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Abstract

Proteolytic cleavage of the tumor necrosis factor (TNF) receptor (TNFR) from the cell surface
contributes to anti-inflammatory responses and may be beneficial in reducing the excessive
inflammation associated with multiple organ failure and mortality during sepsis. Using a clinically
relevant mouse model of polymicrobial abdominal sepsis, we found that the production of
inducible nitric oxide synthase (iNOS) in hepatocytes led to the cyclic guanosine monophosphate
(cGMP)-dependent activation of the protease TACE (TNF-converting enzyme) and the shedding
of TNFR. Furthermore, treating mice with a cGMP analog after the induction of sepsis increased
TNFR shedding and decreased systemic inflammation. Similarly, increasing the abundance of
cGMP with a clinically approved phosphodiesterase 5 inhibitor (sildenafil) also decreased markers
of systemic inflammation, protected against organ injury, and increased circulating amounts of
TNFR1 in mice with sepsis. We further confirmed that a similar iINOS-cGMP-TACE pathway was
required for TNFR1 shedding by human hepatocytes in response to the bacterial product
lipopolysaccharide. Our data suggest that increasing the bioavailability of cGMP might be
beneficial in ameliorating the inflammation associated with sepsis.

INTRODUCTION

Tumor necrosis factor (TNF), a proinflammatory cytokine secreted mostly by immune cells,
plays an important role in the pathophysiology of sepsis. Appropriate amounts of TNF most
likely exert a beneficial effect on host survival to infection, but exaggerated or sustained
increases in TNF abundance can lead to toxicity (1, 2), which, at a cellular level, manifests
as cell death (3, 4). Plasma TNF concentrations correlate with the severity of sepsis (5), and
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a meta-analysis of anti-TNF therapies in human sepsis trials indicated that inhibiting TNF or
TNF-dependent signaling was on the “side of benefit” (6). Thus, TNF remains a target of
interest in studies on the pathobiology of sepsis, as well as a target in new human sepsis
trials (7).

TNF initiates cellular inflammatory responses through engagement with two cell surface
receptors: TNF receptor 1 (TNFR1) and TNFR2. TNFRL1 is found on immune cells, such as
macrophages (8), and parenchymal cells, such as hepatocytes (9). Excessive activation of
TNFR1 by TNF leads to the apoptosis of hepatocytes, and thus leads to organ damage (9);
however, membrane-bound TNFR1 can be cleaved through proteolytic shedding of its
ectodomain, which is dependent on activation of TNF-converting enzyme (TACE, also
known as ADAM17) (10). Receptor shedding is thought to be protective by reducing
cellular responses to TNF and by binding to and sequestering extracellular TNF.

Endotoxemia (10) and sepsis (9, 11) are associated with marked increases in soluble TNFR1
(STNFR1) concentrations in the circulation. Studies showed that neutralizing TNF with
STNFR1 lessens organ damage (12) and mortality (13) in mice with sepsis. We previously
demonstrated that the Toll-like receptor 4 (TLR4)-dependent expression of the gene
encoding inducible nitric oxide synthase (iNOS) in hepatocytes leads to nitric oxide (NO)
production and activation of the cyclic guanosine monophosphate (cGMP)- and protein
kinase G (PKG)-dependent activation of TACE, which cleaves TNFR1 (10). However, the
signaling pathways that mediate shedding of hepatocyte TNFR1 (HC-TNFR1) during sepsis
are unclear. In polymicrobial sepsis, multiple pathogen-derived ligands of TLRs and
cytokines, such as interleukin-1 (IL-1), are potent inducers of iNOS production by
hepatocytes (14) and may also be potent inducers of HC-TNFR1 shedding. Therefore, we
aimed to elucidate the stimuli and signaling pathways that mediate HC-TNFR1 shedding in
polymicrobial sepsis. We provide evidence that multiple TLR ligands and cytokines
stimulate HC-TNFR1 shedding in sepsis. Furthermore, we found thatmyeloid differentiation
marker 88 (MyD88)-dependent iNOS production in hepatocytes led to the cGMP-dependent
activation of TACE and shedding of TNFR1. Finally, strategies that increased cGMP
bioavailability enhanced receptor shedding, reduced systemic inflammation, and protected
organs from injury in sepsis. These data indicate a link between MyD88, the iINOS-NO-
cGMP pathway, and TNF signaling during sepsis. This mechanism for TNFR1 shedding
could be exploited therapeutically to limit excessive inflammation during sepsis.

Multiple TLR ligands and cytokines stimulate HC-TNFR1 shedding during polymicrobial

sepsis

We previously showed that HC-TNFR1 shedding is stimulated by the TLR4 ligand
lipopolysaccharide (LPS) in vitro and in vivo (10); however, during polymicrobial sepsis,
multiple TLR ligands and cytokines are involved in propagating the inflammatory response.
To determine the mechanisms involved in a clinically relevant polymicrobial sepsis model,
we assessed TNFR1 shedding in mice during sepsis induced by cecal ligation and puncture
(CLP). The control mice underwent laparotomy and manipulation of the cecum without
puncture. Concentrations of STNFR1 in the circulation increased over time in both the
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sublethal and lethal models of CLP (fig. S1A). In the sublethal model, all of the mice
survived until 24 hours after CLP. The amounts of sSTNFR1 were greatest at 18 hours after
CLP and returned to baseline by 24 hours. In the lethal model, all of the mice survived until
18 hours after CLP; however, mortality reached 66% by 24 hours. The amounts of plasma
STNFR1 were substantially greater in the lethal model than in the sublethal model at 18
hours (fig. S1A). Plasma TNF concentrations increased early in both models, with the
greatest amounts at 6 hours (fig. S1B). That the amount of STNFR1 peaked much later than
did that of TNF suggests that direct TNF-TNFR1 interactions do not play a major role in
STNFR1 release in sepsis.

We used the lethal model of CLP to assess the mechanisms of TNFR1 shedding in
polymicrobial sepsis. We first investigated the extent to which increases in plasma sTNFR1
abundance were TLR4-dependent in CLP. We subjected wild-type and TLR4-deficient
(TIr47/~) mice to CLP and assessed circulating amounts of STNFR1 after 8 hours by
enzyme-linked immunosorbent assay (ELISA). We found that plasma sSTNFR1 amounts
were substantially increased in wild-type and TIr4~~ mice after CLP, with no statistically
significant difference between both groups (Fig. 1A). Thus, TNFR1 shedding does not
appear to be TLR4-dependent in this polymicrobial sepsis model. We next assessed the
capacity of TLR ligands, in addition to LPS, to induce HC-TNFR1 shedding in vitro.
Compared to the amount of sSTNFR1 shed by untreated control hepatocytes, the amounts of
STNFR1 in the culture media of hepatocytes treated for 24 hours with HKLM (heat-killed
Listeria monocytogenes, a TLR2 ligand), LPS (a TLR4 ligand), disulfide HMGB1 (high-
mobility group protein 1, a TLR4 ligand), FLA-ST (flagellin from Salmonella typhimurium,
a TLR5 ligand), and OD1669 (CpG oligonucleotide 1669, a TLR9 ligand) were markedly
increased (Fig. 1B).This observation suggests that multiple TLR ligands stimulate HC-
TNFR1 shedding in vitro.

Cytokines, such as TNF and IL-1f, are important early inflammatory mediators during
sepsis. To investigate whether these cytokines also stimulated HC-TNFR1 shedding, we
treated primary hepatocytes with TNF and IL-18 in culture. Treatment with either cytokine
did not result in substantial cell death (Fig. 1C). We found that hepatocytes spontaneously
released low amounts of STNFR1 over time (Fig. 1D). The amounts of STNFR1 in the media
of cells treated with IL-1f increased in a time-dependent manner compared to that in the
media of untreated cells (Fig. 1D), whereas STNFR1 amounts in the media were only
slightly increased after 12 hours of treatment with TNF. These results suggest that 1L-1p
stimulates HC-TNFR1 shedding in vitro. Consistent with these results, knockout of
caspase-1 or the inflammasone component NLRP3 (NACHT, LRR, and PYD domains—
containing protein 3), both of which result in abrogation of IL-15 processing (fig. S2), was
associated with lower circulating concentrations of STNFR1 at 8 hours after CLP (Fig. 1E).
Loss of IL-1 signaling using I111r~/~ mice was also associated with substantially decreased
circulating concentrations of STNFR1 after CLP compared to those of wild-type mice (Fig.
1E). These results suggest that IL-1f also stimulates TNFR1 shedding in vivo.
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TNFR1 shedding from hepatocytes and myeloid cells during sepsis is dependent on

MyD88

Because TLR ligands and IL-1p initiate signaling mediated by the adaptor proteins MyD88
and TRIF (TIR domain—containing adaptor—inducing interferon-f), we hypothesized that
TNFR1 shedding was mediated by signaling pathways requiring one or both molecules.
When wild-type, Myd88~~, or Trif/~ mice were subjected to CLP for 8 hours, their plasma
concentrations of STNFR1 increased substantially (Fig. 2A); however, the amounts of
plasma sTNFR1 in Myd88~~ mice subjected to CLP were markedly less than those in
similarly treated wild-type or Trif '~ mice (Fig. 2A). The abundance of Tnfr1 mRNA
increased twofold in the livers of all mice after CLP, with no statistically significant
difference between the strains (Fig. 2B). These data suggest that MyD88 does not regulate
Tnfr1 expression in mouse livers after CLP but that it contributes to the signaling that leads
to TNFR1 shedding.

We and others previously reported that hepatocytes (10, 15) and immune cells (8, 16) shed
TNFR1. To investigate the role of MyD88 and TRIF in TNFR1 shedding in different liver
cell populations, we assessed the LPS-stimulated shedding of TNFR1 from hepatocytes and
nonparenchymal cells (NPCs), including endothelial cells, Kupffer cells, and stellate cells
isolated from wild-type, Myd88~/~, or Trif/~ mice. The amounts of STNFR1 in the culture
media of hepatocytes (Fig. 2C) and NPCs (Fig. 2D) from all strains of mice increased in a
time-dependent manner. TNFR1 abundance in the media of hepatocytes was three- to
fourfold greater than that in the media of NPCs for both wild-type and Trif/~ mice (Fig. 2,
C and D), suggesting that hepatocytes are a major source of STNFR1. Furthermore, the
concentration of STNFR1 in the culture media of Myd88~/~ hepatocytes was substantially
less than that in the media of wild-type and Trif /= cells (Fig. 2C), suggesting that HC-
TNFR1 shedding is MyD88-dependent. There was no statistically significant difference in
the concentration of STNFR1 in the culture media of wild-type, Myd88~/~, or Trif /= in
NPCs (Fig. 2D), suggesting that NPC-TNFR1 shedding is not dependent on either MyD88
or TRIF alone.

To further investigate the cell-specific role of MyD88 in TNFR1 shedding in vivo during
sepsis, we used the Cre-loxP system to generate mouse strains with hepatocyte-specific
(HC-Myd88~'") or myeloid cell- specific (LysM-Myd88~/") loss of MyD88. To test the
effect of the Cre recombinase on cellular toxicity and the response to LPS in mice, we
isolated hepatocytes and macrophages from Alb-Cre mice (overexpression of Cre
specifically in hepatocytes) and Lyz-Cre mice (overexpression of Cre specifically in
myeloid cells), respectively. We did not observe any alterations in cellular toxicity or the
responses to LPS of hepatocytes from Alb-Cre mice or macrophages from Lyz-Cre mice,
including TNFR1 shedding and IL-6 production (figs. S3 and S4). These data suggest that
overexpression of the Cre recombinase specifically in these cell types did not alter their
responses to a septic stimulus.

We then subjected HC-Myd88™/~, LysM-Myd88~/~, and Myd88flox mice (cell-specific
knockout controls) to CLP. The plasma concentrations of STNFR1 in HC-Myd88~/~ mice
and LysM-Myd88~~ mice were substantially lower than that in Myd88flox mice at 8 hours
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after CLP (Fig. 2E). The circulating amounts of IL-1f were similar in Myd88flox and HC-
Myd88~/~ mice (Fig. 2F), supporting our hypothesis that HC-TNFR1 shedding in vivo
during sepsis is MyD88-dependent. However, the circulating concentration of IL-1f3 in
LysM-Myd88~/~ after CLP was markedly less than that in Myd88flox mice (Fig. 2F). I1L-1B
is a strong stimulator of HC-TNFR1 shedding (Fig. 2, C and D), which suggests that MyD88
in myeloid cells might indirectly regulate HC-TNFR1 shedding by stimulating the
production of IL-1f. Together, these data suggest that MyD88 plays a dominant role in
TNFR1 shedding during sepsis.

HC-TNFR1 shedding during sepsis is mediated through the MyD88-dependent production

of INOS

We previously showed that HC-TNFR1 shedding is mediated by iNOS (10). Therefore, we
postulated that iNOS might be downstream of MyD88 in the regulation of TNFR1 shedding
during sepsis. To test this hypothesis, we assessed the expression of Nos2 (the gene that
encodes iNOS) in the liver. The abundance of Nos2 mRNA was increased in the liver of
wild-type mice, but not Myd88~/~ mice, after CLP (Fig. 3A). Furthermore, Nos2 expression
in the liver of HC-Myd88~/~ mice was substantially less than that in MyD88-Flox mice after
CLP (Fig. 3A). The immunofluorescence signal based on antibody-dependent visualization
of iINOS protein increased in the liver of wild-type mice after CLP, but no obvious increase
in signal was observed in the liver of Myd88~/~ mice after CLP (Fig. 3B). In vitro, the
abundance of iNOS protein in LPS-treated hepatocytes from wild-type mice, but not
Myd88~/~ mice, increased in a time-dependent manner (Fig. 3C). Hepatocyte iNOS
abundance (Fig. 3C) correlated with sSTNFR1 concentration in culture media (Fig. 2C),
whereas HC-TNFR1 abundance (Fig. 3C) inversely correlated with the concentrations of
STNFR1 in the culture media (Fig. 2C). These data suggest that TNFR1 shedding during
sepsis requires MyD88-dependent increases in iNOS abundance in hepatocytes.

To further confirm the hypothesis that TNFR1 shedding in sepsis was iNOS-dependent, we
treated wild-type mice with 1400W (an iNOS inhibitor) and subjected them and Nos2 ™/~
mice to CLP. As expected, the concentration of STNFR1 in the circulation was substantially
less in Nos2~/~ mice and 1400W-treated mice than in control mice (Fig. 3, D and E).
Together, these data suggest that TNFR1 shedding during polymicrobial sepsis is partly
mediated through the MyD88-iNOS pathway.

Activation of TACE by cGMP induces hepatic TNFR1 shedding during sepsis

Our previous study showed that cGMP was required for iNOS-induced TACE activation and
TNFR1 shedding in hepatocytes (10). Therefore, we hypothesized that iNOS-induced cGMP
production might activate TACE to cause TNFR1 shedding from hepatocytes during sepsis.
To test this hypothesis, we determined the amounts of cGMP in liver homogenates from
mice treated with saline or the iINOS inhibitor 1400W. Hepatic cGMP concentrations in
wild-type mice increased substantially at 8 hours after CLP compared to those in the saline-
treated control mice, whereas cGMP concentrations remained at baseline after CLP in the
1400W-treated mice (Fig. 4A).
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Soluble guanylyl cyclase (sGC) is an enzyme that is activated by NO to produce cGMP from
GTP (guanosine triphosphate). We next used the cGMP analog 8-(4-chlorophenylthio)-
cGMP (8-CPT-cGMP) and the sGC inhibitor 1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one
(ODQ) to modify hepatic cGMP amounts after CLP. The abundance of cGMP in the liver of
8-CPT-cGMP-treated mice increased fivefold after CLP compared with that in the untreated
control mice (Fig. 4A). In addition, 8-CPT-cGMP restored the hepatic cGMP abundance in
mice that were simultaneously treated with the iNOS inhibitor 1400W (Fig. 4A). The CLP-
dependent increase in hepatic cGMP abundance was substantially suppressed by ODQ
compared with that in saline-treated mice (Fig. 4A). These results suggest that treatment
with exogenous cGMP or an inhibitor of sGC efficiently increased or decreased,
respectively, the abundance of hepatic cGMP in vivo. Furthermore, circulating STNFR1
concentrations correlated with hepatic cGMP abundance, which suggests that TNFR1
shedding may be dependent on hepatic cGMP (Fig. 4B). Furthermore, the
immunofluorescence signal for active TACE increased in the liver parenchyma of mice after
CLP compared with that in control mice (Fig. 4C). Active TACE immunofluorescence
increased further in the livers of mice treated with 8-CPT-cGMP and then subjected to CLP
than in the livers of mice treated with saline after CLP, whereas there was no obvious CLP-
dependent increase in the TACE signal in livers from mice treated with 1400W or ODQ
after CLP (Fig. 4C).

Western blotting analysis of TACE abundance in liver homogenates confirmed that the
abundance of TACE correlated with hepatic cGMP amounts during sepsis (Fig. 4D). We
next treated hepatocytes in vitro with or without the TACE inhibitor TAPI-2 before
stimulating them with LPS for various times. We found that the concentration of STNFR1 in
the media of cells not exposed to the inhibitor increased in a time-dependent manner in
response to LPS; however, this increase in STNFR1 abundance was suppressed by TAPI-2
(Fig. 4E). These results suggest that HC-TNFR1 shedding during sepsis may be mediated
through an iNOS-cGMP-TACE pathway.

TNFR1 shedding through the INOS-cGMP pathway attenuates the inflammatory response
and liver injury during sepsis

We and others showed that TNF signaling through TNFR1 stimulates cytokine production in
immune cells and apoptosis in parenchymal cells, such as hepatocytes (9). Therefore, we
postulated that regulation of HC-TNFR1 shedding through the iNOS-cGMP pathway might
modulate the systemic inflammatory response and organ damage during sepsis. We
collected plasma from mice after they were subjected to CLP and then treated with either the
cGMP analog 8-CPT-cGMP (to increase cGMP abundance) or the sGC inhibitor ODQ (to
decrease cGMP abundance). The amounts of secreted cytokines were determined by ELISA
to assess the regulation of the systemic inflammatory response. Plasma IL-6 was not
detectable in the control mice, but it was readily detectable in mice after CLP (Fig. 5A). In
mice treated with 1400W to inhibit iNOS, plasma IL-6 concentrations were increased
compared to those in mice treated with saline (Fig. 5A). Administration of exogenous cGMP
(8-CPT-cGMP) substantially reduced circulating amounts of I1L-6 after CLP (Fig. 5A).
Administration of 8-CPT-cGMP also reduced the amount of IL-6 in the plasma of mice
treated with 1400W after CLP. Furthermore, the amounts of plasma IL-6 in mice treated
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with ODQ (which inhibits cGMP production) were increased substantially compared to
those in saline-treated mice (Fig. 5A). The plasma concentrations of early inflammatory
factors, including TNF, KC, and MIP-1a, as well as of late inflammatory factors, such as
HMGB1, showed the same trend as that of IL-6 (Fig. 5, B to E). Increasing the
bioavailability of cGMP in the liver by treatment with 8-CPT-cGMP prevented liver injury,
as determined by measurement of alanine aminotransferase (ALT) concentrations, whereas
inhibition of cGMP production with ODQ exaggerated liver injury compared with that in
saline-treated mice (Fig. 5F). Thus, the inflammatory response and organ injury correlated
with the amount of hepatic cGMP (Fig. 4A) and were inversely proportional to the plasma
STNFR1 concentration (Fig. 4B). This suggests that the regulation of HC-TNFR1 shedding
by cGMP can modulate the inflammatory response and liver injury during sepsis in mice.

