
Loss of ADAM17-Mediated Tumor Necrosis Factor Alpha Signaling in
Intestinal Cells Attenuates Mucosal Atrophy in a Mouse Model of
Parenteral Nutrition

Yongjia Feng,a Yu-Hwai Tsai,b,c* Weidong Xiao,a Matthew W. Ralls,a Alex Stoeck,b* Carole L. Wilson,d Elaine W. Raines,d

Daniel H. Teitelbaum,a Peter J. Dempseyb,c,e

Section of Pediatric Surgery, Department of Surgery,a Division of Gastroenterology, Department of Pediatrics,b and Department of Molecular and Integrative Physiology,c

University of Michigan Medical School, Ann Arbor, Michigan, USA; Department of Pathology, University of Washington, Seattle, Washington, USAd; Division of
Gastroenterology, Hepatology and Nutrition, Department of Pediatrics, University of Colorado Medical School, Aurora, Colorado, USAe

Total parenteral nutrition (TPN) is commonly used clinically to sustain patients; however, TPN is associated with profound mu-
cosal atrophy, which may adversely affect clinical outcomes. Using a mouse TPN model, removing enteral nutrition leads to de-
creased crypt proliferation, increased intestinal epithelial cell (IEC) apoptosis and increased mucosal tumor necrosis factor al-
pha (TNF-�) expression that ultimately produces mucosal atrophy. Upregulation of TNF-� signaling plays a central role in
mediating TPN-induced mucosal atrophy without intact epidermal growth factor receptor (EGFR) signaling. Currently, the
mechanism and the tissue-specific contributions of TNF-� signaling to TPN-induced mucosal atrophy remain unclear. ADAM17
is an ectodomain sheddase that can modulate the signaling activity of several cytokine/growth factor receptor families, including
the TNF-�/TNF receptor and ErbB ligand/EGFR pathways. Using TPN-treated IEC-specific ADAM17-deficient mice, the present
study demonstrates that a loss of soluble TNF-� signaling from IECs attenuates TPN-induced mucosal atrophy. Importantly,
this response remains dependent on the maintenance of functional EGFR signaling in IECs. TNF-� blockade in wild-type mice
receiving TPN confirmed that soluble TNF-� signaling is responsible for downregulation of EGFR signaling in IECs. These re-
sults demonstrate that ADAM17-mediated TNF-� signaling from IECs has a significant role in the development of the proin-
flammatory state and mucosal atrophy observed in TPN-treated mice.

Although total parenteral nutrition (TPN) is an essential ther-
apy for patients who cannot tolerate enteral nutrition, there

are numerous and significant clinical sequelae associated with
TPN treatment (1). These clinical complications, which include
altered immunological responses, hepatic dysfunction, metabolic
derangements, endotoxemia, bacterial infections, and sepsis, can
delay or make it difficult to wean patients back onto enteral nutri-
tion. Several studies have indicated that early TPN administration
in critically ill patients is associated with worsened clinical outcomes
and increased rates of septicemia, often from enterically derived or-
ganisms (1, 2). These issues clearly highlight that a more detailed
understanding of the underlying mechanisms of TPN-related intes-
tinal complications is needed both to improve the selection and ad-
ministration of TPN to patients and for the development of new
therapeutic options for patients dependent on TPN.

The mouse model of TPN represents an ideal system to study
signal transduction pathways contributing to mucosal atrophy
without acute inflammatory changes or intestinal epithelial cell
(IEC) destruction seen in other intestinal injury/inflammation
models. The removal of enteral nutrition is associated with de-
creased crypt proliferation, increased IEC apoptosis, a loss of ep-
ithelial barrier function (EBF), and altered enteric microbiota,
resulting in a mild proinflammatory state and mucosal atrophy
(1). Previous studies have shown that upregulation of tumor ne-
crosis factor alpha (TNF-�) and its receptor (TNFR1) plays a cen-
tral role in mediating TPN-induced mucosal atrophy. Impor-
tantly, epidermal growth factor receptor (EGFR) blockade studies
have shown that the improved IEC responses observed in TPN-
treated TNFR1KO mice are dependent, in part, on the mainte-
nance of functional EGFR signaling within IECs. The protective

effect of EGFR signaling is further supported by the ability of
exogenous EGF treatment to attenuate mucosal atrophy in TPN-
treated wild-type (WT) mice (3). Detailed analysis of TPN-treated
TNFR1KO, TNFR2KO, and TNFR1/2DKO mice has revealed that
both TNFR1 and TNFR2 signaling contribute to TPN-induced
epithelial barrier dysfunction (4). In TPN-treated WT mice, the
ability of TNF-� inhibitor, etanercept, to block barrier dysfunc-
tion underscores the deleterious effect of soluble TNF-� signaling
in this model (4). In spite of these observations, further dissection
of the tissue-specific contributions of TNF-�/TNFR signaling in
the development of TPN-induced mucosal atrophy has been hin-

Received 6 February 2015 Returned for modification 3 March 2015
Accepted 9 July 2015

Accepted manuscript posted online 17 August 2015

Citation Feng Y, Tsai Y-H, Xiao W, Ralls MW, Stoeck A, Wilson CL, Raines EW,
Teitelbaum DH, Dempsey PJ. 2015. Loss of ADAM17-mediated tumor necrosis
factor alpha signaling in intestinal cells attenuates mucosal atrophy in a mouse
model of parenteral nutrition. Mol Cell Biol 35:3604 –3621.
doi:10.1128/MCB.00143-15.

Address correspondence to Daniel H. Teitelbaum, dttlbm@med.umich.edu, or
Peter J. Dempsey, peter.dempsey@ucdenver.edu.

* Present address: Yu-Hwai Tsai, Department of Internal Medicine, University of
Michigan, Ann Arbor, Michigan, USA; Alex Stoeck, Merck Research Laboratories,
Boston, Massachusetts, USA.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.00143-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

3604 mcb.asm.org November 2015 Volume 35 Number 21Molecular and Cellular Biology

http://dx.doi.org/10.1128/MCB.00143-15
http://dx.doi.org/10.1128/MCB.00143-15
http://dx.doi.org/10.1128/MCB.00143-15
http://mcb.asm.org


dered by the lack of conditional tissue-specific TNF�/TNFRKO

mice.
ADAM17 (also termed TNF-�-converting enzyme [TACE]) is

a disintegrin-metalloproteinase that acts as an ectodomain shed-
dase to modulate signaling activity of a variety of membrane-an-
chored cytokines/growth factors and their receptors (5, 6).
ADAM17 was originally discovered as the proteinase responsible
for the ectodomain processing of membrane-anchored TNF-�
(mTNF-�) to generate soluble TNF-� (sTNF-�) (7, 8). Further
analysis of ADAM17-deficient (Tace�Zn/�Zn) mice has revealed
that ADAM17 is also required for the shedding of TNFR1 and
TNFR2. Paradoxically, TNFR ectodomain shedding can decrease
TNFR signaling by reducing functional receptor levels at the cell
surface and by the subsequent generation of soluble TNFR ect-
odomains that can act as decoy receptors (9–11). The complex
modulation of TNF-� signaling by ADAM17 is further compli-
cated by the fact that membrane-anchored TNF-� preferentially
binds to high-affinity TNFR2 rather than low-affinity TNFR1
(12). Thus, the outcome of productive TNF-�/TNFR signaling at
a cellular level is highly dependent on integration of ADAM17-
mediated TNF-� and TNFR shedding events.

Using Tace�Zn/�Zn null mice, we previously showed that non-
lymphocyte expression of ADAM17 was required for normal T
cell development, peripheral B cell maturation, and lymphoid or-
gan structure formation (10, 13). The developmental loss of
TNF-� signaling in Tace�Zn/�Zn mice was indicated by the im-
paired B cell follicle organization and germinal center formation
in secondary lymphoid organs, including Peyer’s patches, in these
ADAM17-deficient mice which phenotypically overlaps with
TNF-�-deficient mice (10, 12). However, the ability of ADAM17
to regulate ectodomain processing of additional substrates was
clearly demonstrated by the fact that Tace�Zn/�Zn mice display
perinatal lethality, whereas TNF-�-deficient mice or mice lacking
TNFRs are viable and fertile (11, 12). The developmental defects
observed in Tace�Zn/�Zn mice are characteristic of EGFR-deficient
(Egfr�/�) mice (14, 15), and the defects in skin, heart valve, and
mammary gland development have been directly attributed to the
inability to process and activate specific EGFR ligands (16–19).

Due to the perinatal lethality of Tace�Zn/�Zn mice (10, 11), a
comprehensive analysis of the intestinal phenotype of ADAM17-
deficient mice has not been performed. However, recent reports of
pediatric patients with ADAM17 deficiency and mice expressing
hypomorphic Adam17 alleles have been described where reduced
ADAM17 activity is associated with heightened inflammatory re-
sponses in the skin and intestine (20–23). Although ADAM17
deficiency did not directly alter crypt-villus architecture under
normal physiological conditions, hypomorphic ADAM17 mice
showed an exacerbated dextran sodium sulfate (DSS) colitis phe-
notype, which was linked to a loss of TLR-mediated ADAM17-
dependent shedding of EGFR ligands and downstream EGFR sig-
naling in nonhematopoietic cells (21). These results are consistent
with a cytoprotective role of IEC-specific EGFR/ErbB signaling in
the DSS colitis model (24–26), but the exact cellular contribution
of ADAM17 signaling from IECs and other nonhematopoietic
cells within lamina propria has not been defined.

Because ADAM17 plays an important role in modulation of
TNFR and EGFR/ErbB signaling in vivo, we hypothesized that
ADAM17 may be a critical regulator of TPN-mediated mucosal
atrophy. However, ubiquitous expression of ADAM17 and early
postnatal lethality of ADAM17-deficient mice have made it diffi-

cult to assess the role of ADAM17 signaling within the adult intes-
tine. In the present study, we demonstrate several novel findings.
First, we used a newly developed model of IEC-specific ADAM17-
deficient mice to examine the effects of ADAM17 loss from IECs
upon TPN-induced mucosal atrophy. Under baseline conditions,
adult IEC-ADAM17KO mice showed normal crypt-villus architec-
ture, proliferation and intestinal function. Surprisingly, IEC-
ADAM17KO mice showed attenuated mucosal atrophy upon TPN
administration with improved crypt proliferation, decreased IEC
apoptosis and reduced proinflammatory cytokine expression.
Mechanistically, this protective effect was due to a loss of IEC-
specific TNF-� signaling and the concomitant maintenance of
functional EGFR signaling in IECs. In TPN-treated WT mice,
TNF-� blockade using the TNF-� inhibitor etanercept confirmed
that TNF-� signaling was responsible for downregulation of
EGFR signaling in IECs. We propose that ADAM17-mediated
TNF-� signaling within IECs has a significant and deleterious role
in the development of mucosal atrophy observed in TPN-treated
mice. Beyond the findings related to TPN, the present study dem-
onstrates several important connections between intact ADAM17
function, and the critical interrelationship between EGFR/ErbB
and TNFR signaling on the gastrointestinal epithelium; this may
well have implications for other inflammatory and atrophic intes-
tinal processes.

MATERIALS AND METHODS
Mice. Villin-Cre and Adam17f/f mouse strains have been described previ-
ously (27–29). Intestinal epithelial cell (IEC)-specific Adam17 deficient
mice (Villin-Cre; Adam17 f/f, referred to as IEC-Adam17KO) and genotype
controls (Adam17 f/f) on a C57BL/6J background were used in the present
study (30). Detailed description of primers used for genotyping are
described elsewhere (29). Additional control animals included WT
C57BL/6J mice. Mice were maintained under controlled temperature, hu-
midity, and light conditions. All experimental procedures were conducted
in accordance to the University Committee on Use and Care of Animals at
the University of Michigan.

Animal model of parenteral nutrition (TPN). For the TPN model,
sex- and age-matched (�10 weeks of age) mice were housed in metabolic
cages to prevent coprophagia. Catheterized mice initially received 5%
dextrose in 0.45 N saline, with 20 meq of KCl/liter at 4.8 ml/day as de-
scribed previously (3, 31, 32). After 24 h, mice were randomized to enteral
fed control or TPN groups. Enteral controls received intravenous crystal-
loid solution at 0.2 ml/h and standard laboratory chow. TPN mice re-
ceived intravenous (i.v.) TPN solution at 4.8 ml/day. Nitrogen and energy
delivery were matched between groups (isonitrogenous/isocaloric). Mice
were sacrificed 7 days postcannulation using CO2.

For EGFR kinase inhibitor studies, mice received gefitinib (2.5 mg/ml
in 1% aqueous Tween 80, 200 �l; LC Laboratories, Woburn, MA) by oral
gavage twice daily, starting 3 days before i.v. cannulation and continuing
until mice were sacrificed (3). gefitinib is a specific inhibitor for EGFR and
does not cross-react with other ErbB receptors (33). For TNF-� inhibitor
studies, mice received etanercept (soluble TNFR2/Fc fusion protein, 200
�g/kg in 0.1% mannitol–phosphate-buffered saline; Amgen Corp., Thou-
sand Oaks, CA) subcutaneously (s.c.), starting 2 days before i.v. cannula-
tion and continuing every 48 h a total of three times, and another dose of
500 �g/kg (s.c.) was given 3 h before sacrifice (4, 34, 35). Etanercept can
also neutralize the TNFR1 ligand, lymphotoxin-� (12). For both inhibitor
studies, control mice received a vehicle solution. For exogenous TNF-�
studies, mice were injected i.v. with recombinant mouse TNF-� (200
ng/g; ImmunoTools, Friesoythe, Germany) 3 h before sacrifice. In Ussing
chamber studies, this TNF-� treatment regime leads to a physiological
loss of barrier function (4, 36).
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Cytokine measurements. Serum and small bowel mucosal cytokine
levels were measured with using a multiplex protein assay (Millipore
Corp., Billerica, MA) as described previously (4).

Real-time PCR analysis. RNA extraction from mucosal scrapings and
real-time PCR were performed as previously described (3). Oligomers
were designed using an optimization program (Premier Biosoft, Palo
Alto, CA) (see Table S1 in the supplemental material). Real-time PCR data
were normalized to �-actin (3).

Western blotting. Intestinal epithelial cells were isolated from the
jejunum, protein extracts were prepared and immunoblotting performed
as described previously (3). The results are expressed as a ratio to �-actin.
Primary antibodies used were as follows: rabbit anti-ADAM17 (Millipore,
Billerica, MA, and Abcam, Cambridge, MA); rabbit anti-EGFR, mouse
anti-TNFR1, mouse anti-TNFR2, rabbit anti-phospho-p38, rabbit anti-
p38, and rabbit anti-PCNA (Santa Cruz Biotechnology, Santa Cruz, CA);
and mouse anti-phospho-Akt, mouse anti-Akt, anti-phospho-Stat3, anti-
Stat3, mouse anti-phospho-MLC, and mouse anti-MLC (Cell Signaling
Technology, Beverly, MA). Secondary antibody was either the corre-
sponding horseradish peroxidase-conjugated goat anti-mouse antibody
or goat anti-rabbit antibody (Santa Cruz).

Immunohistochemistry and immunofluorescence. Zinc-formalin-
fixed (10%) and paraffin-embedded tissue sections and 4% paraformal-
dehyde-fixed frozen tissue sections of jejunum were stained using stan-
dard immunohistochemistry or immunofluorescent staining procedures
as described previously (3, 37).

Intestinal morphology assessment. Small intestinal length from the
pyloric sphincter to the ileocecal sphincter was measured. Villus height
and crypt depth were measured in at least 10 well-oriented full-length
crypt-villus units per specimen and averaged. The data were analyzed
using commercially available digital image analysis software (NIS-Ele-
ments, AR 3.0).

IEC proliferation and apoptosis. For IEC proliferation, immunoflu-
orescent staining of proliferating cell nuclear antigen (PCNA) was per-
formed as described previously (3). The total number of proliferating cells
per crypt was defined as the mean of proliferating cells in 10 crypts for
each mouse. The results are expressed as number of PCNA-positive cells
per crypt and then converted to percentage of controls (control values �
100%). PCNA protein levels in cell extracts were also expressed relative to
controls. In addition, IEC proliferation was measured using 5-bromo-2-
deoxyuridine (BrdU; 50 mg/kg intraperitoneally; Roche Diagnostic, Indi-
anapolis, IN) given 2 h prior to sacrifice as described previously (3). An
index of the crypt cell proliferation rate was calculated as the ratio of the
number of crypt cells incorporating BrdU to the total number of crypt
cells. Immunofluorescent staining for active caspase-3 was performed to
assess IEC apoptosis as described previously (38). The results are ex-
pressed as an apoptotic index (the percentage of active caspase-3-positive
cells/villi using a mean of 10 villi per mouse).

Intestinal epithelial resistance and permeability measurements.
Ussing chambers were used to measure full-thickness intestinal epithelial
barrier function (EBF) as previously described (4, 39, 40). Small intestine
EBF was assessed using two approaches. First, EBF was measured by
transepithelial resistance from full-thickness biopsy specimens. Intes-
tinal permeability assay was further assessed using fluorescein isothio-
cyanate (FITC)-dextran as described previously (4). Briefly, FITC-
conjugated dextran dissolved in water (molecular weight, 4,000) was

administered rectally to mice at 2 mg/10 g (body weight). Whole blood
was collected using heparinized microhematocrit capillary tubes via
eye bleed 2 h after FITC-dextran administration. The fluorescence
intensity in sera was analyzed using a plate reader. The concentration
of FITC-dextran in sera was determined by comparison to the FITC-
dextran standard curve.

Data analysis. Data were expressed as means 	 the standard devia-
tions. Statistical analysis was performed using a Student paired t test for
the comparison of two means, a one-way analysis of variance (ANOVA)
for multiple groups (with Tukey post hoc analysis) and a two-way ANOVA
for categorical data. Statistical significance was defined as a P of 
0.05.

RESULTS
IEC-specific ADAM17-deficient mice show no overt intestinal
phenotype. To investigate the role of intestinal ADAM17 signaling
in the mouse TPN model, we generated intestinal epithelial cell
(IEC)-specific Adam17-deficient mice (termed IEC-Adam17KO

mice) (30). IEC-Adam17KO mice were viable, exhibited efficient
ADAM17 deletion from IECs, and had no compensatory changes
in mRNA expression of other ADAMs (Fig. 1A to C). Importantly,
IEC-Adam17KO mice showed normal crypt-villus architecture and
crypt cell proliferation (Fig. 1D and E), and no defects in secretory
differentiation or the development and number of Peyer’s patches
were observed (Fig. 1F and G). In addition, no significant changes
in small intestinal barrier function or cytokine gene signatures
were detected in the intestine of IEC-Adam17KO mice (Fig. 1H and
I). Taken together, these results indicate that IEC-Adam17KO mice
display appropriate intestinal function under normal physiologi-
cal conditions.

TPN-treated IEC-Adam17KO mice are protected against mu-
cosal atrophy and maintain IEC proliferation. Initial analysis of
ADAM17 expression in WT mice treated with TPN for 7 days
revealed no significant changes in ADAM17 mRNA or protein
levels in the intestine (data not shown). To determine whether
ADAM17 signaling was involved in IEC responses to TPN, we
examined sham and TPN-treated IEC-Adam17KO and genotype
control (Adam17f/f) mice. Hematoxylin-and-eosin (H&E) analy-
sis revealed that TPN-treated control mice had mucosal atrophy
with a significant reduction in crypt depth and villus height com-
pared to their sham controls. In contrast, TPN-treated IEC-
Adam17KO mice showed substantial protection against mucosal
atrophy with a significant increase in crypt depth and an overall
improvement in small intestinal length, whereas villus height was
unchanged (Fig. 2A to D). Periodic acid-Schiff (PAS) staining was
unaltered in the small intestine of TPN-treated IEC-Adam17KO

mice, indicating that the protective effect observed in TPN-treated
ADAM17-deficient mice was not due to altered secretory differ-
entiation (Fig. 2E).

An important feature of WT mice receiving TPN is reduced
crypt cell proliferation (3). To examine whether IEC-specific
ADAM17 deficiency maintains IEC cell proliferation in the TPN

FIG 1 IEC-Adam17KO mice have normal crypt-villus architecture and intestinal function. (A) Real-time PCR analysis of ADAM17 mRNA expression in scraped
mucosa (n � 2 per genotype). (B) Western blot analysis of ADAM17 expression in isolated colonic crypts. (C) Real-time PCR analysis of ADAM mRNA
expression in scraped mucosa (n � 3 to 5 per genotype). (D) H&E analysis. White boxes are shown at high magnifications in the lower panel. (E) BrdU
immunostaining (left) and quantification of BrdU� cells per crypt (right) (n � 5 to 10 per group). (F) Immunostaining of goblet (MUC2) and Paneth (lysozyme)
cell markers. (G, left) H&E analysis of Peyer’s patches. Black boxes are shown at high magnifications in the lower panel. (Right) Quantification of Peyer’s patches
(n � 6 per group). (H) Paracellular permeability and TER measured in isolated jejunum (n � 5 to 7 per group) from sham experiments. (I) Real-time PCR
analysis of cytokine mRNA expression in scraped mucosa (n � 3 to 5 per genotype). ns, not significant. Scale bars: panels D (bottom), E, and F (bottom), 25 �m;
panels D (top) and F (top), 50 �m; panel G (top), 250 �m; panel G (bottom), 100 �m. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001; ****, P 
 0.0001; ns, not
significant.
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FIG 2 ADAM17 loss ameliorates the effects of TPN on mucosal atrophy and IEC proliferation. (A) H&E analysis. (B to D) Quantification of small intestinal
length, crypt depth, and villus height (n � 6 to 8 per group). (E) Periodic acid-Schiff (PAS) staining. (F, left) Immunofluorescent staining for the cell proliferation
marker, PCNA. (Right) Quantification of PCNA� cells per crypt (n � 6 or 7 per group). (G, top) Western blot analysis of PCNA in isolated IECs. (Bottom)
Quantification of PCNA protein levels (n � 3 to 6 per group). *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001; ****, P 
 0.0001; ns, not significant. Scale bars: panel A,
100 �m; panels E and F, 50 �m.
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model, we compared PCNA expression in both TPN-treated IEC-
Adam17KO mice and genotype controls. In agreement with previ-
ous findings, TPN-treated WT mice showed a marked reduction
in PCNA staining (Fig. 2F). In contrast, TPN-treated IEC-
Adam17KO mice displayed a 2-fold increase in the number of
PCNA� cells in crypts compared to TPN-treated control mice
(Fig. 2F). Western blot analysis of PCNA expression confirmed
the retention of PCNA expression in TPN-treated ADAM17-de-
ficient mice; although similar to the numbers of PCNA� cells per
crypt, the PCNA protein levels did not return completely to sham
levels (Fig. 2G). Taken together, these results indicate that loss of
ADAM17 signaling within IECs had a significant protective effect
against TPN-induced mucosal atrophy that was associated with
increased crypt height and proliferation and improved intestinal
length.

TPN-treated IEC-ADAM17KO mice have reduced IEC apop-
tosis. Enhanced IEC apoptosis is also associated with TPN-in-
duced mucosal atrophy and is correlated with decreased Bcl-2 and
increased Bax protein levels (3). To test whether the beneficial
effects of intestinal ADAM17 deficiency in the TPN model ex-
tended to attenuation of IEC apoptosis, we examined activated
caspase-3 expression in IECs. In TPN-treated WT control mice, a
marked increase in active caspase-3 staining was observed com-
pared to sham controls. In contrast, TPN-treated IEC-Adam17KO

mice showed a dramatic reduction in cleaved caspase-3 stain-
ing and apoptotic index with levels similar to sham controls
(Fig. 3A). To determine whether the observed reduction in
apoptosis correlated with changes in apoptotic regulatory pro-
teins, Bcl-2 and Bax protein levels were measured in IECs. In
TPN-treated IEC-Adam17KO mice, Western blot analysis re-
vealed that Bcl-2 expression was restored to sham control lev-
els, whereas Bax levels remained elevated in both TPN-treated
genotypes (Fig. 3B). Importantly, and unlike the partial resto-
ration of cell proliferation, these results demonstrate that the
protective effects observed in TPN-treated IEC-Adam17KO

mice are accompanied by retention of Bcl-2 expression and a
marked reduction in IEC apoptosis.

TPN-treated IEC-Adam17KO mice show reduced levels of
soluble TNF-� signaling. Reduction of mucosal atrophy in TPN-
treated TNFR1KO mice clearly illustrates that TNFR1 signaling has
important and detrimental effects on IEC responses in the TPN
model (3). Because ADAM17 is the essential sheddase responsible
for generating soluble TNF-� (sTNF-�), we hypothesized that the
protective effect observed in TPN-treated IEC-Adam17KO mice
was to reduce sTNF-� signaling. To determine whether IEC-spe-
cific ADAM17 deletion altered TNF-� signaling, we examined the
expression of TNF-� and its receptors, TNFR1 and TNFR2, in
sham- and TPN-treated IEC-Adam17KO and WT control mice. In

FIG 3 Reduced IEC apoptosis is observed in IEC-Adam17KO mice receiving TPN. (A, left) Immunostaining of active caspase-3. Arrows indicate caspase-3
staining. (Right) Quantification of apoptotic index (n � 3 or 4 per group). Scale bar, 50 �m. (B, left) Western blot analysis of Bcl-2 and Bax in isolated IECs (n �
4 or 5 per group). (Right) Quantification of Bcl2 and Bax protein levels. ***, P 
 0.001; ****, P 
 0.0001; ns, not significant.
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TPN-treated WT mice, both TNF-� mRNA and membrane-an-
chored TNF-� (mTNF-�) protein levels increased compared to
sham controls (Fig. 4A and B). In addition, there was a concomi-
tant increase in sTNF-� protein levels in both mucosal extracts
and serum (Fig. 4C and D). Interestingly, TNF-� mRNA and
mTNF-� protein levels were further elevated in IEC-Adam17KO

mice upon TPN administration (Fig. 4A and B). However, unlike
the TPN-treated WT control mice, there was a significant decrease
in sTNF protein levels in both mucosal extracts and serum of
TPN-treated IEC-Adam17KO mice (Fig. 4C and D). These results
indicate that ADAM17 deficiency in IECs leads to a reduction in
sTNF-� levels in TPN-treated IEC-Adam17KO mice.

ADAM17 is also required for TNFR1 and TNFR2 shedding and
modulation of cell surface TNFR populations can impact produc-
tive TNF-� signaling (9). We have previously shown that TNFR1
mRNA and protein levels are increased, whereas TNFR2 expres-
sion is unchanged in TPN-treated WT control mice (3). Although
the TNFR mRNA levels in TPN-treated IEC-Adam17KO mice were
similar to TPN-treated control mice (Fig. 5A), the protein levels
for both TNFR1 and TNFR2 were significantly elevated in
ADAM17-deficient IECs (Fig. 5B). This result is consistent with
the loss of TNFR shedding and the accumulation of cell surface
TNFRs in the ADAM17-deficient state. Upon TPN administra-
tion to WT mice, we have previously shown that TNFR1 signaling
increases phosphorylation of p38 mitogen-activated protein ki-
nase (MAPK) in IECs (Fig. 5C) (3). To determine whether the
findings of reduced sTNF-� protein levels and increased TNFR

expression observed in TPN-treated IEC-Adam17KO mice altered
TNF-� signaling, we examined the phosphorylation status of p38
MAPK. In contrast to elevated p-p38 MAPK levels in TPN-treated
WT mice, there is a partial but significant reduction in p-p38
MAPK levels in IECs from TPN-treated IEC-Adam17KO mice (Fig.
5C). Taken together, these findings demonstrate that TPN-treated
IEC-Adam17KO mice, despite having increased TNFR1/2 protein
expression, have decreased sTNF-� protein levels that results in
reduced sTNF-� signaling associated with decreased p-p38
MAPK levels in IECs.

Barrier dysfunction is not attenuated in TPN-treated IEC-
Adam17KO mice but is further impaired with exogenous TNF-�.
TNF-� signaling is involved in TPN-associated epithelial barrier
dysfunction, and both TNFR1 and TNFR2 contribute to EBF loss
(4). To determine whether IEC-specific ADAM17 deficiency im-
proved EBF in mice receiving TPN, we measured paracellular per-
meability, transepithelial resistance (TER), and phosphorylation
of myosin light chain (p-MLC) in IECs from sham and TPN-
treated IEC-Adam17KO and control mice. Surprisingly, despite
decreased TNFR-dependent p-p38 MAPK signaling, no signifi-
cant differences in EBF were observed between IEC-Adam17KO

and control mice under sham or TPN conditions (Fig. 6A to C).
One possible explanation for the lack of EBF improvement in
TPN-treated IEC-Adam17KO mice is related to increased cell sur-
face TNFR2 expression, which may differentially alter TNF-� sen-
sitivity of ADAM17-deficient IECs. Indeed, when the above-de-
scribed experiment was performed in the presence of exogenous

FIG 4 Soluble TNF-� levels are reduced in TPN-treated IEC-Adam17KO mice. (A) Real-time PCR analysis of TNF-� mRNA expression in scraped mucosa (n �
4 to 6 per group). (B, top) Western blot analysis of mTNF-� in isolated IECs. (Bottom) Quantification of mTNF-� protein levels (n � 4 or 5 per group). (C and
D) Quantification of sTNF-� protein levels in mucosal extracts and serum, respectively (n � 5 to 8 per group). *, P 
 0.05; **, P 
 0.01; ****, P 
 0.0001; ns, not
significant.
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TNF-� a significant increase in both p-MLC levels and paracellu-
lar permeability (Fig. 6D and E) and a further but modest decrease
in TER (Fig. 6F) were observed in TNF-�-treated IEC-Adam17KO

mice compared to respective TNF-�-treated genotype control
groups. The effects of ADAM17 deficiency on functional TNF-�
signaling in IECs are therefore complex and additional studies will
be needed to dissect out the individual contributions of TNFR1
and TNFR2 signaling in this response.

Upregulation of proinflammatory cytokines is prevented in
TPN-treated IEC-Adam17KO mice. In addition to TNF-�, other
proinflammatory cytokines, including interferon gamma (IFN-�),
have been implicated in mucosal atrophy and barrier dysfunction in
the TPN model (39–42). To determine whether the expression of
other cytokines was altered in TPN-treated IEC-Adam17KO mice, we
examined the mRNA and protein levels of several other proinflam-
matory cytokines from sham- and TPN-treated WT control and IEC-
Adam17KO mice. Consistent with the mild proinflammatory state
produced by TPN in WT mice, the protein levels of several cyto-
kines including IFN-�, interleukin-6 (IL-6), IL-13, and monocyte
chemotactic protein 1 (MCP-1) were significantly elevated in mu-

cosal extracts of TPN-treated WT mice compared to sham con-
trols (Fig. 7). In addition, both IFN-� and IL-6 mRNA levels were
markedly increased, whereas mRNA levels for all other cytokines
only showed a trend toward being elevated in TPN-treated WT
mice (data not shown). As expected, IEC-Adam17KO mice ex-
pressed similar cytokine levels to WT control mice under sham
conditions. However, in TPN-treated IEC-Adam17KO mice cyto-
kine protein levels in mucosal extracts were significantly decreased
and approached sham levels (Fig. 7). Interestingly, no significant
changes in cytokine mRNA and serum levels were observed except
for serum IL-6 levels which were significantly elevated in TPN-
treated IEC-Adam17KO mice compared TPN-treated genotype
controls (data not shown). In experimental colitis and colitis-as-
sociated cancer models, IL-6 and TNF-� can promote IEC protec-
tion and tumor promotion through cross-regulation (43). Further
studies will be needed to determine whether changes in expression
of IL-6 and other cytokines contribute to the attenuation of mu-
cosal atrophy observed in TPN-treated IEC-Adam17KO mice.
However, because immune cells primarily produce these cyto-

FIG 5 TNF-� signaling is reduced in IECs from TPN-treated IEC-Adam17KO mice. (A) Real-time PCR analysis of TNFR1 and TNFR2 mRNA expression in
scraped mucosa (n � 4 to 6 per group). (B, top) Western blot analysis of TNFR1 and TNFR2 in isolated IECs. (Middle and bottom) Quantification of TNFR1 and
TNFR2 protein levels (n � 5 to 7 per group). (C, left) Western blot analysis of p-p38 MAPK and total p38-MAPK in isolated IECs. (Right) Quantification of p-p38
MAPK protein levels (n � 4 to 7 per group).*, P 
 0.05; **, P 
 0.01; ****, P 
 0.0001; ns, not significant.
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kines, these results suggest that the loss of ADAM17 signaling in
IECs reduces local proinflammatory cytokine production and re-
sponses within the intestinal mucosa and this likely contributes to
the amelioration of mucosal atrophy observed in TPN-treated
IEC-Adam17KO mice.

TPN-treated IEC-specific Adam17KO mice maintain EGFR
protein levels and downstream AKT and STAT3 signaling. TPN-
induced TNFR signaling leads to loss of functional EGFR expres-
sion in IECs and the attenuation of mucosal atrophy observed in
TPN-treated TNFR1KO and TNFR1R2DKO mice is directly depen-
dent on the preservation of functional EGFR signaling (3). The
importance of EGFR signaling is further illustrated by the ability
of exogenous EGF to ameliorate mucosal atrophy in TPN-treated
WT mice (3). Based on the observations that TPN-treated IEC-
Adam17KO mice have reduced sTNF-� signaling, we hypothesized

that ADAM17 loss might restore functional EGFR signaling in
IECs. To determine whether EGFR expression was altered by IEC-
specific ADAM17 deficiency, we examined EGFR protein levels
in IECs from sham and TPN-treated WT control and IEC-
Adam17KO mice. In TPN-treated WT mice, EGFR protein levels
were markedly reduced in IECs compared to sham controls. In
contrast, EGFR protein levels were partially restored in IECs from
TPN-treated IEC-Adam17KO mice (Fig. 8A and B), although it was
still not possible to detect pEGFR under these experimental con-
ditions (data not shown). Interestingly, while the mRNA expres-
sion of most EGFR/ErbB ligands (Areg, Btc, Egf, Ereg, Tgf�, Nrg1,
Nrg2, and Nrg3) (see Fig. S1 in the supplemental material) in
scraped mucosa was still diminished in TPN-treated IEC-
Adam17KO mice, the mRNA levels for Hbegf and to a lesser degree
Nrg4 were restored to baseline, suggesting that these two ligands

FIG 6 ADAM17 deletion does not improve EBF, but exogenous TNF-� treatment further impairs barrier dysfunction. EBF analysis at baseline (A to C) and after
treatment with exogenous TNF-� (see Materials and Methods) (D to F). (A and D, top) Western blot analysis of p-MLC in isolated IECs. (Bottom) Quantification
of p-MLC protein levels (n � 4 per group). (B and E) Paracellular permeability (panel B, n � 7 to 16 per group; panel E, n � 5 to 8 per group). (C and F) TER
(n � 5 to 8 per group). *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001; ****, P 
 0.0001; ns, not significant.
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might also contribute to functional ErbB signaling in TPN-treated
IEC-Adam17KO mice (Fig. 8E).

