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Abstract

Background—Endotoxin mediated pro-inflammatory cytokines play a significant role in
pathogenesis of acute and chronic liver diseases. Hsp90 functions as an important chaperone of
LPS signaling and is required for production of pro-inflammatory cytokines. We hypothesized that
inhibition of hsp90 prevents LPS induced liver injury by decreasing pro-inflammatory cytokines.

Methods—C57BL/6 mice were injected i.p. with an hsp90 inhibitor, 17-DMAG, and LPS.
Parameters of liver injury, pro-inflammatory cytokines, and mechanisms associated were studied
by in vivo and in vitro experiments.

Results—Inhibition of hsp90 by 17-DMAG prevented LPS induced serum ALT and significantly
reduced serum TNFa and I1L-6 protein as well as MRNA in liver. Enhanced DNA binding activity
of heat shock factor 1 (HSF1) and induction of target gene hsp70 confirmed hsp90 inhibition in
liver. 17-DMAG treatment decreased CD14 mRNA and LPS induced NFxB DNA binding
without affecting TLR4 mRNA in liver. Mechanistic studies revealed that 17-DMAG mediated
inhibition of TNFa showed no effect on LPS induced NFxB promoter driven reporter activity but
significantly decreased TNFa promoter driven reporter activity. Chromatin immunoprecipitation
assays showed that 17-DMAG enhanced HSF1 binding to TNFa promoter, but not IL-6 promoter,
suggesting HSF1 mediated direct inhibition of TNFa but not IL-6. We show that HSF1 indirectly
regulates IL-6 via induction of another transcription factor, ATF3. Inhibition of HSF1 using
SiRNA prevented 17-DMAG mediated down-regulation of NFxB binding activity, TNFa and IL-6
induction supporting a repressive role for HSF1 on pro-inflammatory cytokine genes during hsp90
inhibition.

Conclusion—Hsp90 inhibition in vivo reduces pro-inflammatory cytokines and prevents LPS
induced liver injury likely via repressive action of HSF1. Our results suggest a novel application
for 17-DMAG in alleviating LPS induced liver injury.
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Introduction

The importance of macrophage activation and endotoxin mediated pro-inflammatory
cytokine production in liver injury is evident from numerous models of acute and chronic
liver disease (1). For instance in non-alcoholic steatohepatitis (NASH), endotoxin or
lipopolysaccharide (LPS) triggered TNFa and other pro-inflammatory cytokines (2).
Exposure of genetically obese mice to LPS exhibit hepatotoxicity and develop
steatohepatitis (3). In alcoholic liver disease (ALD), gut derived endotoxin (LPS) activates
liver macrophages and production of pro-inflammatory cytokines TNFa, IL-6 and IL-1
that contribute to the pathogenesis of liver injury (4-6). Acetaminophen mediated liver
injury (7), ischemia-reperfusion injury (8) and liver cancer (9), are all linked to LPS,
macrophage activation and pro-inflammatory cytokines. It is thus evident from literature that
exposure to LPS induces pro-inflammatory cytokines and reactive oxygen species (10)
leading to development and progression of liver injury (1, 11, 12).

The significance of stress induced heat shock proteins as molecular chaperones of the LPS
signalling pathway in macrophage activation is reported (13-16). Hsp70 and hsp90 bind to
LPS signaling molecules culminating in activation of NFxB and expression of pro-
inflammatory cytokines, TNFa, IL-1p and IL-6 in macrophages (17-20). Hsp90, an
important molecular chaperone, is responsible for tertiary folding of client proteins such as
IKK (21), IRAK-1 (22) and MAP kinases (23) and inhibition of hsp90 diminishes innate
immune responses via TLR signaling (14). Targeting hsp90 as an attractive therapeutic
strategy was evaluated in treatment of cancers and is currently in clinical trials (24-27).
Preclinical data also suggest that hsp90 inhibition is an effective treatment approach for
alleviating chronic inflammatory diseases such uveitis (18) and rheumatoid arthritis (28).

The role of hsp90 in liver diseases remains elusive. Our earlier studies reported that chronic
alcohol induced macrophage activation and liver disease is associated with increased hsp90
(17). Based on the requirement of hsp90 in LPS pathway, we hypothesized that inhibition of
hsp90 prevents LPS induced liver injury via decreased pro-inflammatory cytokine
production. To this end, we tested the effect of hsp90 inhibition in vivo using 17-DMAG, a
water-soluble derivative of benzoquinone ansamycin antibiotic geldanamycin, on endotoxin
mediated liver injury and pro-inflammatory cytokine production in mice. In order to dissect
the molecular mechanisms underlying the inhibition of pro-inflammatory cytokines by 17-
DMAG, we performed in vitro studies in RAW 264.7 macrophages. Here we show that
hsp90 inhibition prevents LPS induced liver injury by down-regulation of pro-inflammatory
cytokine, TNFa and IL-6 likely via HSF1 activation in the liver.

Materials and Methods

Animals and Experimental Protocol

All animals received proper care in agreement with animal protocols approved by the
Institutional Animal Care and Use Committee at the University of Massachusetts Medical
School. Six-week old C57BL/6 female and male mice were purchased from Jackson Labs
(Bar Harbor, ME). Prior to LPS injection, mice were injected intraperitoneally (i.p.) with
either 0.1mL saline or 0.5 mg/kg body weight lipopolysaccharide in 0.1ml (LPS, from £.
coli 0111:B4, Sigma, St. Louis, MO). Mice were intraperitoneally administered a single
dose of hsp90 inhibitor 17-DMAG [17-Dimethylamino-ethylamino-17-
demethoxygeldanamycin] (NCI, NSC 707545) 2.5 mg/kg, 5 mg/kg or 30 mg/kg BW. Mice
were sacrificed at 2 hrs or 18hrs after 17-DMAG and LPS administration. Serum was
separated from whole blood and frozen at —80°C. Liver tissue was rapidly excised and a
portion was shap-frozen in liquid nitrogen and stored at —80°C. Additional portions of the
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livers were stored in RNA stabilization reagent, RNA/ater (Qiagen GmbH, Hilden,
Germany), for RNA extraction.

Other Methods

The following methods are described in Supplementary Information, including serum
biochemical assay and cytokines, EMSA, RNA extraction and real-time PCR, western blot
analysis, cell culture reagents and stimulations, transfections and luciferase reporter assay,
chromatin immunoprecipitation.

HSF1 siRNA transfection

RAW macrophages were transiently transfected with 20pM of HSF1 siRNA (Invitrogen,
Carlsbad, CA) in Opti-MEM for 6 hrs (sequence listed in supplementary information Table
1,) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). RNA and nuclear protein
extraction were done as reported in supplementary information.

Statistical Analysis

Statistical significance was determined using the T-test or nonparametric ANOVA followed
by Kruskal-Wallis test. Data are presented as mean * standard error, and were considered
statistically significant at p< 0.05.

Results

Hsp90 inhibitor 17-DMAG reduces serum ALT levels

The significance of hsp90 in liver inflammatory responses is unknown. Here, we determined
the effect of 17-DMAG, a water soluble hsp90 inhibitor in vivo on liver inflammatory
responses and injury. The levels of serum alanine aminotransferase (ALT), a marker of liver
injury were assessed after 18 hrs of 17-DMAG and LPS administration in vivo. Figure 1
shows that LPS injection in vivo at 0.5 mg/kg BW induces significantly high serum ALT
levels as compared to saline injected controls after 18 hrs. Hsp90 inhibition by 17-DMAG
administered at 2.5, 5 and 30 mg/kg BW exhibited significant reduction of serum ALT at all
three doses (Fig. 1) independent of the dose used. These experiments suggest that hsp90
inhibition prevented LPS induced liver injury. Since all the doses showed similar effects,
subsequent experiments were performed with lower doses 2.5 and 5 mg/kg BW 17-DMAG
concentrations in vivo.

Hsp90 inhibition decreases pro-inflammatory cytokine production in the liver

Since LPS induced liver injury is largely mediated by pro-inflammatory cytokines, we
determined if 17-DMAG has any effect on pro-inflammatory cytokine production in the
liver. First, we analyzed mRNA levels of pro- inflammatory cytokines by real-time PCR in
whole livers after treatment with 17-DMAG in vivo. Pro-inflammatory cytokine TNFa
mRNA (Fig. 2A) was significantly reduced at 2.5 and 5 mg/kg 17-DMAG treatment
compared to LPS alone whereas IL-6 mRNA (Fig. 2B) was decreased at the higher dose of 5
mg/kg of 17-DMAG compared to LPS alone in liver. Second, we measured serum cytokine
levels by ELISA and observed that TNFa (Fig. 2C) was significantly reduced at both doses
of 17-DMAG whereas IL-6 (Fig. 2D) showed significant reduction only at the 5 mg/kg 17-
DMAG compared to LPS alone. These results suggest that hsp90 inhibition by 17-DMAG
prevented LPS induced pro-inflammatory cytokines, TNFa and IL-6 at both mRNA and
protein levels in the liver.
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Hsp90 inhibition induces HSF1 DNA binding activity and up-regulates hsp70 expression in

liver

Hsp90 sequesters HSF1 in an inactive state (29) and inhibition of hsp90 dissociates this
complex and releases HSF1 which translocates to the nucleus (30). To confirm inhibition of
hsp90 activity in liver, we analyzed DNA binding activity of HSF1 by EMSA and
expression of target gene, hsp70. Hsp90 inhibition by 17-DMAG significantly up-regulated
HSF1 binding to DNA in a dose dependent manner (Fig. 3A) in liver. Complementary to
HSF1 activation, hsp90 inhibition resulted in subsequent induction of hsp70 mRNA (Fig.
3B) and protein levels (Fig. 3C) in the liver. In accordance with the reported action of 17-
DMAG on hsp90 chaperone function (31) no effect was observed on protein levels of hsp90
in liver (Fig. 3D). Our results suggest that 17-DMAG up-regulates HSF1 DNA binding
activity and induces target gene hsp70, without affecting hsp90 levels, confirming inhibition
of hsp90 function after 17-DMAG treatment in liver.

17-DMAG affects NFKB DNA binding activity and down-regulates CD14 mRNA in liver

Hsp90 chaperones the LPS receptors, CD14 and TLR4 resulting in activation of downstream
signaling and pro-inflammatory cytokine production (14). We assessed CD14 and TLR4
MRNA levels, as a measure of the total cellular expression, in response to hsp90 inhibition.
Liver CD14 mRNA was significantly down-regulated in response to hsp90 inhibition by 17-
DMAG compared to LPS alone (Fig. 4A) while the TLR4 mRNA was unaffected (Fig. 4A).
Subsequently, to determine the effect of 17-DMAG on downstream activation, we analyzed
NF«xB, a pivotal transcription factor in CD14/TLR4 signaling. Our results show that 17-
DMAG treatment significantly decreased LPS induced NFxB DNA binding activity in a
dose dependent manner (Fig. 4B). Next, we determined whether 17-DMAG mediated down-
regulation of NFxB was IxBa dependent or due to alterations in NFxB p65 levels. We
observed that 17-DMAG prevented the LPS-induced degradation of cytoplasmic IxBa (Fig.
4C) concomitant to reduced NF«xB binding observed in liver (Fig. 4B), whereas total cellular
NFxB p65 (Fig. 4D) was unchanged. Further, 17-DMAG did not alter nuclear phospho-p65
levels indicating a phosphorylation independent effect of NFxB inhibition (Fig. 4E).
Together, these results suggest that hsp90 inhibition reduces CD14/TLR4 signaling and
culminates in decreased NFxB DNA binding in an IxBa dependent manner.

HSF1 regulates LPS induced TNFa expression in response to hsp90 inhibition

To further delineate if 17-DMAG mediated inhibition of pro-inflammatory cytokines is
linked to reduced NFxB activity we determined the effect of 17-DMAG on NFxB promoter
driven reporter gene activity in RAW 264.7 macrophages. RAW macrophages showed
similar effect of 17-DMAG mediated inhibition of pro-inflammatory cytokines and NFxB
activity as observed in the liver (data not shown) and were used as an in vitro model for
subsequent mechanistic transfection experiments. LPS induced NFxB promoter driven
luciferase reporter activity was significantly induced in RAW macrophages whereas
treatment with 17-DMAG had no significant effect (Fig. 5A), indicating that inhibition of
pro-inflammatory cytokines was not solely dependent on NFxB promoter. Next, we
determined whether 17-DMAG treatment had any effect on TNFa promoter driven reporter
activity. LPS stimulation induced TNFa. promoter driven reporter activity which was
significantly decreased by 17-DMAG treatment in RAW macrophages (Fig. 5B). These
results suggest that 17-DMAG did not affect NFxB promoter driven reporter activity but
reduced TNFa promoter driven reporter activity, suggesting that mechanisms other than
NFxB binding may be involved in negatively regulating TNFa expression in response to
hsp90 inhibition. Hsp70 induced during hsp90 inhibition (shown in Fig. 3C) interacts with
NFxB proteins to suppress TNFa expression in heat shocked cells (32). Here we determined
whether NFxB-p50 binds to hsp70 in macrophages after 17-DMAG treatment. There was no
significant induction in the NFxB-p50-hsp70 complex formation after LPS and/or 17-
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DMAG treatment as compared to untreated samples (supplementary figure 1), ruling out the
possibility of hsp70 mediated mechanism of inhibition of pro-inflammatory cytokines after
treatment with 17-DMAG.

Next, we sought to determine whether another transcription factor was involved in
modulation of 17-DMAG mediated reduction of pro-inflammatory cytokine production.
Earlier studies have shown that HSF1 serves as a transcriptional repressor for pro-
inflammatory cytokine expression during heat stress by NFxB inhibition (33). To determine
whether HSF1 binds to the TNFa or IL-6 promoter, we performed chromatin
immunoprecipitation of DNA-protein complexes using an anti-HSF1 antibody followed by
semi-quantitative PCR using HSF1 binding site specific primers in TNFa (33), IL-6
promoter (34) and hsp70 promoter (56). Positive control heat shocked macrophages show a
significant up-regulation in binding of HSF1 to the hsp70 promoter (7-8 fold) (Fig. 5C) and
moderate binding to TNFa promoter (3 fold) (Fig. 5D) without changes in LPS-treated
macrophages. HSF1 binding to TNFa. promoter was up-regulated in response to hsp90
inhibition by 17-DMAG and LPS treatment (Fig. 5D). Interestingly, we observed that HSF1
binding to IL-6 promoter was not affected after hsp90 inhibition (Fig. 5E). Thus, our results
here show that HSF1 binds to the TNFa but not IL-6 promoter and likely serves as a key
transcriptional repressor down-regulating TNFa expression in response to hsp90 inhibition
by 17-DMAG.

Knockdown of HSF1 restores the TNFa transcription

In order to confirm if HSF1 down-regulates and has a direct effect on TNFa expression
during hsp90 inhibition, sSiRNA experiments targeting HSF1 were performed. Using specific
HSF1 siRNA (35), transfection was performed in RAW macrophages followed by treatment
with LPS = 17-DMAG. As shown in fig 6A, ~ 80% knock down of HSF1 mRNA was
achieved. RAW cells were then treated with LPS in the absence or presence of 17-DMAG,
and TNFa mRNA was measured by real-time PCR. Knock-down of HSF1 prevented 17-
DMAG mediated down regulation of LPS induced TNFa expression (Fig. 6B). Previous
studies showed that HSF1 can bind to the 5 end of the TNFa promoter (36) and likely
reduce NFxB DNA binding due to inaccessible chromatin after HSF1 binding. We thus
analyzed the effect of HSF1 knockdown on LPS-induced NFxB DNA binding activity in
macrophages after hsp90 inhibition. Knockdown of HSF1 inhibited reduced LPS-induced
NFxB DNA binding activity in 17-DMAG treated cells (Fig. 6C). These results indicate that
HSF1 plays a significant role in down regulation of NFxB DNA binding and ultimately pro-
inflammatory cytokine response after hsp90 inhibition by 17-DMAG in macrophages.

17-DMAG induced HSF-1 indirectly mediates IL-6 suppression through ATF3

Recent studies show that heat shock induced HSF1 indirectly negatively regulates IL-6
promoter through induction of ATF3 (37). To check the possibility of this mechanism, we
analyzed ATF3 mRNA (Fig. 7A) and protein levels (Fig. 7B) after 17-DMAG treatment in
liver. We observed a significant induction of ATF3 mRNA and protein in 17-DMAG treated
livers suggesting an ATF3 mediated 1L-6 suppression. Further, we determined whether
inhibition of HSF1 using siRNA affects IL-6 mRNA levels in RAW macrophages. Figure
7C shows that HSF-1 knockdown prevented the down-regulation of LPS-induced IL-6
mMRNA during 17-DMAG treatment suggesting a role for HSF1 in regulation of IL-6 likely
via ATF3.

Discussion

Intracellular chaperones are necessary for the stability and function of signaling molecules
down-stream to the LPS receptor (14, 15, 19). The role of hsp90, an important molecular
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chaperone in LPS signaling pathway, has been recognized (13, 19, 20). The significance of
endotoxin (LPS) mediated macrophage activation and inflammatory responses in acute and
chronic liver diseases is well known (1). In this study, we targeted hsp90 to inhibit LPS
signaling in the liver and reduce pro-inflammatory cytokine production preventing liver
injury. Experiments performed in vivo using water-soluble and less toxic, hsp90 specific
inhibitor, 17-DMAG, we show that hsp90 inhibition decreases pro-inflammatory cytokine
production and alleviates LPS induced liver injury. Previous limitations for in vivo use of
geldanamycin and its derivatives has been their dose limiting toxicity leading to weight loss,
hematologic, hepatic, and renal toxicity, and cell death (38, 39). Pharmacodynamic studies
showed that medium tolerated dose of 17-DMAG in vivo is 75 mg/kg with minimal toxicity
(40, 41). Here, we used a single dose of 17-DMAG ranging from 2.5 mg/kg to 30 mg/kg
with less concern for non-specific or toxic effects of 17-DMAG. Our data here suggest
hsp90 as an attractive therapeutic target in liver diseases.

While inhibitors of hsp90 were primarily identified of therapeutic importance in cancer,
their role in inflammatory diseases (42) such as rheumatoid arthritis (28), endotoxin
mediated uveitis (18), sepsis (43) and atherosclerosis (44, 45) is emerging. Since LPS
mediated inflammatory responses are crucial to development of liver diseases, strategies that
prevent this response in the liver could have a beneficial effect. The inhibitory function of
hsp90 inhibitors on liver inflammatory responses could be a dual mechanism: either loss of
client proteins due to loss of chaperone function (19, 21) or induction of anti-inflammatory
transcription factor HSF1 and hsp70 expression (46). Here we report that inhibition of hsp90
in the liver induces HSF1 and inhibits LPS induced NFxB activation and pro-inflammatory
cytokine production alleviating liver injury (Fig. 8). The chaperone function of hsp90 on
LPS signaling intermediates explains its effect on expression of down-stream pro-
inflammatory cytokines. In this context, 17-DMAG could affect transcription of cytokine
genes and their production. We observed that pro-inflammatory cytokines, TNFa and IL-6
were significantly inhibited both at mMRNA and protein level in whole livers treated with 17-
DMAG and LPS. Concomitant reduction of serum TNFa and IL-6 paralleled the liver
cytokine profile. We predict that hsp90 inhibition in liver alters LPS signaling events
proximal to pro-inflammatory cytokine gene transcription.

The transcription factor NFxB is a key down-stream signaling intermediate of LPS
receptors, CD14 and TLR4. Earlier studies show that 17-DMAG reduces NFxB activity in
respiratory epithelial cells (47) either directly or through inhibition of upstream LPS
receptors, CD14 and TLR4 (14). