previously described.31,32

One or 2 mg of TNBS in 50% ethanol was administered in
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a total volume of 100 �l, as indicated. Controls received
the same volume of PBS or 50% ethanol. Mice also re-
ceived 20 mg/kg rosiglitazone per day mixed with the
chow for 3 days before and daily after induction of colitis,
as indicated. Mice were sacrificed 4 days after TNBS
administration. Endoscopic disease severity was as-
sessed on day 4 using the STORZ Coloview endo-
scope.33 The colon was divided into equal proximal and
distal segments and stained with hematoxylin and eo-
sin (H&E). Histological disease activity was assessed
in a blinded fashion using the system reported by
Neurath et al.32

RNA Isolation, Laser Capture Microdissection
(LCM), and Real-Time Polymerase Chain
Reaction (PCR)

For isolation of whole-colon RNA, human colon biopsies
saved in RNAlater or longitudinal sections of mouse colon
were homogenized in lysis buffer by mechanical homog-
enizer (Fisher Scientific Co., Pittsburgh, PA), and total
RNA was isolated with RNeasy Mini kit (human colon)
(Qiagen, Hilden, Germany) or Trizol (mouse colon). The
quality and concentration of the total RNA were mea-
sured and checked by the Agilent Bioanalyzer 2100
(Hewlett Packard) using the RNA 6000 Nano Assay, look-
ing for a 28S/18S ratio of 1.6 to 2.0. Colon biopsies
embedded in OCT were sectioned at 5 �m with cryostat
microtome and stained with H&E. Approximately 200
crypts and adjacent surface epithelial cells were cap-
tured into caps (Arcturus, Mountain View, CA) through
Arcturus Pixel II LCM apparatus, and RNA was isolated
with PicoPure RNA Isolation kit (Arcturus). Total RNA (200
ng) was used to reversely transcribe to cDNA with the
ProSTAR reverse transcription (RT)-PCR kit (Stratagene,
La Jolla, CA); cDNA was measured with Oligreen ssDNA
Quantitation reagent and kit (Molecular Probes, Eugene,
OR). cDNA (100 ng) was used to do SYBR Green real-
time PCR on the Mx4000 multiplex quantitative PCR in-
strument (Stratagene) following the Brilliant SYBR Green
QPCR Master Mix manual (Stratagene). The primers used
for the SYBR Green RT-PCR assay were as follows:
PPAR�: sense, 5�-CCTGATAGGCCCCACTGTGT-3�, and
antisense, 5�-CAGGTGGGAGTGGAACAAT-3�; GHR:
sense, 5�-TTTGGAATATTTGGGCTAACAGTG-3�, and
antisense, 5�-TCACCTCCTCTAATTTTCCTTCCTT-3�; and
glyceraldehyde-3-phosphate dehydrogenase: sense, 5�-
TTTGGCTACAGCAACAGGGTG-3�, and antisense, 5�-G-
GGTCTCTCTCTTCCTCTTGTGC-3�.23,34 Amplification of
glyceraldehyde-3-phosphate dehydrogenase was per-
formed to standardize the quantification of target cDNA.

Immunoblot, Immunoprecipitation, and EMSA

Cytosolic and nuclear protein was prepared using the
NE-PER kit per the manufacturer’s recommendations
(Pierce, Rockford, IL). Nuclear proteins (100 �g) were
immunoprecipitated with the anti-p65 or anti-PPAR� an-
tibodies and 40 �l of suspended protein A/G agarose per

the manufacturer’s recommendations (Santa Cruz Bio-
technology). Immunoblots were performed as previously
described.10 Autoradiographs were captured using a
Perfection 3200 Photo scanner (Epson America Inc.,
Long Beach, CA) and band intensities were quantified by
densitometry and expressed as mean area density using
ImageQuant (Molecular Dynamics, Sunnyvale, CA). Ten
micrograms of nuclear protein was used to do STAT5 and
NF-�B electrophoretic mobility shift assay (EMSA).
STAT5 nuclear binding was performed using a duplex
oligonucleotide probe based on GH-induced STAT5b
DNA-binding element in the insulin-like growth factor
(IGF)-1 gene promoter. EMSA assay for NF-�B nuclear
binding was performed using a duplex oligonucleotide
probe based on the NF-�B binding site upstream of the
murine iNOS promoter. The oligonucleotide sequences
were STAT5: sense, 5�-GGGCCTTCCTGGAAGAAA-3�,
and antisense, 5�-TTTCTTCCAGGAAGGCCC-3�; and
NF-�B: sense, 5�-AGCTCTCTCGGAAAGTCCCCTCTG-
3�, and antisense, 5�-AGCTCAGAGGGGACTTTCCGAG-
AG-3�.35,36 DNA strands were respectively labeled by
biotin (Pierce), and STAT5 DNA binding was detected
according to LightShift chemiluminescent EMSA kit
(Pierce). For supershift, 10 �g of NF-�B p65, p50, or
STAT5a/b antibody (Santa Cruz Biotechnology or Zymed)
was added to the gel shift reaction after preincubation of
the probe and nuclear proteins on ice. Cold competition
studies used a 200-fold excess of the unlabeled oligonu-
cleotide. Band intensities were quantified as mean area
density using ImageQuant (Molecular Dynamics).

Immunohistochemistry and
Immunofluorescence

In brief, deparaffined or fixed frozen sections were incu-
bated with primary antibodies as follows: mouse or rabbit
anti-pSTAT5, rabbit anti-p65, anti-GHR, and anti-
PPAR�.10 Sections were also double stained with rabbit
anti-pSTAT5 and mouse anti-CD68 or rabbit anti-PPAR�
and mouse anti-CD68. Sections were incubated with iso-
type control serum (Santa Cruz Biotechnology) or preim-
mune sera (AL-47) alone in place of primary antibody as
a negative control or with the corresponding blocking
peptide to identify the specificity of antibodies. After a
1-hour incubation at room temperature, sections were
washed with PBS. Streptavidin biotin peroxidase or fluo-
rescein isothiocyanate-conjugated goat anti-rabbit or tet-
ramethylrhodamine B isothiocyanate-conjugated anti-
mouse secondary antibody was added and incubated for
45 minutes at room temperature. Hematoxylin was used
for nuclear counterstaining after peroxidase (diamino-
benzidine) development, and 4�,6-diamidino-2-phenylin-
dole dihydrochloride (DAPI) was used for nuclear coun-
terstaining after rhodamine incubation. In addition,
differential interference contrast was used to identify the
nuclear location of selected antigens. Images were cap-
tured using a Zeiss microscope and Axioviewer image
analysis software (Deutsland; Carl Zeiss Corp., Jena,
Germany).
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Statistical Analysis

Results are presented as the mean � SD. Data were
analyzed using analysis of variance followed by Fisher’s
least significant difference test. P values �0.05 were
considered significant.

Results

GHR Expression Is Reduced in CD Colon
Histological analysis (H&E staining and histological
score) confirmed that the CD colon biopsies exhibited
a moderate to severe degree of mucosal injury and
inflammation, with a median CDHIS of 10 (n � 8; range,
4 to 14). The effect of active CD on colon GHR expres-
sion was not known. GHR was detected by immuno-
histochemistry (IHC) in both CECs and lamina propria
mononuclear cells (LPMCs) of normal human colon. By
comparison, IHC demonstrated a reduced frequency
of GHR-positive CECs in affected areas of CD colon
(Figure 1A). LCM was used to isolate CECs from bi-
opsy sections, and total RNA was prepared. Real-time
PCR demonstrated that GHR mRNA expression was
significantly reduced in inflamed CECs, from 0.2 � 0.1
to 0.012 � 0.015 relative units (Figure 1B). Western
blot using cytosolic proteins prepared from colon bi-
opsies confirmed a significant reduction in GHR abun-
dance in CD (Figure 1C). We then asked whether this
led to a local reduction in steady-state and/or GH-
dependent STAT5 activation.

STAT5b Activation Is Reduced in CD Colon

IHC confirmed that the frequency of tyrosine-phospho-
rylated STAT5 (pSTAT5)-positive CECs and LPMCs was
reduced in CD colon, whereas nuclear p65 abundance was
increased in the same sections (Figure 2A). Immunofluores-
cence (IF) with double labeling for pSTAT5 and CD68 iden-
tified a significant decrease in the frequency of pSTAT5
expressing CECs and CD68� lamina propria macrophages
in CD colon (Figure 2B). We found that most subepithelial
CD68-positive cells in normal colon were pSTAT5-positive;
this was significantly reduced in inflamed colon.

We then asked whether GH-dependent activation of
STAT5b would be impaired in CD colon. As shown in
Figure 3A, we found that short-term exposure to GH
(500 ng/ml for 45 minutes) activated STAT5b in normal
colon, as demonstrated by increased nuclear extract
binding to an IGF-1 gene promoter STAT5b cis-ele-
ment on EMSA and increased frequency of pSTAT5-
positive CECs and LPMCs in treated samples (Figure
3, A and B). By comparison, CD colon exhibited a
significant resistance to GH stimulation of STAT5b ac-
tivation. Overall STAT5b binding (relative to PBS-
treated samples) was equal to 42.2 � 17.6 relative
units in normal colon after GH treatment compared with
7.9 � 16.3 relative units in CD colon. Western blot for
SHP1 confirmed that overall nuclear protein abun-
dance was equal between the samples (Figure 3A).

Supershift demonstrated that the shifted complex con-
tained both STAT5a and STAT5b. We then asked
whether expression of the tolerogenic GH:STAT5b tar-
get gene PPAR� was reduced under these conditions.

PPAR� Expression Is Reduced in CD Colon in
CECs and LPMs

Total RNA was prepared from colon biopsies. Real-
time PCR demonstrated that total PPAR� mRNA ex-
pression was significantly reduced in CD colon, from
1.8 � 0.8 to 0.5 � 0.2 relative units (Figure 4A). As
shown, this included samples with moderate to severe
degrees of histological inflammation. IHC showed that
PPAR� abundance was reduced in both CECs and
LPMCs (Figure 4B). IF with co-labeling for PPAR� and
CD68 (as a marker for macrophages) showed that
PPAR� expression was reduced in both CECs and
subepithelial CD68� macrophages (Figure 4C). This
was quite similar to the pattern of expression of
pSTAT5 in these sections.

Taken together, these patient-based studies demon-
strated a local reduction in CEC GHR expression in
inflamed CD colon, leading to reduced GH-dependent
STAT5b activation and PPAR� expression. Because
STAT5a and STAT5b have previously been considered
to exert a redundant effect with respect to mucosal
tolerance, we then asked whether deficiency of
STAT5b alone would lead to reduced PPAR� nuclear
abundance and increased susceptibility to experimen-
tal colitis.

STAT5b Deficiency Increases Susceptibility to
Colitis Due to TNBS Administration

Western blots using antibodies specific for STAT5a and
STAT5b confirmed that there was no detectable STAT5b
in the colon of STAT5b-deficient mice, relative to abun-
dant expression of STAT5b in wild-type controls. STAT5a
was present in low abundance in both wild-type and
STAT5b-deficient colon (data not shown). With PBS ene-
mas, STAT5b-deficient mice exhibited mild focal intracel-
lular edema and rare focal neutrophilic infiltrates com-
pared with wild-type (WT) controls. This led to a
nonsignificant increase in the average histological score
(Figure 5). These changes did not progress in older mice,
up to 9 months of age. Relative to PBS, administration of
50% ethanol enemas led to a mild increase in endo-
scopic edema and mild focal histological erosions that
did not differ between WT and STAT5b-deficient mice
(Figure 5).

We then administered low-dose (1 mg) TNBS to
STAT5b-deficient mice and WT controls and deter-
mined the effect on endoscopic, histological, and mo-
lecular markers of disease activity. WT mice exhibited
erythema on endoscopy and mild inflammation on his-
tology, which was greater in the distal colon than the
proximal colon (Figure 5). Overall weight was reduced
from 21.4 � 1.2 to 20.7 � 0.9 g. By day 4 after TNBS
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administration, STAT5b-deficient mice exhibited signif-
icantly greater mucosal injury on endoscopy (Figure
5A). This included more severe bleeding and ulcer-
ation and overall weight loss from 19.8 � 1.0 to 18.3 �
1.1 g. Histological analysis demonstrated increased
epithelial injury and transmural inflammation in the
STAT5b-deficient mice relative to the mild inflammation
that developed in WT controls. Scoring of the lesions in

the proximal versus distal colon demonstrated that the
increased susceptibility to colitis in the STAT5b-defi-
cient mice was confined to the proximal colon (Figure
5C). The histological score was 1.4 � 0.7 in the wild-
type controls in proximal colon, versus 2.9 � 1.0 in the
STAT5b-deficient mice, after TNBS administration (P �
0.01). There was no difference in the mild degree of
inflammation that was observed in the distal colon.

Figure 1. GHR expression is reduced in CD colon. Colon
biopsies were obtained from affected segments in pediatric
CD at diagnosis, and controls (CON) were found to have
normal colon histology. A: IHC was used to localize GHR
expression; results representative of eight cases are shown.
For control, purified preimmune serum was used in place of
the purified primary anti-GHRcyt-AL47 antibody. B: Laser cap-
ture microscopy was used to choose, capture, and isolate
colon crypts (the sequential process is shown from images 1
to 4) under a �40 object lens; RNA was prepared from
surface and crypt epithelial cells isolated using laser capture
microscopy, and real-time PCR was performed for total GHR
transcripts. Results are shown as the mean � SD, n � 8,
P � 0.001. C: Cytosolic proteins were prepared from
cultured colon biopsies, and Western blot was performed
for GHR and Actin. Results representative of six cases are
shown. CE, cytosolic extracts. Original magnification,
�400; bar � 50 �m.
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STAT5b Deficiency Reduces Colon PPAR�

Abundance and Increases NF-�B Activation

We then determined whether PPAR� nuclear abundance
was reduced in the STAT5b-deficient mice and whether this
could be related to the increased susceptibility to proximal
colitis. As shown in Figure 6A, we found that PPAR� nuclear
abundance was significantly reduced in the proximal colon
of PBS-treated STAT5b-deficient mice relative to the WT
controls. Overall nuclear abundance of PPAR� was 18.4 �
5.9 in the WT controls in the proximal colon, versus 5.5 �
0.4 in the STAT5b-deficient mice. There was no detectable
PPAR� by Western blot in colon cytosolic extracts in either
STAT5b-deficient mice or WT controls (data not shown).
PPAR� nuclear abundance was modestly reduced in the
distal colon of STAT5b-deficient mice, although this was not
statistically significant. IHC demonstrated a reduced fre-
quency of PPAR�-positive proximal colon CECs and LP-
MCs in STAT5b-deficient mice relative to WT controls (Fig-
ure 6B).

Prior studies have shown that PPAR� may reduce NF-�B
activation by associating with p65 in the nucleus and pro-
moting shuttling of the PPAR�:p65 complex to the cytosol.16

Immunoprecipitation of colon nuclear extracts with p65 fol-
lowed by Western blot for PPAR� demonstrated that p65
was associated with PPAR� in the nucleus of both WT and
STAT5b-deficient mice (Figure 6C). Interestingly, this was
reduced from 27.2 � 4 in the PBS-treated WT controls to
21.2 � 2 in the PBS-treated STAT5b-deficient mice, with a
further reduction in both genotypes after TNBS administra-
tion. Immunoprecipitation of colon nuclear extracts with
PPAR� followed by Western blot for p65 confirmed that p65
was associated with PPAR� in the nucleus of both WT and
STAT5b-deficient mice (Figure 6C). We did not observe
association between PPAR� and the p50 NF-�B subunit
under these conditions (data not shown). Taken together,
these data showed that PPAR� and p65 were associated in
the nucleus in the normal and inflamed colon, although the
alterations in total nuclear abundance of PPAR� and p65
under these conditions prevented us from making any firm
conclusions about differences in binding. We then asked
whether the reduced PPAR� nuclear abundance in the
STAT5b-deficient mice led to increased NF-�B activation.

As shown in Figure 7A, p65 nuclear abundance in prox-
imal colon was increased significantly after TNBS adminis-
tration to STAT5b-deficient mice, from 29.3 � 3.6 to 54.6 �
8.1. By comparison, TNBS administration did not lead to a
significant increase in colon p65 nuclear abundance in the
WT controls. Nuclear abundance of p65 did not differ be-
tween WT and STAT5b-deficient mice in the distal colon,
with or without TNBS. NF-�B EMSA confirmed these results
(Figure 7B). The signal for NF-�B binding was increased in
both PBS- and TNBS-treated STAT5b-deficient mice, rela-
tive to WT controls. After TNBS administration, NF-�B-bind-
ing activity increased to 26.6 � 5.3 in the WT controls,

versus 50.1 � 6.6 in the STAT5b-deficient mice. IHC for
nuclear p65 localized the increase in NF-�B activation in the
STAT5b-deficient mice to both the CECs and LPMCs in the
more severely affected proximal colon (Figure 7C). Super-
shift confirmed that the majority of the shifted complex was
composed of the p65 subunit. These data demonstrated
that deficiency of STAT5b alone would increase suscepti-
bility to experimental colitis, in conjunction with a reduction
in local PPAR� abundance. We then asked whether the
beneficial effect of PPAR� ligand pretreatment would be
abrogated in STAT5b-deficient mice.

Rosiglitazone Pretreatment Ameliorates Colitis in
WT but Not STAT5b-Deficient Mice

We provided rosiglitazone for 3 days before inducing
colitis with 2 mg of TNBS and continued treatment until
sacrifice on day 4. Rosiglitazone pretreatment reduced
weight loss in WT mice from 6.8 � 2.7 to 2.8 � 3.9%. By
comparison, weight loss increased in STAT5b-deficient
mice with rosiglitazone pretreatment, from 5.3 � 3 to
14.5 � 2.2%. The higher dose of TNBS induced more
significant distal colitis in the WT controls than had been
observed with the lower dose [1 mg (Figure 5) versus 2
mg (Figure 8)]. Consistent with the effect on weight loss,
rosiglitazone pretreatment significantly reduced histolog-
ical disease activity in WT mice (P � 0.05) in both the
distal and proximal colon but had no effect in STAT5b-
deficient mice (Figure 8, A and B). Disease activity in the
proximal colon remained higher in STAT5b-deficient mice
compared with WT controls; this was more pronounced
with rosiglitazone pretreatment. Consistent with these dif-
ferences in histological severity, p65 nuclear abundance
was reduced significantly by rosiglitazone pretreatment
in WT mice (P � 0.05) and was not affected in STAT5b-
deficient mice (Figure 8C).

Discussion

CD is becoming increasingly common in North America,
with approximately 1,000,000 individuals affected.37 Recent
genetic studies have implicated primary defects in mucosal
innate immunity that then lead to chronic, relapsing and
remitting T-cell-predominant gut inflammation.1 We asked
whether the GH-dependent STAT5b transcription factor,
which we have recently linked to growth failure in colitis,
might also regulate mucosal inflammation.30,38 In the cur-
rent study, we have identified a novel anti-inflammatory
STAT5b-dependent pathway in the colon in children with
newly diagnosed CD and in murine colitis.

Targeted deletion of the GHR has recently identified
PPAR� as a GH target gene, and GH has been shown to
regulate the human PPAR�3 gene promoter via activation

Figure 2. Steady-state STAT5 activation is reduced in CD colon. A: IHC was used to localize expression of tyrosine pSTAT5 and nuclear p65. Arrowheads show
reduced pSTAT5 and activated p65 in crypt epithelial cells; results representative of eight cases are shown. B: IF with labeling for pSTAT5 and CD68 was used
to determine whether alterations in pSTAT5 localized to CD68� cells. pSTAT5, red; CD68, green; representative co-labeled cells are identified as circled, orange;
nuclei were stained with DAPI, blue. The results for the isotype control are shown in the inset and included an isotype control IgG antibody in place of the primary
pSTAT5 antibody. Results representative of eight cases are shown. Original magnification, �400; bar � 50 �m.
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Figure 3. GH-dependent STAT5 activation is
reduced in CD colon. CD and control colon
biopsies were maintained in short-term organ
culture and exposed to GH (500 ng/ml for 45
minutes) or PBS. A: Nuclear proteins were
prepared and EMSA was performed using a
STAT5b cis-element, and Western blot was
performed using an SHP1 antibody. The signal
intensity was quantified by densitometry for
GH-treated control and CD samples and is
shown as the mean � SEM, n � 8. Supershift
was performed using STAT5a and STAT5b an-
tibodies. B: IF was used to localize alterations
in pSTAT5 expression with GH treatment in
CD versus controls. pSTAT5, red. DAPI, blue.
Differential interference contrast was also used
to identify cellular structures and nuclear lo-
calization of the pSTAT5 signal, as shown.
Results representative of eight cases are
shown. Original magnification, �400; bar �
50 �m.
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Figure 4. PPAR� expression is reduced in CD colon. A: RNA was prepared from control and CD colon biopsies, and real-time PCR was performed for total PPAR�
transcripts. Results are shown as the mean � SD, n � 8, P � 0.01. The CDHIS for each of the samples is shown. B: IHC was used to localize alterations in PPAR�;
results representative of eight cases are shown. Isotype control included an isotype control IgG antibody in place of the primary PPAR� antibody. C: IF with
labeling for PPAR� and CD68 was used to determine whether alterations in PPAR� localized to CD68� cells. PPAR�, red; CD68, green; representative co-labeled
cells are identified are circled, orange; nuclei were stained with DAPI, blue. The results for the isotype control are shown in the inset and included an isotype
control IgG antibody in place of the primary PPAR� antibody. Results representative of eight cases are shown. Original magnification, �400; bar � 50 �m.
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of STAT5b.25,39 The GHR is expressed on small bowel
and colon epithelial cells and resident macrophages.40

However, it was not known whether GH would activate
STAT5b in normal human colon. Because we have re-
cently shown that GH activation of STAT5b and IGF-1 is
reduced in liver in murine colitis, we asked whether the
GH:STAT5b:PPAR� pathway would similarly be reduced
in inflamed colon.30

We found that GH-dependent STAT5b activation and
PPAR� mRNA expression were significantly reduced in

the affected colon of children with CD at diagnosis. IF
identified a high constitutive expression of activated
STAT5 and PPAR� in CECs and subepithelial LPMs of
healthy controls, relative to a reduction in both cell pop-
ulations in CD. Dubuquoy et al22 also found that PPAR�
RNA expression was reduced in adults with both CD and
ulcerative colitis (UC). However, they identified a reduc-
tion at the protein level, which localized to CECs, only in
patients with UC. Differences in the patient populations
studied may account for this difference. We studied pa-

Figure 5. STAT5b deficiency increases the severity of proximal colitis as a result of TNBS administration. STAT5b-deficient mice and WT controls received PBS,
ethanol, or TNBS enemas, and disease severity was assessed on day 4 by endoscopy (A), histology (B), and histological scores (C). In A and B, results
representative of seven cases are shown. In C, the mean � SD of the histological score in the distal and proximal colon is shown for each group as indicated,
n � 7. Original magnification, �400; bar � 50 �m.
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tients at diagnosis, before therapy, and the majority of the
samples were obtained from the proximal colon, in the
most affected segment. Therefore, differences in regula-

tion of PPAR� protein abundance between proximal and
distal colon and in response to therapy may account for
the reduction in PPAR� identified in the present study.41

Figure 6. Proximal colon PPAR� nuclear abundance and PPAR�:p65 association were reduced in STAT5b-deficient mice. A: Western blots were performed for
PPAR� and SHP1 using proximal and distal colon nuclear extracts (NE). The signal intensity was determined by densitometry and is shown as the mean � SD,
n � 9. B: IHC was used to localize alterations in PPAR� abundance. Results representative of seven cases are shown. C: Nuclear proteins were immunoprecipitated
using anti-p65 or anti-PPAR�, and then Western blot was prepared and probed for PPAR� or p65, respectively. The signal intensity was determined by
densitometry and is shown as the mean � SD, n � 7. Original magnification, �400; bar � 50 �m.
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Figure 7. Colon NF-�B activation is increased
in STAT5b-deficient mice. Proximal and distal
colon nuclear proteins were made from
STAT5b-deficient mice and WT controls, and
Western blot for p65 and SHP1 (A) and EMSA
for a NF-�B cis-element with supershift for p65
and p50 (B) were performed. Signal intensity
was determined by densitometry and is shown
as the mean � SD, n � 7. C: IHC was per-
formed to localize alterations in p65 nuclear
abundance. Results representative of seven
cases are shown. Original magnification,
�400; bar � 50 �m.
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Costello et al3 have recently reported that STAT5b mRNA
expression is reduced in affected colon of adults with CD
and UC. Therefore, it is likely that this pathway contributes to
chronic mucosal inflammation in both Crohn’s colitis and
UC and may be applicable to both adults and children with
inflammatory bowel disease. We are currently examining

the GH:STAT5b:PPAR� signaling pathway using samples
from children with UC at diagnosis. It is important to note
that Hommes and colleagues42 have recently reported in a
letter to the editors an increase in activated STAT5 in the
colon of adults with steroid-resistant ulcerative colitis, and
we have found that STAT5 is activated in LPMCs of mice
with colitis due to interleukin (IL)-10 deficiency.43 Therefore,
cellular STAT5 abundance and activation may vary be-
tween different types of human and murine colitis.

It was not known what the functional significance of a
deficiency in STAT5b alone would be with respect to sus-
ceptibility to colitis. We therefore determined whether
STAT5b-deficient mice were more susceptible to colitis due
to TNBS administration. We found that PPAR� nuclear
abundance was reduced in the proximal but not distal colon
of STAT5b-deficient mice and that this led to increased
NF-�B activation and more severe proximal colitis after
TNBS administration. These data have identified STAT5b for
the first time as a critical regulator of colonic mucosal toler-
ance and may provide insight into the regional differences
in gut inflammation that are observed in patients with CD.

It is important to note that Shipley and Waxman44 have
previously shown that GH-activated STAT5b can inhibit ex-
pression of ligand-activated PPAR� target genes, and vice
versa, via a bi-directional posttranslational negative feed-
back loop. However, Rieusset et al45 have reported that
male PPAR��/� mice have reduced linear growth and
weight gain and have shown that GH signaling is actually
impaired in white adipose tissue of these mice, due to
up-regulation of SOCS-2. Our studies indicate that GH-
activated STAT5b positively regulates PPAR� nuclear pro-
tein abundance in the colon. In fact, we have recently re-
ported that chronic GH administration will activate STAT5b
and up-regulate PPAR� expression in normal and inflamed
mouse colon.43 This may be distinct from effects of GH-
dependent STAT5b activation on posttranslational regula-
tion of PPAR�-dependent gene transcription by PPAR� li-
gands. Our data are consistent with recent work from
Masternak et al,46 demonstrating reduced skeletal muscle
PPAR� protein abundance in mice with targeted deletion of
the growth hormone receptor. However, this is in contrast to
data from patients with acromegaly, in which chronic expo-
sure to increased GH secretion and circulating IGF-1 is
associated with increased CEC proliferation and reduced
PPAR� expression, perhaps due to a direct effect of IGF-1
on CEC differentiation and gene expression.47 Therefore,
interactions between activated STAT5b and PPAR� are
quite complex, and future studies will carefully determine
the relative effects of GH and rosiglitazone administration
on expression of STAT5b and PPAR� target genes in the
normal and inflamed colon.

