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Background: iNOS/NO blocks TNF�-induced apoptosis by cGMP-dependent and cGMP-independent mechanisms in
hepatocytes.
Result: TLR4-dependent iNOS expression in hepatocytes leads to NO/cGMP/PKG-dependent TACE/ADAM17 and iRhom2
phosphorylation and interaction, TACE/ADAM17 activation/surface translocation, and TNFR1 shedding.
Conclusion: iNOS expression leads to rapid TNFR1 shedding through NO/cGMP/PKG-dependent translocation and activa-
tion of TACE/ADAM17.
Significance: This novel mechanism for iNOS/NO/cGMP-induced TACE activation and translocation may limit TNF�-me-
diated signaling.

We and others have previously shown that the inducible
nitric-oxide synthase (iNOS) and nitric oxide (NO) are hepato-
protective in a number of circumstances, including endotox-
emia. In vitro, hepatocytes are protected from tumor necrosis
factor (TNF) �-induced apoptosis via cGMP-dependent and
cGMP-independent mechanisms. We have shown that the
cGMP-dependent protectivemechanisms involve the inhibition
of death-inducing signaling complex formation. We show here
that LPS-induced iNOS expression leads to rapid TNF receptor
shedding from the surface of hepatocytes viaNO/cGMP/protein
kinase G-dependent activation and surface translocation of
TNF�-converting enzyme (TACE/ADAM17). The activation of
TACE is associated with the up-regulation of iRhom2 as well as
the interaction and phosphorylation of TACE and iRhom2,
which are also NO/cGMP/protein kinase G-dependent. These
findings suggest that one mechanism of iNOS/NO-mediated
protection of hepatocytes involves the rapid shedding of TNF
receptor 1 to limit TNF� signaling.

Tumor necrosis factor (TNF)2 � is a proinflammatory cyto-
kine that plays important roles in the pathophysiology of
inflammatory conditions, such as sepsis (1–3). Excessive TNF�
production can also have detrimental effects, including the
induction of apoptosis in parenchymal cells of organs, such as

the liver (4, 5); this contributes to the pathogenesis and organ
damage related to sepsis and inflammation. The effects of
TNF� are mediated via two cell surface receptors: TNF recep-
tor (TNFR) 1 and TNFR2 (6). TNFR1 is the main cell surface
receptor for TNF� on hepatocytes (7–9), the major parenchy-
mal cell type in the liver. Activation of the death domain in
TNFR1 leads to apoptotic cell death (10–13), but other TNFR1
signaling pathways that activate mitogen-activated protein
kinases, NF�B, or signal transduction and activators of tran-
scription pathways can be protective (14–16).
Hepatocytes express large amounts of TNFR1 (17, 18), and

activation of this receptor by TNF� during inflammation can
lead to hepatocyte apoptosis (19). However, TNFR1 can also be
cleaved from the cell surface through proteolytic ectodomain
shedding driven by activation of TNF�-converting enzyme
(TACE/ADAM17). Cleavage of TNFR1 by TACE leads to the
release of soluble TNFR1 (sTNFR1), which not only reduces the
number of receptors available on the outside of hepatocytes but
also binds to circulating TNF� to prevent its inflammatory
effects (20–23). The formation of sTNFR1 is a constitutive
process (24–26) but is increased under inflammatory disease
conditions or after stimulation with cytokines TNF�, interleu-
kin (IL)-1�, and IL-10 as well as with lipopolysaccharide (LPS;
endotoxin) (27–29).
The signaling pathways controlling TACE activation and

extracellular receptor shedding are unclear, although previous
studies have shown that TACE can mediate the shedding of
multiple cell surface receptors, including TNFR1, on mono-
cytes and macrophages (30–32). One study suggested that
nitric oxide (NO) from an NO donor can S-nitrosylate TACE,
resulting in increased cell surface receptor shedding in mono-
cytes and macrophages (33). Additionally, stimulation of cells
with NO alone was sufficient to cause significantly increased
TNFR1 shedding, whereas TNF� stimulation alone results in
only minor increases in sTNFR1 levels. These previous data
suggested that NO mediates the activation of TACE, although
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the exact pathways involved were not identified. Recently, two
studies showed that iRhom2 (also known as RHDBF2,
RHBDL5, or RHBDL6), an intracellular protease that is local-
ized to the endoplasmic reticulum, is critical to the maturation
and trafficking of TACE to the cell surface for TNF� matura-
tion (34, 35). In this study, we further elucidate the pathways
involved in NO-mediated TACE activation and show that LPS
stimulation up-regulates iNOS expression in mouse hepato-
cytes, leading to TACE and iRhom2 phosphorylation in a cyclic
GMP (cGMP)/protein kinase G (PKG)-dependent manner.
This is associated with TACE localization to the cell surface to
cause TNFR1 shedding. Our data provide evidence of a novel
mechanism for the protective effects of iNOS in preventing
TNF�-mediated cell death and inflammation in the liver.

EXPERIMENTAL PROCEDURES

Reagents—Ultrapure LPS (E. coli 0111:B4/LPS-EB Ultra-
pure) was from InvivoGen (San Diego, CA). Williams’ medium
E, penicillin, streptomycin, L-glutamine, and HEPES were pur-
chased from Invitrogen. Insulin (Humulin) was acquired from
Eli Lilly, and fetal calf serum was from Hyclone Laboratories
(Green Bay, WI). Mouse TNF� was obtained from R&D Sys-
tems (Minneapolis, MN). Unless otherwise indicated, all other
chemicals and reagents were from Sigma-Aldrich.
Animals—Experimental protocols were approved by the