In the TPN model, we have previously reported that activation
of AKT and STAT3 are dependent of functional EGFR signaling,
whereas phosphorylation of p38 MAPK requires functional
TNFR1 signaling (see Fig. 6D) (3). To confirm that functional
EGFR signaling was maintained in TPN-treated IEC-Adam17KO

mice, the levels of pAKT and pSTAT3 were measured in IECs from
sham and TPN-treated WT control and IEC-Adam17KO mice.
Under sham treatment, WT control and IEC-Adam17KO mice dis-
played similar levels of both phosphorylated proteins, indicating
that IEC-specific ADAM17-deficiency did not significantly alter
these downstream signaling events under baseline conditions.
However, consistent with increased sTNF-� signaling and de-
creased EGFR protein levels seen after TPN administration, the
pAKT and pSTAT3 protein levels were markedly reduced in the
IECs of TPN-treated WT control mice. Importantly, and consis-
tent with the restoration of EGFR protein levels, pAKT levels were
restored to sham levels, while pSTAT3 levels were partially re-
stored in IECs from TPN-treated IEC-Adam17KO mice (Fig. 8A, C,
and D).

Attenuation of mucosal atrophy in TPN-treated IEC-
Adam17KO mice is blocked by gefitinib. To further validate that
maintenance of EGFR signaling was required for the beneficial
IEC responses observed in TPN-treated IEC-Adam17KO mice, the
EGFR-specific kinase inhibitor, gefitinib was used to block EGFR
signaling in vivo. Similar to TPN-treated TNFR1KO mice receiving
gefitinib (3), blockade of EGFR signaling in TPN-treated IEC-
Adam17KO mice exacerbated the mucosal atrophy with a signifi-
cant reduction in crypt depth and villus height compared to
vehicle controls (Fig. 9A). In addition, gefitinib treatment signif-
icantly reduced cell proliferation and PCNA levels, and increased
apoptosis in IECs of TPN-treated IEC-Adam17KO mice (Fig. 9B to
D). Consistent with a loss of EGFR signaling, there was a concom-
itant and significant decrease in total EGFR and pAKT protein
levels; however, pSTAT3 levels were unaltered, suggesting that
ADAM17 regulation of pSTAT3 activity was EGFR independent
(Fig. 9E). Interestingly, the reduced p-p38 MAPK levels observed
in TPN-treated IEC-Adam17KO mice were unaffected by gefitinib
treatment which is in agreement with a continued loss of sTNF-�
signaling in ADAM17-deficient mice (data not shown). Taken

together, these results clearly demonstrate that retention of func-
tional EGFR signaling is required for the improved IEC responses
observed in TPN-treated IEC-Adam17KO mice.

Mucosal atrophy in TPN-treated WT mice is attenuated by
TNF-� blockade. Based on the above data, we hypothesized that
increased TNF-� shedding by IECs from TPN-treated WT mice is
an important early event responsible for reduced EGFR signaling
in IECs and enhanced proinflammatory cytokine production
leading to mucosal atrophy. However, conditional TNF-�-defi-
cient mouse models are not currently available to directly test the
role of IEC-specific TNF-� signaling in the TPN mouse model. In
an alternative approach, we recently showed that treatment with
the TNF-� inhibitor etanercept produced partial protection
against TPN-associated epithelial barrier dysfunction (4). To ex-
tend these initial findings, we examined the effects of etanercept
treatment on signaling events within the intestines of WT mice
receiving TPN. As previously reported, TPN-treated WT mice
given etanercept showed attenuated mucosal atrophy with im-
proved crypt depth and villus height, enhanced epithelial barrier
function (4) (data not shown) and increased crypt cell prolifera-
tion and PCNA protein levels (Fig. 10A to C). Moreover, etaner-
cept treatment decreased IEC apoptosis in TPN-treated WT mice
(Fig. 10D) which was associated with increased levels of the anti-
apoptotic marker Bcl2, whereas Bax levels were unaltered (Fig.
10E). A similar decline in IEC apoptosis and increased Bcl2 levels
were observed in TPN-treated IEC-Adam17KO mice (Fig. 3B). The
ability of etanercept to block sTNF-� signaling was confirmed by
significant lowering of soluble TNF-� protein levels in mucosal
extracts and serum of TPN-treated WT mice (Fig. 10F). Sur-
prisingly, etanercept treatment did not alter the protein or
mRNA levels of other proinflammatory cytokines (IFN-�,
MCP1, IL-13, and IL-6), although a modest increase in serum
IL-6 levels was still observed (data not shown). Overall, these
results clearly demonstrate that etanercept treatment blocked
sTNF-� signaling and markedly improved intestinal function
in TPN-treated WT mice.

Based on these observations, we hypothesized that the amelio-
ration of mucosal atrophy observed upon TNF-� blockade should
be associated with improved EGFR protein expression and en-
hanced downstream signaling. Consistent with a loss of sTNF-�
signaling in these mice, both EGFR and pAKT proteins levels sig-

FIG 7 ADAM17 loss reduces cytokine protein levels in mucosal extracts upon TPN treatment. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001; ns, not significant.
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nificantly increased in IECs after etanercept treatment in TPN-
treated WT mice. Interestingly, and similar to gefitinib studies,
TNF-� blockade did not modulate pSTAT3 levels, suggesting that
ADAM17 regulation of pSTAT3 was also independent of TNF-�
signaling (Fig. 10G). Restoration of functional EGFR signaling
upon etanercept treatment was further supported by a marked
recovery of mRNA levels for several EGFR/ErbB ligands, includ-
ing those encoded by Hbegf, Egf, Nrg1, Nrg2, Nrg3, and Nrg4 (see
Fig. S2 in the supplemental material). Taken together, our find-
ings are consistent with an important role of ADAM17 in regulat-
ing TNF-� signaling in IECs that is critical for early signaling
events required for the detrimental IEC responses and mucosal
atrophy produced by TPN administration.

DISCUSSION

Although TNF-�/TNFR signaling plays an important role in the
development of TPN-induced mucosal atrophy, the tissue-spe-
cific contributions of TNF-� have not been defined (3, 4). In the
present study, we used IEC-Adam17KO mice to determine the ef-
fects of IEC-specific ADAM17 deficiency upon TPN-induced
mucosal atrophy. Remarkably, mucosal atrophy was partially
attenuated in TPN-treated IEC-Adam17KO mice with improved

intestinal length and crypt depth. This was accompanied with in-
creased crypt cell proliferation, decreased IEC apoptosis, and
reduced production of proinflammatory cytokines. Because
ADAM17 can modulate TNF-�/TNFR and EGFR/ErbB signaling
pathways, the effects of ADAM17 loss on both these pathways
were examined in detail. Despite TPN administration increasing
TNF-� mRNA levels, soluble TNF-� protein levels in mucosal
extracts and serum were markedly reduced in TPN-treated IEC-
Adam17KO mice. A significant reduction of p-p38 MAPK signal-
ing in IECs provided direct evidence that the overall soluble
TNF-� signaling was decreased in the ADAM17-deficient state.
Intriguingly, loss of soluble TNF-� signaling was observed even
though the IEC-Adam17KO mice displayed increased levels of
functional TNFR receptors in IECs. This was clearly illustrated by
the fact that TPN-treated IEC-Adam17KO mice were hypersensi-
tive to exogenous TNF-�, which markedly augmented barrier
dysfunction in the ADAM17-deficient mice. Paradoxically, con-
sidering the role of ADAM17 in activating different EGFR/ErbB
ligands, TPN-treated IEC-Adam17KO mice showed partial resto-
ration of EGFR protein levels in IECs and improved downstream
pAKT signaling. EGFR kinase inhibitor studies confirmed that the

FIG 8 TPN-treated IEC-Adam17KO mice have partially restored EGFR expression and improved downstream signaling. (A) Western blot analysis of EGFR,
p-AKT, and p-STAT3, in isolated IECs. (B to D) Quantification of EGFR, p-AKT, and p-STAT3 protein levels, respectively (n � 4 to 6 per group). (E) Real-time
PCR analysis of Hbegf and Nrg4 mRNA expression in scraped mucosa (n � 5 to 8 per group). *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001; ****, P 
 0.0001; ns, not
significant.
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beneficial effects observed in TPN-treated IEC-Adam17KO mice
were dependent on functional EGFR signaling. Significantly, these
results were validated using the TNF-� inhibitor etanercept in
TPN-treated WT mice, which clearly showed that soluble TNF-�
signaling had a critical role in the loss of functional EGFR signal-
ing in IECs and the development of mucosal atrophy. Taken to-
gether, we conclude that ADAM17-mediated TNF-� signaling
from IECs plays a significant and deleterious role in development
of mucosal atrophy in mice deprived of enteral nutrition.

Previous reports of ADAM17 inactivation in the intestine have

been limited to developmental studies with Tace�Zn/�Zn mice and
a more recent description of two pediatric patients lacking
ADAM17. Due to perinatal lethality, only the E17.5 intestinal phe-
notype of Tace�Zn/�Zn mice, which showed villus blunting and
possible delayed epithelial maturation, has been described (11).
Similarly, ADAM17-deficient pediatric patients were initially re-
ported to have early onset diarrhea and intestinal inflammation
associated with villus blunting and increased mononuclear infil-
trates, but these features were variable and resolved over time (20).
In contrast, hypomorphic ADAM17 mice are viable and show a

FIG 9 EGFR kinase inhibitor gefitinib blocks the beneficial effects of ADAM17 deficiency in TPN-treated mice. (A, top) H&E analysis. (Middle and bottom)
Quantification of crypt depth and villus height (n � 5 per group). (B, top) Immunofluorescent staining for the cell proliferation marker, PCNA. (Bottom)
Quantification of PCNA� cells per crypt (n � 6 to 8 per group). (C, left) Western blot analysis of PCNA in isolated IECs. (Right) Quantification of PCNA protein
levels (n � 3 to 6 per group). (D, top) Immunofluorescence staining of active caspase-3. Arrows indicate caspase-3 staining. (Bottom) Quantification of apoptotic
index (n � 3 or 4 per group). (E, top) Western blot analysis of EGFR, p-AKT, and p-STAT3 in isolated IECs. (Bottom) Quantification of EGFR, p-AKT, and
p-STAT3 protein levels, respectively (n � 4 to 6 per group). Scale bars: panels A and B, 50 �m; panel D, 25 �m. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001; ****,
P 
 0.0001; ns, not significant.
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minimal intestinal phenotype but have a slightly enhanced proin-
flammatory cytokine gene signature (21, 23).

To investigate the role of ADAM17 deficiency in the intestine,
we generated IEC-specific Adam17-deficient mice on a C57BL/6J
genetic background. Under normal physiological conditions,
adult IEC-Adam17KO mice are overtly normal and show no signif-
icant changes in crypt-villus architecture, crypt proliferation and
EBF. This finding is consistent with the lack of intestinal pheno-
type observed in different IEC-specific EGFR/ErbB-deficient mice
(44, 45). Moreover, the normal secretory differentiation and via-
bility of IEC-Adam17KO mice suggests that ADAM17 is not essen-
tial for Notch signaling in IECs (37). The number and structure of
Peyer’s patches were also normal which is consistent with a role of
TNF-� signaling in nonepithelial cells for the developmental or-
ganization of secondary lymphoid organs in the intestine (12, 46).
In addition, intestinal cytokine expression in IEC-Adam17KO mice
was unaltered, suggesting that minimal perturbations in proin-
flammatory cytokine/immune status are present in these mice un-
der normal physiological conditions. Taken together, these results
indicate that IEC-Adam17KO mouse model is a suitable model to
investigate the contribution of ADAM17 signaling from IECs un-
der different experimental conditions.

IEC proliferation is critical for adaptive growth after intestinal
injury/inflammation (47, 48), and EGFR/ErbB is a major media-
tor of these IEC responses (44, 48, 49). In the DSS colitis model,
hypomorphic Egfr mice and ErbB ligand-deficient mice display
exacerbated intestinal inflammation (50, 51), whereas more re-
cent studies using different IEC-ErbBKO mice have shown that all
four ErbB receptors contribute, in various degrees, to protection
against DSS-induced colitis (19, 24, 26, 45). Evidence that
ADAM17 is an upstream regulator of EGFR/ErbB signaling in the
DSS colitis model comes from analysis of hypomorphic Adam17
mice under continuous exposure to low-dose DSS (21, 23). Hy-
pomorphic Adam17 mice showed increased susceptibility to DSS-
induced colitis but these mice could be protected by treatment
with exogenous ErbB ligands (21, 23). Interestingly, our own pre-
liminary experiments with IEC-Adam17KO mice in the DSS colitis
model have demonstrated that a loss of ADAM17 in IECs exacer-
bates DSS-induced epithelial cell injury (data not shown) (52). In
studies of hypomorphic Adam17 mice, Brandl et al. showed that
DSS-induced colitis activated TLR-mediated MyD88 signaling
which dramatically increased expression of two ErbB ligands, Areg
and Ereg. Because Areg and Ereg are both ADAM17 substrates
(53), it has been postulated that ADAM17-mediated ErbB ligand
shedding to produce soluble ligands plays critical role in activating
ErbB signaling in IECs (21). Although the cellular source of these
ErbB ligands was not clearly defined in this study, other studies
have highlighted the contribution of ErbB ligand/EGFR signaling
axis from nonepithelial mucosal cell types, including myeloid/
immune cells and pericryptal myofibroblasts found in the lamina
propria (54, 55).