To determine more directly the functional significance of
the reduction in proximal colon PPAR� abundance, we pre-
treated WT and STAT5b-deficient mice with the PPAR�
agonist rosiglitazone for 3 days before administration of
TNBS. PPAR� agonists have previously been shown to
reduce the severity of colitis due to both TNBS and DSS
administration and IL-10 deficiency.15,18,19,24,48 These have
been more consistently effective when administered before
the onset of colitis, perhaps because of down-regulation of
PPAR� abundance with the onset of colitis. We found that

Figure 8. Rosiglitazone pretreatment ameliorates colitis in WT but not
STAT5b-deficient mice. WT and STAT5b-deficient mice received rosiglita-
zone (Rosi) for 3 days before induction of TNBS colitis and continued
treatment until sacrifice. A: Representative images from proximal colon are
shown. B: The mean � SD of the histological score in the distal and proximal
colon is shown for each group as indicated, n � 4 or 5. C: Proximal colon
nuclear proteins were prepared, and p65 and SHP1 abundances were deter-
mined by Western blot. Signal intensity was determined by densitometry and
is shown as the mean � SD, n � 4–5.
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rosiglitazone pretreatment reduced NF-�B activation and
histological disease severity in WT but not STAT5b-deficient
mice, supporting the functional importance of the reduction
in PPAR� abundance. Interestingly, the beneficial effect of
rosiglitazone was abrogated in both the proximal and distal
colon of STAT5b-deficient mice, although a significant re-
duction in whole-colon PPAR� nuclear protein abundance
was only observed in the proximal colon. A recent report
has indicated that rosiglitazone may act primarily through
nonepithelial cells to suppress colonic inflammation, be-
cause a beneficial effect of rosiglitazone was observed in
DSS colitis in mice with targeted deletion of PPAR� in
CECs.49 Future studies using bone marrow chimeras will
determine whether the requirement for STAT5b in mediating
anti-inflammatory effects of rosiglitazone is in fact confined
to a limited bone marrow-derived compartment, such as the
subepithelial macrophages.

Patients with CD also frequently exhibit more severe in-
flammation in the proximal colon. Recently, Kim et al50 have
shown that mono-association with specific bacterial spe-
cies will induce either proximal or distal colitis in mice with
IL-10 deficiency. Several lines of evidence have indicated
that expression of PPAR� in the colon is regulated by the
enteric flora.22 It would seem likely that the composition and
adherence of the local enteric flora to the epithelium in the
proximal colon may interact with local STAT5b activation
and the mucosal barrier to regulate PPAR� nuclear abun-
dance and susceptibility to colitis.51,52 Loss of STAT5b may
then disrupt this inherent tolerogenic mechanism, leading to
colitis. This is being tested in ongoing studies.

It has not previously been proposed that a defect in
STAT5b activation may contribute to both systemic growth
failure and impaired mucosal tolerance in CD. We have now
shown that a novel anti-inflammatory GH:STAT5b:PPAR�
pathway is down-regulated in the inflamed colon in pediat-
ric CD at diagnosis. Mice with STAT5b deficiency exhibit
reduced PPAR� expression and increased susceptibility to
proximal colitis after TNBS administration. It is important to
note that GH and granulocyte-macrophage colony-stimulat-
ing factor, which can both directly activate STAT5b in CECs
and LPMs, have also shown beneficial effects in early clin-
ical and pre-clinical studies in Crohn’s disease.10,13,14,53,54

Therefore, augmenting intestinal STAT5b activation may
represent a novel approach for restoring mucosal tolerance
in inflammatory bowel disease.
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