Institutional Animal Care andUseCommittee at theUniversity
of Pittsburgh. C57BL/6 (WT) mice were purchased from
Charles River (Wilmington, MA) at 8–12 weeks of age. iNOS-
deficient (�/�) mice were bred in our facility. Thesemice have
been backcrossed at least six times and are a generous gift from
Dr. Victor Laubach. TLR4�/�mice on a C57BL/6 background
were generated in our laboratory and bred in our facility. Mice
were injected intraperitoneally with saline (control) or LPS (5
mg/kg) and/or iNOS inhibitor 1400W (2.5 mg/kg). Blood and
the liver were collected at time points up to 12 h after injection.
Hepatocyte Isolation and Cell Culture—Hepatocytes were

isolated from mice by an in situ collagenase (type VI; Sigma)
perfusion technique modified as described previously (36).
Hepatocyte purity exceeded 99% by flow cytometric assay, and
viability was typically over 85% by trypan blue exclusion. Hepa-
tocytes (150,000 cells/ml) were plated on gelatin-coated culture
plates or coverslips precoated with collagen I (BD Pharmingen)
in Williams’ medium E with 10% calf serum, 15 mM HEPES,
10�6 M insulin, 2 mM L-glutamine, 100 units/ml penicillin, and
100 units/ml streptomycin. Hepatocytes were allowed to attach
to plates overnight, and prior to treatments, cell culture
medium was changed to medium containing 5% calf serum.
Immunofluorescence—Hepatocytes plated on coverslips

were treated as described and then fixed with 2% (w/v) para-
formaldehyde for 15 min. Residual paraformaldehyde was
removed in multiple PBS wash steps. Cells were then permea-
bilized with 0.1% Triton X-100, washed in PBS and PBB (0.5%
bovine serum albumin (BSA) in PBS), and blockedwith 2%BSA
in PBS for 1 h with further blocking as needed overnight at 4 °C
with whole mouse IgG (1:100 dilution). Non-permeabilized
cells were used for counting cell surface TACE in five randomly
selected fields per treatment group. Rabbit anti-TACEantibody
(Abcam, Cambridge,MA) andmouse anti-iNOS antibodywere

added at a 1:1000 dilution for 10 h at 4 °C. Secondary antibody
labeled with Cy3 or Cy5 at a 1:1000 dilution was added before
visualization with an Olympus FluoView 500 confocal
microscope.
Immunofluorescence Staining and Confocal Microscopy on

Liver Sections—Livers were fixed in 2% paraformaldehyde, and
the previously described standardized protocol for cryopreser-
vation was performed (7). Livers were sectioned in a cryostat
and stained as follows. 5-�m liver sections were incubated with
2% BSA in PBS for 1 h followed by five washes with PBS � 0.5%
BSA. The samples were then incubated with rabbit anti-TACE
(1-h incubation), anti-TNFR1 (overnight incubation), and anti-
actin as described above. Samples were washed five times with
PBS � 0.5% BSA followed by incubation in the appropriate
Alexa Fluor 488 (1:500; Invitrogen) and Cy3 (1:1000; Jackson
ImmunoResearch Laboratories) secondary antibodies diluted
in PBS � 0.5% BSA. Samples were washed three times with
PBS� 0.5% BSA followed by a single washwith PBS before 30-s
incubation with Hoechst nuclear stain. The nuclear stain was
removed, and samples were washed with PBS before placing a
coverslip using Gelvatol (23 g of poly(vinyl alcohol 2000), 50ml
of glycerol, 0.1% sodium azide to 100 ml of PBS). Positively
stained cells in six random fields were imaged on a FluoView
1000 confocal scanning microscope (Olympus). Imaging con-
ditions were maintained at identical settings within each anti-
body labeling experiment with original gating performed using
the negative control.
Preparation of Cell Lysates, Western Blotting, and Co-immu-

noprecipitation Analysis—Treated hepatocytes were washed
twice in PBS and lysed with 1� cell lysis buffer (Cell Signaling
Technology) containing 20 mM Tris-HCl (pH 7.5), 150 mM

NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5
mM sodium pyrophosphate, 1 mM �-glycerol phosphate, 1 mM

Na3VO4, 1�g/ml leupeptin, and 1�g/ml phenylmethylsulfonyl
fluoride (PMSF) on ice for 10 min. Liver samples were homog-
enized with a glass Dounce homogenizer in 1� radioimmune
precipitation assay buffer (cell lysis buffer; Cell Signaling Tech-
nology) containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1
mM Na2EDTA, 1 mM EGTA, 1% Nonidet P-40, 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM �-glycero-
phosphate, 1 mM Na3V04, 1 �g/ml leupeptin, and 1 mM PMSF
in double distilled H2O. The protein content of cell lysates was
determined by BCA protein assay (Pierce). For Western blot-
ting, equal protein amounts were separated by SDS-PAGE and
transferred onto a nitrocellulosemembrane followed by immu-
nostaining with optimized dilutions of primary antibodies rab-
bit anti-ADAM17 (Ab2051; for intracellular TACE), rabbit
anti-ADAM17 (Ab39163; for activated TACE), rabbit anti-
iNOS (Ab152323), rabbit anti-iRhom2 (sc-138584, Santa Cruz
Biotechnology), anti-TNFR1 (Abcam), and rabbit anti-(active)
caspase-3 (Ab2302) diluted in 0.5% BSA and 1� TBS-Tween
20. Horseradish peroxidase-conjugated secondary antibodies
were then used in a standard enhanced chemiluminescence
reaction according to the manufacturer’s instructions (Pierce).
For co-immunoprecipitation, whole cell lysates were incubated
overnight with rabbit anti-TNFR1 antibody, and immune com-
plexes were then precipitated with protein A/G-agarose beads
for 6 h and then washed several times with immunoprecipita-
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tion buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM

Na2EDTA, 1 mM EGTA, 1% Nonidet P-40, 1% sodium deoxy-
cholate, 2.5 mM sodium pyrophosphate, 1 mM �-glycerophos-
phate, 1 mM Na3V04, 1 �g/ml leupeptin, and 1 mM PMSF).
Immunoprecipitated proteinswere elutedwith 2� SDS loading
buffer (0.5 MTris-HCl (pH 6.8), 2ml of glycerol, 10% (w/v) SDS,
0.1% (w/v) bromphenol blue, and 5% �-mercaptoethanol in
water) and then analyzed by Western blot as above.
Cross-linking Experiments—Cross-linking was carried out as

described by the manufacturer (Pierce). Briefly, the cells were
washed with PBS (137mMNaCl, 0.67mMKCl, 8mMNa2HPO4,
and 1.4mMKH2PO4) three times and incubated in 2mMdithio-
bis(sulfosuccinimidylpropionate) diluted in DMSO (Pierce) for
30min at room temperature. The reaction was stopped with 20
mM Tris (pH 7.5) for 15 min at room temperature followed by
washing three times with PBS before use in the following
studies.
Measurement of sTNFR1—Soluble TNFR1 was measured in

plasma and cell culture supernatants. For cell culture superna-
tant, primary hepatocytes were plated in 6-well or 12-well
plates and treated either with vehicle (PBS), 10 nM solution of
TACE inhibitor (TAPI-1�, EMD Chemical) for 24 h, or other
exogenous reagents as indicated. Release of TNFR1 into cell
culture supernatants over a 24-h period was assayed by using a
Quantikine� mouse sTNFR1 ELISA with a sensitivity of 7.8
pg/ml (R&D Systems) according to the manufacturer’s
instructions.
Quantification of TACE Activity—A fluorometric TACE

activity assay kit (SensoLyte 520�) was used to measure TACE
activation (expressed as activity in relative fluorescence units)
in membrane (20,000 � g) fractions. Total TACE activity in
liver and primary hepatocytes was measured using whole cell
lysates following the manufacturer’s instructions. To obtain
liver homogenate, liver tissues were disrupted and passed
through a cell strainer (0.75-�m pore size) in PBS. Homoge-
nates were then treated according to the manufacturer’s
instructions.
Knockdown of TACE/ADAM17 with siRNA—Primary hepa-

tocytes were cultured in 6-well plates overnight and then trans-
fected with siRNA (5 nM) for 6 h using Lipofectamine 2000
(Invitrogen). Cells were cultured in complete Williams’
medium E for up to 24 h before treatment with LPS. ON-
TARGETplus siRNA-Mouse ADAM17 ORF and the non-tar-
geting control siRNA duplexes were from Dharmacon (Lafay-
ette, CO).
Statistical Analysis—Data are presented asmeans� S.E. of at

least three separate experiments. Experimental results were
analyzed for their significance using analysis of variance in
Excel and SigmaStat (Systat Software, San Jose, CA). Signifi-
cance was established at the 95% confidence level (p � 0.05).

RESULTS

LPS-mediated Up-regulation of Liver TNFR1 Shedding and
Circulating sTNFR1 Levels Is iNOS-dependent—The liver is a
major organ affected by inflammatory responses to infection,
and liver cell apoptosis contributes to the pathogenesis of sepsis
(37, 38). Additionally, we previously showed that liver and hep-
atocyte apoptosis can be initiated through TNF�-TNFR1 sig-

naling (7), and iNOS protects against this apoptosis (19, 37).
One potential mechanism of protection by iNOS and NO is
through the shedding of TNFR1 from the cell surface. There-
fore, we wanted to determine whether sTNFR1 levels were
induced in mice during endotoxemia and whether this was
iNOS-dependent. C57BL/6 mice were injected intraperitone-
ally with saline (control), LPS (5 mg/kg), or iNOS-specific
inhibitor 1400W(2.5mg/kg) 30min prior to injectionwith LPS.
After 6, 6, or 12 h, liver tissue was collected and immunoblotted
for iNOS and TNFR1. As expected, iNOS was up-regulated in
the liver as early as 3 h after LPS and remained up-regulated
until 12 h (Fig. 1A). Of note, treatment with 1400W suppressed
LPS-induced iNOS up-regulation at all time points measured,
showing that iNOS-derived NO contributes to further iNOS
up-regulation (Fig. 1A). Interestingly, TNFR1 levels in the liver
were reduced after LPS stimulation in vivo at all time points
measured compared with controls, and this decrease was pre-
vented by blocking iNOS with 1400W (Fig. 1B). To determine
whether this decrease in cellular TNFR1was due to shedding of
TNFR1, we also measured sTNFR1 in circulation. Levels of
sTNFR1 were significantly increased in the serum of LPS-
treated mice compared with controls, and this was attenuated
when iNOS was inhibited with 1400W (Fig. 1C). To confirm
these findings, we also visualized the TNFR1 level in liver tis-
sues by immunohistochemistry. Lower TNFR1 fluorescence
was noted in the livers of LPS-treated animals compared with
controls (Fig. 1D). This is consistentwith theWestern blot find-
ings showing that cellular TNFR1 is decreased after LPS stim-
ulation and is dependent on iNOS. Fig. 1E shows that active
caspase-3 levels in the liver are reduced in association with
iNOS expression and TNFR1 shedding, confirming our previ-
ous work showing that iNOS is protective in hepatocytes (53).
Together, these data suggest that TNFR1 is up-regulated by
LPS and then cleaved to release soluble TNFR1 in an iNOS-de-
pendent manner.
To further examine the effect of LPS and iNOS on TNFR1

and sTNFR1, we next moved to an in vitro system of primary
hepatocytes isolated from C57BL/6 (WT) and iNOS�/� mice.
Hepatocytes were treated with 100 ng/ml LPS for time points
up to 12 h, and the sTNFR1 levels in supernatants were mea-
sured. Soluble TNFR1 levels were increased in the supernatants
of WT cells as early as 30 min after LPS stimulation, and this
increased significantly by 2 h (Fig. 2A). Levels of sTNFR1
peaked in WT supernatants at 8 h and remained significantly
elevated until 12 h (Fig. 2A). Levels of sTNFR1 in iNOS�/�
supernatants increased slightly compared with controls after
2 h but remained at significantly lower levels compared with
WT (Fig. 2A).
We next determined whether there was a concentration-de-

pendent effect of LPS on sTNFR1 release and cellular TNFR1
levels. WT and iNOS�/� hepatocytes were treated with PBS
(saline; control) or LPS at concentrations from 0.1 to 100 ng/ml
for 12 h, and the levels of sTNFR1 in supernatants and TNFR1
in whole cell lysates were measured. LPS at a concentration as
low as 0.1 ng/ml was sufficient to significantly increase sTNFR1
levels in WT supernatants compared with controls (Fig. 2B).
Levels of sTNFR1 significantly increased in a dose-dependent
manner inWT supernatants but once again were not increased
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significantly in the supernatants from iNOS�/� hepatocytes
even at the highest concentration of 100 ng/ml (Fig. 2B). Similar
to the results presented above, LPS treatment of WT hepato-
cytes decreased cell lysate levels of TNFR1 as measured by
Western blot, and the decrease was most apparent at concen-
trations of 10 ng/ml and above (Fig. 2C). This TNFR1 decrease
was not seen in hepatocyte cell lysates from iNOS�/� mice
(Fig. 2C). Taken together, these data confirm our in vivo find-
ings that LPS induces TNFR1 shedding from hepatocytes in an
iNOS-dependent manner.

LPS-induced TACE Activity Is iNOS-dependent—Having
determined that LPS-induced iNOS activity is required for
LPS-induced TNFR1 shedding, we next wanted to determine
the mechanism of iNOS-mediated TNFR1 cleavage. TACE/
ADAM17 has previously been shown to be activated through
S-nitrosylation induced by NO donors in monocytes and
macrophages (33) to induce TNFR shedding. Therefore, we
investigated the activation of TACEusing a commercially avail-
able TACE activation assay in our in vitro model of LPS-stim-
ulated primary hepatocytes. WT and iNOS�/� hepatocytes

FIGURE 1. iNOS up-regulation is necessary for LPS-mediated membrane TNFR1 shedding in mouse liver. A, liver proteins taken from saline-, 1400W (iNOS
inhibitor)-, LPS (5 mg/kg)-, and 1400W � LPS-injected mice were separated by 12% SDS-PAGE for detection of iNOS after LPS injection at 3, 6, and 12 h.
B, intracellular TNFR1 proteins were visualized by Western blot. Migration of molecular mass markers in kilodaltons (kDa) is indicated. C, quantification of the
levels of soluble TNFR1 (pg/ml) shed from the membrane of liver cells of the same groups of animals analyzed in A and B after 12 h. Values are from at least three
independent experiments (*, #, and ##, p � 0.01). D, liver cells displayed cytoplasmic immunohistochemical staining of TNFR1 shown in red (Cy3). Images
represent three to six animals per group and five microscopic fields per animal. Scale bar, 20 �m. E, levels of active caspase-3 in the liver from WT mice injected
with saline, 1400W, LPS, or 1400W combined with LPS. Inhibiting iNOS with 1400W induces cell death in the liver. Error bars indicate mean � S.E.

FIGURE 2. iNOS is essential for TNFR1 shedding into cell culture medium. A, LPS induces TNFR1 shedding into the extracellular medium. ELISA was used to
measure the amount of TNFR1 in medium, and raw optical density values were converted to soluble TNFR1 concentrations via a standard curve followed by
normalization to PBS-treated hepatocytes. At 8 h, an 18-fold increase in optical density was measured for WT 100 ng/ml LPS-treated cells (*, p � 0.01; 0.5 versus
8 h by paired t test; n � 4 – 6 per time point; * represents mean � S.E.). At 12 h, a 21-fold increase in optical density was measured for both WT and iNOS
knock-out (KO) hepatocytes (*, p � 0.01; WT versus iNOS KO at 12 h by paired t test; n � 4 – 6 per time point; * represents mean � S.E.). B, TNFR1 released into
the medium from cells subjected to LPS at different concentrations (0.1–100 ng/ml) and saline (PBS) as a control. Culture medium was sampled, and raw optical
density was normalized to the signal from untreated (medium only) cells. A 20-fold increase in soluble TNFR1 was noted after 12 h of 100 ng/ml LPS-treated cells
compared with untreated cells (*, p � 0.01; n � 4 – 6 per condition; * and # represent mean � S.E.), and a 13-fold increase was noted in soluble TNFR1 in WT
hepatocytes versus iNOS KO hepatocytes (#, p � 0.01; n � 4 – 6 per condition). C, WT and iNOS KO hepatocytes were treated with different concentrations of LPS
and analyzed by Western blot at 12 h after treatment. Error bars indicate mean � S.E.
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were pretreated with a TACE inhibitor (TAPI-1; 10 nM), siRNA
specifically targeting TACE (or control/negative siRNA),
1400W (iNOS inhibitor; 2.5 �M), or saline control. Groups of
hepatocyteswere then further stimulatedwith LPS (100 ng/ml),
and after 12 h, cell lysates and supernatants were collected for
analysis of TACE activity and sTNFR1 levels, respectively.
siRNAknockdownofTACEby at least 75%of control levelswas
confirmed by Western blot (Fig. 3A, inset). LPS treatment sig-
nificantly increased activated TACE levels in WT hepatocytes
but not iNOS�/� hepatocytes, and LPS-induced TACE activ-
ity was significantly inhibited with iNOS inhibition, TAPI-1
addition, and knockdown of TACE using siRNA (Fig. 3A). Sol-
uble TNFR1 levels in WT supernatants paralleled TACE acti-
vation and were significantly increased after LPS treatment,
and this increase was prevented by inhibition of iNOS (1400W)
or TACE (TAPI-1 and TACE siRNA) (Fig. 3B). These data sug-
gest that TNFR1 shedding in response to LPS is dependent not
only on iNOS but also on TACE.
To confirm our findings, we also determined TACE activa-