We next tested whether sildenafil, an inhibitor of phosphodiesterase 5 (PDED5) that is used in
the clinic, could regulate TNFR1 shedding during sepsis. Sildenafil blocks the degradation
of cGMP (17). Mice were subjected to CLP and then were treated with either sildenafil (50
mg/kg) or saline, and plasma was collected after 8 hours. Hepatic cGMP amounts increased
slightly after exposure to sildenafil (4.36 = 2.0 pmol/10 pug protein) compared with those in
saline-treated control mice (2.8 £ 0.4 pmol/10 pg protein). However, after CLP was
performed, hepatic cGMP amounts were substantially greater in the sildenafil-treated mice
(13.1 £ 2.0 pmol/10 pg protein) than in the saline-treated mice (7.23 £ 2.9 pmol/10 pg
protein) (Fig. 5G). As expected, plasma sTNFR1 amounts correlated with the abundance of
hepatic cGMP (Fig. 5H). Furthermore, circulating IL-6 amounts in mice that received
sildenafil after CLP were substantially lower than those in mice that were treated with saline
after CLP (Fig. 51). Together, these data suggest that TNFR1 shedding during sepsis is
mediated through the iINOS-cGMP pathway. Increases in TNFR1 shedding through this
pathway may reduce the inflammatory response and improve organ damage during sepsis.

Human HC-TNFR1 shedding stimulated by LPS and IL-1B is dependent on the iINOS-cGMP-
TACE pathway

Our earlier results suggest that HC-TNFR1 shedding is mediated through the MyD88-iNOS-
cGMP-TACE pathway in mice. To test whether TNFR1 shedding in human hepatocytes was
also mediated through this pathway, we isolated human hepatocytes and treated them with
LPS or IL-1B. The amounts of TNFRL1 in the culture media increased in a time-dependent
manner after treatment with LPS or IL-1B (Fig. 6A). The immunofluorescence signals for
iNOS (red) and TACE (green) increased markedly at 6 hours after treatment with LPS
compared with those in untreated control cells (Fig. 6B). Furthermore, TACE colocalized
with iINOS and translocated from the perinuclear area to the perimembrane area in the
cytoplasm (Fig. 6B).

The TACE inhibitor TAPI-2 reduced the STNFR1 abundance in the culture media 6 and 12
hours after treatment with LPS (Fig. 6C). In response to stimulation with LPS, TACE
abundance increased in human hepatocytes in a time-dependent manner (Fig. 6, D and E),
whereas TNFR1 amounts in cell lysates decreased (Fig. 6, D and F). TAPI-2 inhibited the
increase in the abundance of TACE in LPS-treated cells (Fig. 6, D and E). Furthermore,
TNFR1 amounts in cells did not decrease in the TAPI-2—treated human hepatocytes after
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stimulation with LPS (Fig. 6, D and F). To confirm whether HC-TNFR1 shedding was
mediated through an iNOS-TACE interaction, we immunoprecipitated TACE from whole-
cell lysates and then analyzed the samples by Western blotting with antibodies specific for
TACE and iNOS. The interaction between iNOS and TACE increased in a time-dependent
manner in LPS-stimulated cells (Fig. 6, G and H). Thus, human HC-TNFR1 shedding was
dependent on the iINOS-TACE pathway, which may involve a direct interaction between
iNOS and TACE.

Next, we tested whether TNFR1 shedding by human hepatocytes was dependent on iNOS
and cGMP. Isolated human hepatocytes were treated with vehicle [0.01% dimethyl sulfoxide
(DMSO0)], the iNOS inhibitor 1400W, the cGMP analog 8-CPT-cGMP, or the sGC inhibitor
ODQ, and then were stimulated with LPS for 6 or 12 hours. The amounts of STNFR1 in the
culture media increased in a time-dependent manner after LPS stimulation (Fig. 61).
Inhibition of INOS with 1400W substantially decreased STNFR1 abundance in the culture
media after 12 hours of stimulation with LPS. The amount of STNFRL1 in the culture media
was substantially increased in cells treated with 8-CPT-cGMP (Fig. 61). Inhibition of cGMP
production with ODQ resulted in a substantial reduction in STNFR1 abundance in the
culture media after stimulation with LPS (Fig. 61). These results suggest that, similar to
mouse hepatocytes, TNFR1 shedding from human hepatocytes is also mediated through the
iNOS-cGMP-TACE pathway in vitro.

DISCUSSION

TNFR1 shedding is an important protective mechanism to limit the bioactivity of TNF in
inflammatory processes. We previously showed that TNFR1 shedding is mediated through
the INOS-cGMP-TACE signaling pathway in hepatocytes (10). Therefore, we extended our
studies to determine the mechanism of HC-TNFR1 shedding during sepsis in a clinically
relevant model of peritonitis. Our data indicate that circulating sSTNFR1 amounts correlate
with the severity of sepsis. Multiple TLR ligands and cytokines stimulated HC-TNFR1
shedding in vitro, whereas one of the major pathways that stimulated TNFR1 shedding
during sepsis was regulated by the MyD88-dependent production of iNOS and the cGMP-
mediated activation of TACE. Furthermore, we showed that regulation of HC-TNFR1
shedding through manipulation of the iINOS-cGMP pathway modulated systemic
inflammatory responses and liver injury during sepsis. We also showed that human HC-
TNFR1 shedding was similarly dependent on iNOS- and cGMP-mediated TACE activation
and its translocation to the cell surface. Together with our previous finding (10), these data
suggest that HC-TNFR1 shedding mediated through the MyD88-iNOS-cGMP-TACE
signaling pathway limits inflammatory responses and organ damage during sepsis. We also
showed that this pathway can be manipulated to enhance the amount of plasma sTNFR1 in
vivo during sepsis.