Intriguingly, and in direct contrast to increased susceptibility
of ADAM17-deficient mice to DSS-induced colitis, mucosal atro-
phy was attenuated in TPN-treated IEC-Adam17KO mice. The
dramatic difference in IEC responses by IEC-Adam17KO mice in
these two models is likely due to the importance of soluble TNF-�
signaling in IEC signaling events, leading to mucosal atrophy in
TPN-treated mice, whereas ErbB signaling in IECs is cytoprotec-
tive against IEC injury in the DSS colitis model. We have previ-
ously shown that increased TNF-�/TNFR1 signaling was respon-
sible for mucosal atrophy, as well as reduced IEC proliferation and
increased IEC apoptosis observed upon TPN administration (3).
In TNFR1-deficient mice, the protection against TPN-associated
mucosal atrophy was dependent on the restoration of EGFR sig-
naling highlighting an interdependence of TNFR1 and EGFR sig-
naling for this response (3). Similarly, an overall improvement in
IEC responses in TPN-treated IEC-Adam17KO mice was associ-
ated decreased soluble TNF-� signaling, a marked reduction in
proinflammatory cytokine production and retention of EGFR sig-
naling in IECs. Mechanistically, our results are consistent with
several recent studies showing that TNF-�/TNFR1-mediated p38
MAPK signaling can induce EGFR internalization and downregu-
late EGFR signaling in IECs (56–58). The reduced soluble TNF-�
levels and decreased p38 MAPK signaling in IECs observed in
TPN-treated IEC-Adam17KO mice is therefore a likely explanation
for the restoration of EGFR protein levels and increased pAKT
signaling in IECs. The importance of functional EGFR signaling
for the amelioration of mucosal atrophy observed in TPN-treated
IEC-Adam17KO mice is clearly demonstrated by the ability of the
EGFR kinase inhibitor gefitinib to block the beneficial IEC re-
sponses in these mice. Moreover, administration of TNF-� inhib-
itor etanercept to TPN-treated WT mice confirmed that TNF-�
blockade was required for restoration of EGFR protein levels and
improved IEC responses in an EGFR-dependent manner. Al-
though these results suggest a critical role of soluble TNF-� sig-
naling in the development of TPN-induced mucosal atrophy,
lymphotoxin-�, which signals through TNFR1 and is also neutral-
ized by etanercept, may also contribute to this process (12, 59).

Considering that shedding and activation of many ErbB li-
gands is ADAM17 dependent (53), it was surprising to demon-
strate that the improved IECs responses observed in TPN-treated
IEC-Adam17KO mice were reliant on functional EGFR signaling in
IECs. Analysis of ErbB ligand mRNA expression in scraped mu-
cosa from TPN-treated IEC-Adam17KO mice showed that only
Hbegf and Nrg4 mRNA levels were restored to near baseline levels,
whereas the expression of all other ErbB ligands remained sup-
pressed in the ADAM17-deficient state. In spite of continued ErbB
ligand mRNA suppression and decreased production of active
ErbB ligands from IECs, functional EGFR signaling in IECs was
still critical for the beneficial IEC responses observed in TPN-
treated IEC-Adam17KO mice. Although IEC expression of
ADAM10-dependent ErbB ligands such as EGF may contribute to

FIG 10 Etanercept attenuates mucosal atrophy and improves EGFR signaling in IECs upon TPN administration. (A, top) H&E analysis. (Middle and bottom)
Quantification of crypt depth and villus height (n � 5 per group). (B, top) Immunofluorescence staining of the cell proliferation marker, PCNA. (Bottom)
Quantification of PCNA� cells per crypt (n � 5 per group). (C, left) Western blot analysis of PCNA in isolated IECs. (Right) Quantification of PCNA protein
levels (n � 3 to 6 per group). (D, top) Immunofluorescence staining of the apoptotic cell marker, active caspase-3. Arrows indicate caspase-3 staining. (Bottom)
Quantification of apoptotic index (n � 5 per group). (E, left) Western blot analysis of Bcl-2 and Bax in isolated IECs (n � 4 or 5 per group). (Right) Quantification
of Bcl2 and Bax protein levels. (F) The results of real-time PCR analysis of TNF-� mRNA expression in scraped mucosa (top) and sTNF-� protein levels in
scraped mucosa (middle) and serum (bottom) (n � 5 or 6 per group). (G, top) Western blot analysis of EGFR, p-AKT, and pSTAT3 in isolated IECs. (Bottom)
Quantification of EGFR, p-AKT, and p-STAT3 protein levels, respectively. Scale bars: panel A, 50 �m; panels B and D, 25 �m. *, P 
 0.05; **, P 
 0.01; ***, P 

0.001; ****, P 
 0.0001; ns, not significant.
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autocrine EGFR signaling in IECs (53), several studies have re-
cently highlighted the importance of ErbB ligand production and
EGFR signaling from nonepithelial cell types during intestinal in-
flammation and tumorigenesis (54, 55). Thus, a more likely sce-
nario is that the principal source of soluble ErbB ligands, includ-
ing HB-EGF and NRG4, is from cell types within the lamina
propria that still express ADAM17 and act in a paracrine manner.
Further studies will be needed to address whether immune cells or

mesenchymally derived cells such as pericryptal myofibroblasts
are the principal source of these ErbB ligands.

IECs are critical for regulating intestinal immune responses to
inflammation and injury but only recently has the importance of
cytokine/chemokine production from IECs been established
(59–63). Roulis et al. showed recently that TNF-� overexpression
in IECs is responsible for Crohn’s-like symptoms observed in
Tnf(�ARE/�) mice. Interestingly, the intestinal inflammation ob-

FIG 11 Model for ADAM17-mediated TNF-� signaling in IECs and the development of TPN-induced mucosal atrophy. (A) In TPN-treated wild-type (WT)
mice, the TNF-� and TNFR1 mRNA and protein levels are upregulated in IECs, leading to increased production of soluble TNF-�, increased TNFR1 signaling,
and activation of p-p38-MAPK in IECs. There is a concomitant reduction in EGFR protein levels and decreased functional pAKT signaling in IECs. *, EGFR
signaling is further compromised by reduced ErbB ligand mRNA expression within the intestinal mucosa. Etanercept blocks soluble TNF-� signaling, leading to
reduced p38-MAPK signaling in IECs. There is a concomitant restoration of EGFR protein levels and functional pAKT signaling in IECs. (B) In TPN-treated
IEC-ADAM17KO mice, TNF-� and TNFR1 mRNA and protein levels are upregulated in IECs. However, there is no generation of soluble TNF-� leading to
reduced TNFR1 and p-p38-MAPK signaling in IECs. #, ADAM17 deficiency also increases TNFR2 cell surface protein levels, which may alter the balance of TNFR
signaling in IECs. Despite the loss of ADAM17-mediated ErbB ligand shedding in IECs, there is a partial restoration of EGFR protein levels and functional pAKT
signaling in IECs. *, increased Hbegf and Nrg4 mRNA levels in the intestinal mucosa may contribute to this process. Gefitinib blocks these protective effects
confirming the importance of functional EGFR signaling in the attenuation of mucosal atrophy observed in TPN-treated IEC-ADAM17KO mice.
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served in this model did not require autocrine TNF-�/TNFR1
signaling within IECs but instead was triggered by paracrine
TNF-� signaling and activation of myofibroblasts (60). In the
present study, we have demonstrated for the first time that endog-
enous TNF-� production from IECs is crucial for the deleterious
IEC responses associated with TPN-induced mucosal atrophy. We
propose that ADAM17-dependent shedding of TNF-� from IECs
is a critical initiating event in the development and progression of
the proinflammatory response within the intestine of TPN-
treated mice. A summary of the role of ADAM17 in regulating
TNF-�/TNFR and ErbB ligand/EGFR signaling pathways within
IECs of the mouse TPN model is shown in Fig. 11. Anti-TNF-�
therapies have been successfully used to treat patients with inflam-
matory bowel disease (59, 63). The data from the present study
suggest that inhibition of the ADAM17/TNF-� signaling axis may
also be a potential therapeutic option for patients dependent
on TPN.
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