tion in the livers of LPS-treated or control WT and iNOS�/�
mice. Mice were treated intraperitoneally as described previ-
ously with either saline (control) or 5 mg/kg LPS, and TACE
activation was determined in livers at 12 h. Similar to our in
vitro results, we found that LPS significantly increased TACE
activation in WT mice but not in iNOS�/� mice, and this
increase in TACE activation was inhibited by iNOS inhibition
with 1400W (Fig. 3C).
TACE has been shown to localize to the cell surface once

activated to cleave receptors, such as TNFR1 (31, 40–43). Acti-
vated TACE is also glycosylated and can be differentially ana-
lyzed by Western blot using separate antibodies specific for
total cellular TACE or activated TACE (43–47). We analyzed

expression of total intracellular and activated TACE in liver cell
lysates and membrane fractions fromWT and iNOS�/� mice
treated with and without LPS as described above. LPS strongly
increased expression of total TACE in WT mouse liver at 12 h
after LPS compared with controls (Fig. 3D). There was also an
increase in intracellular TACE expression in iNOS�/� mouse
liver after LPS treatment, although this was a lower level than in
WT (Fig. 3D). However, activated TACE levels were signifi-
cantly up-regulated in only WT mice after LPS but not in
iNOS�/� mice (Fig. 3D). These results suggest that although
TACE may be up-regulated to some degree in iNOS�/� liver
during endotoxemia this TACE is not activated in the absence
of functional iNOS protein.
To further investigate TACE activation and localization, we

used fluorescence immunohistochemistry in both permeabi-
lized and non-permeabilized liver sections to identify TACE
within the cell and TACE located at the cell surface. Intracellu-
lar TACE levels were similar at base line between WT and
iNOS�/�mouse liver (Fig. 4A). After LPS stimulation for 12 h,
intracellular TACE levels increased in iNOS�/� liver but were
decreased in WT liver (Fig. 4A). Cell surface TACE, however,
was lower at base line in iNOS�/� liver compared with WT
liver (Fig. 4B), and surface TACE levels did not increase in
iNOS�/� liver after LPS stimulation (Fig. 4B). However, levels
of cell surface TACE increased significantly in WT liver after
LPS stimulation, suggesting that localization of TACE to the
cell surface is dependent on iNOS. In vitro results were very
similar to in vivo results (data not shown), suggesting iNOS-
dependent TACE mobilization and activation after LPS
stimulation.
TACE Activation Is cGMP-dependent—Having shown that

TACE activation and localization to the cell surface are iNOS-

FIGURE 3. TACE activity is affected in iNOS KO hepatocytes. A, primary hepatocytes from WT and iNOS KO mice were isolated and incubated with 100 ng/ml
LPS or an equivalent dilution of saline (PBS). Cells were also incubated with LPS combined with a pharmacological inhibitor of TACE (TAPI-1; 10 nM). A separate
group of cells was treated with TACE siRNA (5 nM) or negative (Neg.) siRNA (5 nM) to knock down intracellular TACE. Following 6 h of siRNA incubation,
hepatocytes were treated with 100 ng/ml LPS. Hepatocytes were also incubated with iNOS inhibitor 1400W with or without LPS for a total of 12 h. Total TACE
activity was measured in whole cell lysates. Values are relative fluorescence units at an excitation/emission of 490/520 nm normalized to blank (assay buffer).
Error bars indicate mean � S.E. Triplicate measurements for each treatment groups are shown and are from three independent experiments. A, inset, TACE
knockdown reduced the amount of activated TACE. B, quantification of the level of soluble TNFR1 in medium after treatment as indicated in A. C, mice were
injected with 5 mg/kg LPS or an equivalent volume of saline for 12 h. At the end of the injection, livers were homogenized, and supernatants were collected.
The resulting lysates were used for measuring TACE activity according to the manufacturer’s instructions. D, TACE activation in WT and iNOS KO hepatocytes
harvested from C assayed by immunoblot using monoclonal anti-TACE directed against the cytoplasmic domain of TACE and monoclonal anti-TACE directed
against a region of the activated TACE.
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dependent, we wanted to further understand how iNOS directs
TACE to the cell surface. The second messenger cGMP is up-
regulated in hepatocytes by NO/iNOS and has been implicated
in the regulation of cellular apoptosis (48). Cyclic GMP is also
able to activate protein kinases, such as PKG, which in turn can
phosphorylate and activate target proteins (49, 50). Therefore,
we investigated whether TACE activation was regulated by
iNOS-derived cGMP.
Primary WT hepatocytes were left untreated or pretreated

with 1400W (2.5 �M) or the soluble guanylyl cyclase inhibitor
ODQ (10 �M) and then exposed to LPS (100 ng/ml) for up to
3 h. As shown previously, stimulation with LPS significantly
increased sTNFR1 levels compared with untreated controls
(Fig. 5A). Inhibition of either iNOS or cGMP significantly
attenuated sTNFR1 release (Fig. 5A). We then asked whether
stimulation of cells with exogenous cGMP would increase
sTNFR1 levels. The cGMP analog 8-bromoguanosine 3�,5�-cy-
clic monophosphate (8-Br-cGMP) was added to cells at 800 �M

for 30 or 60 min, and sTNFR1 levels were measured in super-
natants. Stimulation with 8-Br-cGMP significantly increased
sTNFR1 levels after just 30 min, and this increase was main-
tained until 1 h, although levels were roughly half those of LPS
stimulation alone (Fig. 5B).
We then looked for activated TACE by Western blot in

membrane fractions and lysates of WT hepatocytes that were
stimulated for 30 min with a soluble guanylyl cyclase inhibitor
(ODQ; 10�M), a PKG inhibitor (20�M) alone, or theNOdonor
SNAP (80�M). As expected, SNAP alone induced expression of
activated TACE (�150 kDa), and this was inhibited by both
ODQ and the PKG inhibitor (Fig. 5C). Similarly, TACE was
activated by 8-Br-cGMP (800 �M) at 30 min (Fig. 5D), and this
activation was inhibited in part by the PKG inhibitor. Taken
together, these data suggest that blocking any part of the
pathway from iNOS/NO to cGMP to PKGprevents TACE acti-
vation and sTNFR1 release from hepatocytes after LPS
stimulation.
Because localization of TACE to the cell surface also indi-

cates activation, we also determined the level of cell surface
TACE in untreated hepatocytes or hepatocytes treated with
SNAP, ODQ with SNAP, or with 8-Br-cGMP as above using

immunofluorescence of non-permeabilized cells. There was a
low level of cell surface TACE in untreated hepatocytes, and
this was significantly increased by treatment with SNAP as
expected (Fig. 5, E and F). Blocking cGMP with ODQ signifi-
cantly reduced the level of cell surface TACE induced by SNAP
(Fig. 5F). Similarly, stimulation of cells with 8-Br-cGMP
increased the levels of cell surface TACE, although this increase
was to a lower level than with SNAP (Fig. 5, F and G).
LPS-induced Increase in sTNFR1 Is TLR4-mediated—LPS is

known to signal through the cell surface receptor Toll-like
receptor (TLR) 4 complex. Therefore, we wanted to confirm
that LPS-induced increases in sTNFR1 were mediated through
TLR4. WT and TLR4�/� hepatocytes were treated with 100
ng/ml LPS for up to 6 h, and sTNFR1 levels were measured in
supernatants. As expected, LPS stimulated a significant
increase in sTNFR1 levels as early as 3 h, and this continued
until the 6-h time point in WT cells; however, no increase was
observed in sTNFR1 in supernatants fromTLR4�/� cells (Fig.
6A). Cell lysates from LPS-treated WT and TLR4�/� hepato-
cytes were analyzed by Western blot for expression of iNOS,
TNFR1, and activated TACE. Results show that inWT hepato-
cytes LPS (100 ng/ml) induced iNOS protein at 3 h (Fig. 6B).
TACE was also activated after LPS stimulation, and this
resulted in reduced cellular TNFR1 levels. Hepatocytes isolated
fromTLR4�/�mice did not express iNOS, and TACEwas not
activated in response to LPS.
TACEBinds to iRhom2 inHepatocytes in an iNOS/cGMP-de-

pendent Manner—The involvement of iRhom2 is essential to
TACEmaturation and trafficking to the cell surface in hemato-
poietic cells (34, 35). To obtain evidence that iRhom2 is also
involved in TACE maturation in hepatocytes, we first assessed
iRhom2 expression. As shown in Fig. 7A, hepatocytes express
low levels of iRhom2 at base line. LPS induced a marked
increase in iRhom2 expression within 3 h that was partially
prevented by iNOS inhibition with 1400W. The NO donor as
well as 8-Br-cGMP also increased iRhom2 expression, whereas
the PKG inhibitor blocked the cGMP-induced up-regulation of
iRhom2 in hepatocytes. Immunoprecipitation experiments
show that LPS treatment induced an association between
TACE and iRhom2 that is iNOS-dependent (Fig. 7B).

FIGURE 4. Translocation of TACE to the cell surface in mouse liver is dependent on iNOS. A, non-permeabilized liver sections harvested from WT and iNOS
KO mice. Both groups of mice were injected with 5 mg/kg LPS or an equivalent dose of saline. B, permeabilized liver sections from WT and iNOS KO mice injected
with LPS or an equivalent dose of saline. Sections were then stained for TACE using monoclonal anti-TACE. Liver cells displayed cytoplasmic immunohisto-
chemical staining of TACE (Cy3). Images represent six to eight animals per group and five microscopic fields per animal. Scale bars, 20 �m.
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iNOS/NO/cGMP/PKG Are Required for the Phosphorylation
of TACE and iRhom2—It is known that phosphorylation of
TACE occurs at a serine and a threonine (51–55). We assessed
whether TACE and iRhom2 are phosphorylated in hepatocytes
under our experimental conditions. As shown in Fig. 7C, iNOS-
generated NO leads to the phosphorylation of TACE and
iRhom2 in LPS-treated hepatocytes.
To test the hypothesis that PKG is involved in the phos-

phorylation of TACE and iRhom2, we performed TACE and

iRhom2 immunoprecipitation following treatment with LPS
(in the presence or absence of a PKG inhibitor) and cGMP (in
the presence or absence of a PKG inhibitor). Because PKG is a
serine/threonine kinase, we performed immunoprecipitation
using antibodies to phosphoserine and phosphothreonine
(phospho-Ser and phospho-Thr, respectively). As shown in Fig.
7, D and E, both LPS and cGMP exposure leads to the phos-
phorylation of TACE and iRhom2. The phosphorylation of
TACE was observed on a serine and a threonine, whereas the

FIGURE 5. TACE activation and translocation to the cell surface is dependent on cyclic GMP and NO, respectively. A, primary hepatocytes were incubated
in 100 ng/ml LPS or pretreated with 1400W or ODQ (soluble guanylyl cyclase inhibitor; 10 �M) for at least 30 min before incubation with LPS. Cell medium was
assayed for soluble TNFR1 after 3 h. The same medium was also assayed for cGMP (data not shown). B, levels of soluble TNFR1 in cell medium after 30 and 60
min of treatment with the cell-permeable cGMP analog 8-Br-cGMP (800 �M). Values are from at least three independent experiments (*, #, and ##, p � 0.05). To
induce TACE activation, hepatocytes were incubated with the NO donor SNAP (80 �M) or with the cell-permeable cGMP analog 8-Br-cGMP (800 �M) for 30 min.
To block TACE activation, cells were incubated with ODQ (10 �M) or with a PKG inhibitor (inhib.) (20 �M) before treatment with SNAP with 8-Br-cGMP (C and
D, respectively). Lysates were separated by 4 –20% gradient SDS-PAGE followed by immunoblotting with an anti-TACE (activated) antibody. E, hepatocytes
were incubated in SNAP and cGMP for 30 min. Lysates were washed with PBS (supplemented with proteinase inhibitors) and subjected to subcellular
centrifugation (20, 000 � g for 15 min at 4 °C) to isolate membrane fractions. Membrane fractions were reconstituted in TACE activity assay buffer (as supplied
by the manufacturer) and analyzed (*, p � 0.05, SNAP versus untreated; and #, p � 0.05, cGMP versus untreated). To inhibit cGMP production, hepatocytes were
incubated in ODQ (10 �M) for 30 min, and membrane fractions from the cells were analyzed for the level of TACE activity (##, p � 0.01, SNAP versus ODQ �
SNAP). Values are from four independent experiments. F, the same experiment as in E was carried out with immunohistochemical analysis of the indicated
factors. Scale bar, 20 �m. G, the number of active TACE (Cy3-positive puncta) on cellular membranes from E was counted. Error bars correspond to the mean �
S.E. Values are from five different fields per treatment and from three independent experiments (*, p � 0.01, SNAP versus untreated; #, p � 0.01, SNAP versus
ODQ � SNAP). Error bars indicate mean � S.E.
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phosphorylation of iRhom2 was observed only on a serine. The
phosphorylation of both TACE and iRhom2 resulting fromLPS
or cGMP exposure was PKG-dependent.
Fig. 8 is our proposed model of TLR4/iNOS/NO/cGMP/

PKG-induced TACE phosphorylation and translocation to the
cell surface: (i) LPS induces iNOS expression through a TLR4-
dependent mechanism. (ii) iNOS enzyme generates NO, leading
to the production of cGMPby soluble guanylyl cyclase. (iii) cGMP
activates PKG. (iv) PKG phosphorylates TACE; TACE can
undergo a conformational change, which can serve as a substrate
for iRhom2; and the phosphorylation of iRhom2 can facilitate the
translocation to the cell surface to cleave membrane TNFR1.

DISCUSSION

Shedding of the TNFR1 is thought to limit the effects of
TNF� by both binding soluble TNF� and limiting TNF� rec-
ognition by cells. Expression of iNOS can limit TNF�-mediated
toxicity in hepatocytes; therefore, we carried out studies to
examine the effects of iNOS and NO on TNFR1 shedding in
LPS-treated hepatocytes. Our studies show that LPS induces
TNFR1 shedding in a TLR4-, iNOS-, and NO-dependent man-

FIGURE 6. Multiple signaling pathways (TLR4, iRhom2, iNOS, and PKG)
facilitate TACE activation in hepatocytes. A, TLR4 knock-out hepato-
cytes released lower levels of soluble TNFR1 into culture medium when
incubated in 100 ng/ml LPS for up to 6 h. Error bars indicate the mean �
S.E. B, triplicate measurements for each treatment groups are shown and
are from three independent experiments. Western blotting was per-
formed to confirm iNOS and activated TACE expression in WT cells after
the cells were incubated in 100 ng/ml LPS for 3 h. Activated TACE and
membrane shedding of TNFR1 are dependent on TLR4 signaling as TLR4
knock-out abolished iNOS expression.

FIGURE 7. iRhom2 is expressed in hepatocytes after LPS treatment. A, representative Western blot of cells that were treated with LPS for up to 3 h or SNAP
and cGMP for up to 1 h followed by Western blotting for iRhom2. Hepatocyte iRhom2 is expressed at low levels at base line, but iRhom2 protein levels are
increased after LPS treatment. The increase in iRhom2 is likely to be dependent on the iNOS pathway as 1400W blocked some of the increase in iRhom2
expression. B, iNOS-derived NO was required for TACE and iRhom2 association. Cells were treated with LPS (3 h) followed by cross-linking (performed according
to the manufacturer’s instructions) and immunoprecipitation (IP) with TACE (activated) or with iRhom2 and immunoblotting (IB) for iRhom2 or TACE (acti-
vated), respectively. TACE and iRhom2 did not associate in iNOS KO primary hepatocytes (B). C, primary hepatocytes were treated with LPS (100 ng/ml for up
to 3 h) followed by cross-linking and immunoprecipitation with TACE or iRhom2 and immunoblotting with phospho-Ser or with phospho-Thr. Phosphorylation
of TACE was observed on both a serine and threonine after LPS stimulation, but phosphorylation of the endoplasmic reticulum-associated pseudoprotease
iRhom2 was observed only on a serine after LPS stimulation. D, to provide evidence that the phosphorylation of TACE and iRhom2 could be PKG-dependent,
cells were incubated with a PKG inhibitor (inhib.) (20 �M for at least 30 min) before LPS treatment. Phosphorylation of TACE and iRhom2 is likely to be dependent
on the cGMP/PKG pathway as addition of the PKG inhibitor before LPS treatment blocked the phosphorylation of TACE and iRhom2. E, to further provide
evidence that cGMP-activated PKG phosphorylated TACE and iRhom2, cells were treated as described above followed by cross-linking, immunoprecipitation,
and immunoblotting.
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ner. TNFR1 shedding was dependent on TACE activation and
translocation to the cell surface, which in turn were dependent
on cGMP and PKG. The activation and translocation of TACE
was associated with a cGMP/PKG-dependent phosphorylation
and interaction of both TACE and iRhom2. These observations
identify a novel iNOS/NO/cGMP/PKG-dependent pathway in
hepatocytes for the activation and translocation of TACE
involving iRhom2.
The metalloproteinase enzyme TACE/ADAM17 is an

�-secretase that is known to play an important role in the cleav-
age of several membrane receptors, such as those for TNF�,
IL-6, and EGF (27). Themechanism bywhichTACE recognizes
and cleaves specific membrane receptors is not fully under-
stood but may be cell type- and model-dependent (27). It has
been previously shown that TACE glycosylation and phos-
phorylation may be important in either the localization of
TACE to the membrane (30) or its activation (51–54). In our
model of endotoxemia, cGMP and PKG activation were impor-
tant for localization of TACE to the cell membrane, leading to
TNFR1 shedding. We provide evidence that phosphorylation
of TACE and iRhom2 is driven through the kinase activity of
PKG. The cytoplasmic tail of TACE contains serine, threonine,
and tyrosine residues that represent potential phosphorylation
sites, and phosphorylation of one or more of these sites has
been observed to occur in response to a wide range of stimuli,
including LPS (32).Other studies have shown thatTACEcan be
phosphorylated by kinases, such as p38MAPK. This kinase has
been found to phosphorylate TACE in lymphocytes andmono-
cytes (62). Phosphorylation of the cytoplasmic domain of
TACE can occur not only on a threonine but also on a serine
(55–58).Wedemonstrate that PKG is involved in the serine and
threonine phosphorylation of TACE in response to NO and
cGMP in hepatocytes.

Recently, iRhom2 was found to facilitate the translocation of
TACE to the cell surface in monocytes for the maturation of
TNF� (34, 35). To our knowledge, our study is the first to show
that iRhom2 plays an important role in TNFR1 regulation and
processing but more importantly that TACE and iRhom2 are
targets for phosphorylation by PKG.We extend these previous
observations to show that iRhom2 is expressed and rapidly up-
regulated in hepatocytes exposed to LPS.We implicate iRhom2
in TNFR1 shedding by showing the interaction between TACE
and iRhom2 in response to iNOS, NO, and cGMP/PKG. There
is some evidence that reactive oxygen species may be required
to activate TACE (59). It is thought that endothelial TACE is
activated by mitochondrial reactive oxygen species in response
to changes in calcium levels. In other models and in CHO or
HL-60 cells, TACE activation has been shown to be ATP- (60),
calcium-, or mitogen-activated protein kinase-dependent (61–
63). Nitrosylation of TACE in macrophages has been shown to
be involved in TACE activation for TNF� maturation (33).
Altogether, these data suggest that activation of TACEmay also
vary in a cell type- and stimulus-dependent manner. Our study
clearly implicates iNOS/NO signaling and cGMP/PKG activity
in TACE activation and localization to the cell surface to cause
TNFR1 shedding fromhepatocytes, andwe show that this path-
way is active both in the liver in vivo in our model of endotox-
emia and in LPS-stimulated hepatocytes. This mechanism of
TACE activation could be important in the regulation of liver
cell damage in the setting of sustained TNF� production. Com-
bined with a previous report (33), this raises the possibility that
NO can regulate TACE localization and activation by multiple
mechanisms. Our results also raise the possibility that targeting
iNOS, cGMP, PKG, or iRhom2 in the setting of acute inflam-
mation could have the unwanted consequence of preventing
TNFR1 shedding.
LPS (or endotoxin) is an important pathogen-associated

molecular pattern that is found on the surface of Gram-nega-
tive bacteria. Therefore, LPS is an important mediator of
inflammation duringGram-negative sepsis. Endotoxin can also
be released into the circulation in situations where the gut bar-
rier becomes compromised, such as during septic shock (64).
The liver is therefore a frontline organ that recognizes and
clears LPS from the circulation (65) and therefore is also an
organ that can be easily damaged through excessive inflamma-
tion and cell death during sepsis. We have previously shown
that TLR4 complex on hepatocytes is important for LPS uptake
by these cells (66). We now extend these previous observations
to show that hepatocyte TLR4 is required for LPS-induced
iNOS up-regulation leading to TNFR1 shedding. We did not
elucidate the postreceptor signaling pathways involved in iNOS
up-regulation but do provide evidence that NO is part of a feed
forwardmechanism for iNOS expression in this pathway. Inhi-
bition of iNOS activity markedly suppressed iNOS expression.
Themechanisms involved in this NO-dependent iNOS up-reg-
ulation are unknown. Hepatocytes have cellularmechanisms to
help protect them from excessive inflammation induced by
LPS, including the up-regulation of iNOS (67, 68). LPS signal-
ing through TLR4 is known to increase proinflammatory cyto-
kine production, including TNF�, from inflammatory cells,
such as macrophages. LPS/TLR4 signaling can also up-regulate

FIGURE 8. Schematic diagram of our proposed model of PKG-induced
TACE phosphorylation and translocation to the cell surface. (i) LPS
induces iNOS expression through a TLR4-dependent mechanism. (ii) iNOS
enzyme generates NO, leading to the production of cGMP by soluble guanylyl
cyclase (sGC). (iii) cGMP activates PKG. (iv) PKG phosphorylates TACE and
iRhom2 (both are endoplasmic reticulum (ER)-associated enzymes), and
phosphorylated TACE undergoes a conformational change, which can serve
as a substrate for iRhom2. The phosphorylation of iRhom2 can facilitate the
translocation of TACE to the cell surface to cleave membrane TNFR1.
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iNOS production in hepatocytes, and we have shown in this
study that TACE activation is TLR4-dependent. TLRs have
been implicated in TACE activation previously (69), but our
study now provides a definitive mechanism for TLR-mediated
TACE activation to increase TNFR1 release and provide cellu-
lar protection.
The mechanisms by which iNOS/NO prevent cell death in

hepatocytes include cGMP-dependent and -independent path-
ways. The cGMP-independent pathways involve nitrosylation
and inhibition of caspase-3 and -8 (39, 70, 71), whereas the
cGMP-dependent pathway leads to the down-regulation of the
proapoptotic protein BNIP3 in hepatocytes (72). Cyclic nucle-
otides can also block death-inducing signaling complex forma-
tion in response to TNF� in hepatocytes (19, 73). Results from
this study suggest that rapid TNFR1 shedding through iNOS/
NO/cGMP/PKG-mediated TACE activation is onemechanism
to limit cell death by blocking death-inducing signaling com-
plex formation.
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