TNF is a potent cytokine that exerts proinflammatory activities during host defense in
infectious disease; however, excessive TNF activity leads to tissue toxicity. TNFR1
shedding is a self-protective mechanism to buffer the effects of excessive TNF amounts and
block intracellular signaling by TNF (18, 19). TNFR1 shedding is thought to be an
important host defense mechanism during infections with Staphylococcus aureus (20) and L.
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monocytogenes (19); however, these studies are based on models of infection with single
pathogen. The CLP model is thought to be the model that is most representative of the sepsis
commonly encountered by patients with polymicrobial intraperitoneal infection associated
with fecal contamination (21). Therefore, we performed our study in a CLP model with
antibiotics to investigate the influence of TNFR1 shedding on the inflammatory response in
sepsis. We showed that the concentration of circulating STNFR1 correlated with the severity
of sepsis. Circulating amounts of STNFR1 inversely correlated with the amounts of
circulating inflammatory cytokines, suggesting that TNFR1 shedding is regulated to
modulate inflammatory response during sepsis. However, circulating amounts of STNFR1
increased most substantially after the early increase in TNF concentration, which suggests
that the mechanisms that control TNFR1 shedding may be inadequate to counteract an early
excess of TNF encountered during severe sepsis.

TNFR1 shedding in a complex and systemic process such as sepsis is likely to involve
several mechanisms in multiple cell types. Many studies reported that during inflammation,
TNFR1 is shed from mesenchymal cells, such as epithelial cells (22-24), lung endothelial
cells (25), macrophages (8, 20, 26), and neutrophils (27). We and others showed that
parenchymal cells, such as hepatocytes (10, 15), also shed TNFR1. Shedding mechanisms in
these cells depend on TACE. TACE is an important enzyme during inflammation and tissue
regeneration through its activation and cleavage (and thus release) of multiple proteins,
including cytokines (TNF and transforming growth factor—) and receptors (TNFR1,
TNFR2, and IL-6R), as well as activation of ligands that activate the epithelial growth factor
receptor (28, 29). However, the exact mechanisms of TACE activation are unclear and may
be cell type—, receptor type—, or tissue-specific. McMabhan et al. (30) showed that TACE was
important for TNFR1 shedding from hepatocytes and myeloid cells in an endotoxemia
model. For other cell types, TACE-dependent TNFR1 shedding requires the extracellular
signal-regulated kinase (ERK) signaling pathway (20, 24) or cGMP-independent Ca2*
signaling (25). Okuyama et al. (31) showed that NO increased the abundance and shedding
of TNFR1 in a human umbilical vein cell line through metalloproteinases independently of
cGMP.

Our previous (10) and current studies demonstrated that HC-TNFR1 shedding is mediated,
in part, through a MyD88-iINOS-cGMP-TACE pathway in vitro and in vivo, and that this
pathway is dependent on a direct interaction between iNOS and TACE. Whether ERK or
Ca?* signaling is upstream of this pathway in hepatocytes was not addressed. The
nitrosylation of TACE is involved in TNF maturation in macrophages (32); therefore, it is
reasonable to speculate that iNOS contributes to TACE activation not only through cGMP
but also through a direct interaction with TACE through targeted nitrosylation. That the
extent of TNFR1 shedding is only partially suppressed by inhibition of the iINOS-cGMP-
TACE pathway in hepatocytes during CLP suggests that other mechanisms for TNFR1
shedding operate during sepsis.

In polymicrobial sepsis, pathogen-associated molecular patterns (PAMPs), damage-
associated molecular patterns (DAMPSs), and cytokines are involved in the induction of
inflammatory responses (33). TNFR1 shedding can be induced by PAMPs, such as LPS
(10), CpG (8), and double-stranded RNA (dsRNA) (16), as well as by IL-1p (23). Our in

Sci Sgnal. Author manuscript; available in PMC 2016 February 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deng et al.

Page 10

vitro study showed that HC-TNFR1 shedding is induced by multiple TLR ligands and IL-18,
suggesting that multiple stimuli trigger HC-TNFR1 shedding in a polymicrobial sepsis
model. Our in vivo study showed that prevention of IL-1p maturation in Casp-1~/~ and
Nalp3~/~ mice or of IL-1p signaling in 111r~/~ mice reduced circulating sSTNFR1
concentrations after CLP. Note that inflammasomes activate iNOS in either an IL-13—
dependent (34) or an IL-1p—-independent manner (35). Whether inflammasomes can increase
iNOS generation independently of 1L-1p production to induce HC-TNFR1 shedding needs
to be further investigated.

MyD88 and TRIF are receptor-proximal signaling adaptor molecules that mediate signaling
activated by various pattern recognition receptors. Yu et al. (16) showed that virus-derived
dsRNA induced TNFR1 shedding from human airway endothelial cells through a TLR3-
TRIF-RIP pathway; however, Myddosome formation is the proximal event in the signaling
of all TLRs (with the exception of TLR3) and IL-1R (36). TLR ligands, such as LPS (10),
and IL-1p (14) are potent inducers of iINOS production in hepatocytes. Our in vitro and in
vivo results suggest that MyD88 is required for increased iNOS production in hepatocytes,
and they support a model in which hepatocytes respond directly to TLR activators or to
IL-1B generated from other cells (such as myeloid cells) to enhance MyD88-dependent
signaling. Activation of the Myddosome increases iNOS production in hepatocytes, which
leads to TACE activation and TNFR1 shedding during sepsis.

The amounts of cGMP in the circulation increase when NO activates sGC in the cytoplasm
(37). Therefore, NO generated by iNOS is likely to be one of the mechanisms responsible
for the increase in cGMP concentration observed in the circulation during sepsis (38, 39).
Our previous study showed that INOS- and NO-mediated increases in cGMP concentration
result in the activation of TACE and iRhom2 (a serine protease of the rhomboid family) and
the trafficking of the TACE-iRhom2 complex to the cell surface in hepatocytes and the liver
(10). We suggest that cGMP activates PKG, which then participates in the phosphorylation
of both TACE and iRhom2. Here, our data from experiments with both mouse and human
hepatocytes suggest that cGMP stimulates TACE activity and TNFR1 release in hepatocytes
and in the liver during CLP sepsis. Thus, the bioavailability of cGMP appears to be an
important determinant of both the cell surface abundance of TNFR1 and the circulating
concentration of STNFR1. Indeed, treatments that modulate cGMP abundance have
therapeutic benefit in sepsis models, although the mechanisms involved have not always
been clear. Yu et al. (38) showed that restoration of the NO-cGMP pathway with propofol
improved endothelial dysfunction after CLP. Fernandes et al. (39) reported that cGMP was
important for survival in the early phase of sepsis. Buys et al. (40) showed that cGMP
generated by sGCa1f protected against cardiac dysfunction and mortality during
endotoxin- and TNF-induced shock.

Our data suggest that one mechanism by which cGMP mediates protection from TNF
toxicity in sepsis could be through the enhanced shedding of TNFR1. We also showed that
sildenafil, which is currently approved for use in patients and has acceptable safety profiles,
is an effective agent to increase cGMP availability in experimental sepsis. Sildenafil is a
PDES inhibitor, which prevents cGMP degradation (17). Cadirci et al. (41) showed that
sildenafil is protective against lung and kidney damage caused by CLP-induced sepsis by
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preventing oxidant-induced injury. Therefore, maintaining or enhancing cGMP abundance
during sepsis could have beneficial effects through multiple interrelated mechanisms.

In summary, the integrated response to sepsis includes the increased iNOS production
through MyD88-dependent pathways within hepatocytes, as well as through the MyD88-
dependent production of IL-1p in myeloid cells. Within hepatocytes, increased iNOS
production promotes the cGMP-dependent activation of TACE and TNFR1 shedding, which
is associated with the suppression of inflammation and organ damage. Pharmacologic
manipulation of the NO-cGMP-TACE-TNFR1 pathway could be of benefit in the early
clinical course of severe sepsis.

MATERIALS AND METHODS

Reagents

Mice

Ultrapure LPS (from Escherichia coli 0111:B4) was from List Biological Laboratories Inc.
The mouse TLR1 to TLR9 agonist kit was from InvivoGen. Sildenafil, ODQ, 1400W, and
8-CPT-cGMP were obtained from Sigma.

Experimental protocols were approved by the Institutional Animal Care and Use Committee
of the University of Pittsburgh. Male wild-type C57BL/6 mice, 111r~/= (111r1m1ImXy mjce,
Albumin-Cre (Alb-Cre) mice [Tg(Alb-Cre) 21MgN)], Lyz-Cre mice [Lyz2m1(cre)lfo] ang
MyD88-Flox (Myd88!m1Defr) mice were purchased from The Jackson Laboratory. Myd88/~
(Myd88tM1AKY mice on a C57BL/6 background were a gift from R. Medzhitov [Howard
Hughes Medical Institute (HHMI), Yale University, New Haven, CT]. Casp1™~ mice
(Casp'™2FIV) on a C57BL/6 background were a gift from R. Flavell (HHMI, Yale
University). Nalp3™~ (NIrp3t™LFIv) mice on a C56BL/6 background were a gift from R.
Flavell through a material transfer agreement with Millennium Pharmaceuticals. Trif/~
mice (Ticam1-P$%) on a C57BL/6 background were a gift from B. Beutler (Scripps Research
Institute). Myd88~~ mice, Casp1™~ mice, Nalp3~~ mice, and Trif/~ mice were bred in our
animal facility. Tlr4~/~ (TIr4tM1Bi) and Nos2~/~ (Nos2!MIMrly mice were generated in our
laboratory on a C57BL/6 background and backcrossed at least six times. Hepatocyte-
specific Myd88~/~ mice (HC-Myd88~~) and myeloid cell-specific Myd88~~ mice (LysM-
Myd88~/~) were generated with the Cre-loxP technique and were identified by PCR-based
genotyping with multiple primer pairs, as described previously (42). These animals were
bred in our facility.

CLP procedure

Sepsis was induced by CLP. Mice that were 25 to 30 g in weight were used. The skin was
disinfected with a 2% iodine tincture. Laparotomy was performed under 2% isoflurane
(Piramal Critical Care) with oxygen. For the sublethal model, 50% of the cecum was ligated
and punctured twice with a 22-gauge needle. For the lethal model, 75% of the cecum was
ligated and punctured twice with an 18-gauge needle. Saline (1 ml) was given
subcutaneously for resuscitation immediately after operation. Primaxin (25 mg/kg, Merck)
was dissolved in 5% dextrose (Baxter) and injected into mice subcutaneously every 12 hours
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starting 2 hours after CLP was performed. In the control mice, laparotomy and cecal
manipulation were performed without ligation and puncture.

Isolation and culture of hepatocytes

Cells were isolated from mice through an in situ collagenase (type VI, Sigma) perfusion
technique, modified as described previously (13). Heptocyte purity exceeded 99% by flow
cytometric assay. Cell viability was typically >90% by trypan blue exclusion. Hepatocytes
(150,000 cells/ml) were plated on gelatin-coated culture plates or coverslips coated with
collagen | (BD Pharmingen) in William’s medium E with 10% calf serum, 15 mM Hepes, 1
UM insulin, 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 U/ml).
Hepatocytes were allowed to attach to plates overnight, and the culture medium was
replaced with fresh medium before the cells were treated for experiments. After treatment, 1
ml of culture medium was collected and centrifuged at 400g for 5 min. The supernatant was
removed to a new tube and stored at —80°C for further analysis.

Crystal violet staining

Hepatocytes were plated in 12-well plates. After treatment, hepatocytes were stained with
0.1% crystal violet (Sigma) for 15 min and then washed with sterile distilled water. The
rinsed plates were left to air-dry overnight. The bound dye was released by the addition of
1% SDS. The elution liquid of crystal violet was removed to a new microplate, and the
absorbance (A) was measured at a wavelength of 575 nm. The percentage of viable cells (%
viability) was calculated by dividing the As75 of the treated sample by the Ag75 of the control
sample and multiplying by 100.

Assessment of TNFR1 and cytokine abundance

Plasma and cell culture media samples were analyzed with ELISA kits specific for IL-6,
TNF, KC, MIP-1a, and TNFR1 (R&D Systems Inc.) to assess their concentrations.

cGMP assay

The abundance of cGMP in liver tissue was analyzed with a cGMP EIA kit (Cayman
Chemical). Briefly, frozen liver tissue (50 mg) was homogenized with 5% trichloroacetic
acid (TCA) on ice. After centrifugation, the TCA was extracted from the supernatant with
water-saturated ether. After TCA extraction, the residual ether was removed by heating the
sample at 70°C for 5 min. Samples (50 pl) were incubated with cGMP AchE Tracer at 4°C
overnight and developed with Ellman’s reagent. The amount of cGMP in each sample was
assessed by measuring the absorbance of the samples at 405 nm.

Isolation of human hepatocytes

Human hepatocytes were isolated from histologically normal liver and were provided by D.
Geller (Department of Surgery, University of Pittsburgh, Pittsburgh, PA) according to a
protocol approved by the Institutional Review Board. Human hepatocytes were prepared by
a three-step collagenase perfusion technique, modified as described previously (43). Isolated
human hepatocytes were cultured in William’s medium E supplemented with 5% calf serum
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(GE Healthcare Life Sciences), penicillin (100 U/ml), streptomycin (100 U/ml), 2 mM L-
glutamine, and 15 mM Hepes.

Cell lysis and Western blotting analysis

For in vitro experiments, hepatocytes were washed with cold phosphate-buffered saline
(PBS), collected in lysis buffer (Cell Signaling Technology), sonicated, and centrifuged at
16,000g for 15 min, after which the supernatant was collected. For in vivo experiments,
snap-frozen liver (median lobe) was homogenized in lysis buffer and centrifuged at 16,0009
for 15 min, after which the supernatant was collected. Protein concentrations were
determined with the BCA (bicinchoninic acid) protein assay kit (Thermo Fisher Scientific).
Loading buffer was added to the samples, which were then resolved by 10 or 15% SDS—
polyacrylamide gel electrophoresis. Samples were then transferred onto a polyvinylidene
difluoride membrane at 250 mA for 2 hours. The membrane was blocked in 5% milk for 1
hour and then incubated overnight with primary antibody in 1% milk. Membranes were
washed in tris-buffered saline containing Tween (TBS-T) for 10 min, incubated with
horseradish peroxidase— conjugated secondary antibody for 1 hour, and then washed for 1
hour in TBS-T, before being developed for chemiluminescence (Thermo Fisher Scientific).
The primary antibodies used were anti-iNOS (1:1000, R&D Systems Inc.), anti-TNFR1,
anti-TACE, and anti-GAPDH (1:1000 for all antibodies, Abcam). Protein band intensities
were quantified with ImageJ software (National Institutes of Health).

Comparative PCR analysis

The median lobe of the liver was frozen in liquid nitrogen and stored at —80°C for
comparative PCR analysis. Total RNA was extracted with the RNeasy Mini extraction kit
(Qiagen) according to the manufacturer’s instructions. From 1 ug of RNA and with oligo-dT
primers (Qiagen) and Omniscript reverse transcriptase (Qiagen), complementary DNA was
generated and used for real-time PCR analysis. SYBR Green PCR Master Mix (PE Applied
Bio-systems) was used to prepare the PCR reaction mixes. Two-step real-time RT-PCR was
performed with prevalidated forward and reverse primer pairs that were specific for Tnfr1
and Nos2 (Qiagen). All samples were assayed in triplicate, and data were normalized to
actin mRNA abundance.

Immunofluorescence microscopy

The left lateral lobe of the liver was perfused with PBS and fixed in 2% paraformaldehyde
according to a standardized protocol for cryopreservation (44). Livers were sectioned in a
cryostat and stained as follows. Liver sections (5 mm) were incubated with 2% bovine
serum albumin (BSA) in PBS for 1 hour, followed by five washes with PBS containing
0.5% BSA (PBB). The samples were then incubated overnight with primary antibodies
specific for INOS (1:500, R&D Systems Inc.) and TACE (1:300, Abcam) in PBB, 0.1%
Triton X-100. Samples were washed five times with PBB and then were incubated with the
appropriate Alexa Fluor 488—labeled (1:500, Invitrogen) and Cy3-labeled (1:1000, Jackson
ImmunoResearch Laboratories) secondary antibodies diluted in PBB. Samples were washed
three times with PBB, followed by a single wash with PBS, before being incubated for 30 s
with Hoechst nuclear stain. The nuclear stain was removed, and samples were washed with
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PBS before being placed on a coverslip using Gelvatol (EMD Millipore). Positively stained
cells in six random fields were imaged with a FluoView 1000 confocal scanning microscope
(Olympus). Imaging conditions were maintained at identical settings within each antibody
labeling experiment, with original gating performed with the negative control.

Statistical analysis

The data are presented as means = SD. The experimental results were analyzed for statistical
significance with GraphPad Prism (GraphPad Software). Normal distribution of samples
was tested with a two-tailed Student’s t test or by one-way ANOVA for multiple
comparisons as indicated in the figure legends. Statistical significance was established at the
95% confidence level (P < 0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Multiple TLR ligands and cytokines stimulate HC-TNFR1 shedding in vitro and in vivo
(A) Wild-type (WT) and TIr4~/~ mice were subjected to CLP. In the control mice,

laparotomy and cecal manipulation were performed without ligation and puncture. Eight
hours later, plasma STNFR1 concentrations were measured by ELISA. Data are means = SD
from 8 to 10 mice per group from two separate experiments. (B) Mouse hepatocytes were
left untreated (Control) or were stimulated for 24 hours with the TLR ligands HKLM (1 x
108 cells/ml), LPS (100 ng/ml), HMGB1 (5 pg/ml), FLA-ST (1 pg/ml), and ODN1669 (5
pg/ml). The concentrations of TNFR1 in the culture media were measured by ELISA. Data
are means + SD from three experiments. *P < 0.05 versus control by two-tailed unpaired t
test. (C and D) Mouse hepatocytes were left untreated or were incubated with TNF (500
U/ml) or IL-1f (100 U/ml) for the indicated times. At each time point, (C) cell viability and
(D) the concentration of TNFRL1 in the culture media were determined. Data are means + SD
from three experiments. *P < 0.05 versus control by two-tailed unpaired t test. (E) Mice of
the indicated genotypes were subjected to CLP. Eight hours later, the plasma concentrations
of TNFR1 were determined by ELISA. Data are means + SD from six mice per group of
each genotype from two experiments. *P < 0.05 versus control by two-tailed unpaired t test.
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Fig. 2. TNFR1 shedding from hepatocytes and myeloid cells during sepsis depends on Myd88
(A and B) WT, Myd88~/-, and Trif/~ mice were subjected to CLP. Eight hours later, (A)

plasma sTNFR1 concentrations were determined by ELISA, and (B) Tnfr1 mRNA
abundance in the liver was determined by real-time reverse transcription polymerase chain
reaction (RT-PCR) analysis. Data are means + SD from 8 to 10 mice per group from two
experiments. *P < 0.05 versus control by two-tailed unpaired t test. (C and D) Hepatocytes
(C) and NPCs (D) from the indicated mice were left untreated (zero-hour time point) or were
treated with LPS for the indicated times. At each time point, the concentration of TNFR1 in
the culture media was determined by ELISA. Data are means £ SD from three experiments.
*P < 0.05 by one-way analysis of variance (ANOVA). (E and F) Myd88flox, HC-Myd88~/~,
and LysM-Myd88~/~ mice were subjected to CLP. Eight hours later, plasma concentrations
of (E) TNFR1 and (F) IL-1p were determined by ELISA. Data are means + SD from 8 to 10
mice per group from two experiments. *P < 0.05 versus Myd88flox by two-tailed unpaired t
test. N.D., not detectable.
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Fig. 3. Shedding of HC-TNFR1 during polymicrobial sepsisis mediated through a MyD88- and
iNOS-dependent pathway

(A and B) Mice of the indicated genotypes were subjected to CLP for 8 hours. (A) The
relative expression of Nos2 was determined by real-time RT-PCR analysis. Data are means
+ SD from six to eight mice of each genotype from two experiments. *P < 0.05 by one-way
ANOVA. (B) The production of iNOS in the liver of the indicated mice was analyzed by
immunofluorescence microscopy. Nuclear staining is in blue, whereas iNOS is shown in
green. Scale bar, 50 um. (C) Hepatocytes isolated from the indicated mice were left
untreated (zero time point) or were treated with LPS (100 ng/ml) for the indicated times.
Whole-cell lysates were then prepared and analyzed by Western blotting with antibodies
specific for iNOS and TNFR1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
abundance was analyzed to control for loading. Western blots are representative of three
independent experiments. (D) WT and Nos2~/~ mice were subjected to CLP. Eight hours
later, plasma concentrations of TNFR1 were determined by ELISA. Data are means = SD
from six mice per group from two experiments. *P < 0.05 by one-way ANOVA. (E) WT
mice were subjected to CLP and then were left untreated or were treated with 1400W (5
mg/kg, administered subcutaneously). Eight hours after CLP, plasma concentrations of
TNFR1 were determined by ELISA. Data are means + SD from six mice per group from two
experiments. *P < 0.05 by one-way ANOVA.
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Fig. 4. INOS-stimulated HC-TNFR1 shedding during polymicrobial sepsisis mediated by cGMP
and TACE

(A to D) WT mice were subjected to CLP and then were immediately treated
subcutaneously with saline, 1400W (5 mg/kg), 8-CPT-cGMP (5 mg/kg), both 1400W and 8-
CPT-cGMP, or ODQ (20 mg/kg). Eight hours after CLP, the concentrations of (A) cGMP in
liver homogenates and (B) TNFR1 in plasma were determined. Data are means = SD from
six to eight mice per group from two experiments. *P < 0.05 by one-way ANOVA. (C)
Some of the same mice were analyzed by immunofluorescence microscopy to detect active
TACE in the liver. TACE is shown in green, nuclei are in blue, and actin is shown in white.
Scale bar, 50 um. (D) Liver homogenates from the same mice were analyzed by Western
blotting to detect TACE. GAPDH was used as a loading control. Western blots are
representative of two independent experiments. (E) Hepatocytes isolated from WT mice
were left untreated (zero-hour time point) or were treated in vitro with LPS (100 ng/ml) in
the absence or presence of 400 nM TAPI-2 for the indicated times. The concentration of
TNFR1 in the culture media was determined by ELISA. Data are means + SD from three
independent experiments. *P < 0.05 by one-way ANOVA.
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Fig. 5. Regulation of hepatic TNFR1 shedding through the INOS-cGM P pathway modulates
inflammatory responses and liver injury during sepsis
(A to F) WT mice were subjected to CLP and then were immediately treated subcutaneously

with saline, 1400W (5 mg/kg), 8-CPT-cGMP (5 mg/kg), both 1400W and 8-CPT-cGMP, or
ODQ (20 mg/kg). Eight hours after CLP, plasma concentrations of (A) IL-6, (B) TNF, (C)
KC, (D) MIP-1a, (E) HMGB1, and (F) ALT were measured by ELISA. Data are means +
SD from 8 to 10 mice per group from two experiments. *P < 0.05 by one-way ANOVA. (G
to 1) WT mice were subjected to CLP and then were immediately treated subcutaneously
with saline or sildenafil (50 mg/kg). Eight hours after CLP, the concentrations of (G) cGMP
in liver homogenates and of (H) TNFR1 and (1) IL-6 in the plasma were determined. Data
are means + SD from six mice per group. *P < 0.05 by one-way ANOVA.
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Fig. 6. TNFR1 shedding by human hepatocytesin vitro is mediated through an iNOS-cGM P-
TACE pathway

(A) Human hepatocytes were left untreated (Control) or treated with LPS (100 ng/ml) or 400
nM IL-1p for the indicated times. The concentration of TNFR1 in the culture media was
determined by ELISA. Data are means + SD from three independent experiments. *P < 0.05
by one-way ANOVA. (B) Human hepatocytes were left untreated (Control) or were treated
with LPS (100 ng/ml). Cells were then analyzed by immunofluorescence microscopy to
detect iINOS (red) and TACE (green). Arrows indicate the colocalization of iNOS and
TACE. Scale bar, 50 mm. Images are representative of two independent experiments. (C to
F) Human hepatocytes were left untreated (zero-hour time point) or were treated with LPS
(200 ng/ml) in the absence (Cont) or presence of 400 nM TAPI-2 for the indicated times. (C)
The concentration of TNFR1 in the culture media was determined by ELISA. Data are
means + SD from three independent experiments. *P < 0.05 by one-way ANOVA. (D) The
hepatocytes were analyzed by Western blotting with antibodies specific for TACE and
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TNFR1. Densitometric analysis was performed to determine the relative abundances of (E)
TACE and (F) TNFR1 proteins normalized to the abundance of actin. Data are means + SD
from three independent experiments. *P < 0.05 by two-tailed unpaired t test. (G and H)
Human hepatocytes were left untreated (zero-hour time point) or were treated with LPS (100
mg/ml) in the absence (Cont) or presence of 400 nM TAPI-2 for the indicated times. (G)
Samples were then subjected to immunoprecipitation (IP) with an anti-TACE antibody and
were analyzed by Western blotting (1B) with antibodies specific for TACE and iNOS. Bands
corresponding to iNOS in the TAPI-2—treated samples were only detectable when Western
blots were separately developed with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific). (H) Densitometric analysis was performed to determine the relative
abundance of iNOS protein normalized to that of TACE. Data are means + SD from three
independent experiments. *P < 0.05 by two-tailed unpaired t test. (I) Human hepatocytes
were treated with vehicle (0.01% DMSO), 20 uM 1400W, 100 uM 8-CPT-cGMP, or 20 uM
ODQ, and then were stimulated with LPS (100 ng/ml) for the indicated times. The
concentration of TNFR1 in the culture media was determined by ELISA. Data are means +
SD from three experiments. *P < 0.05 by one-way ANOVA.
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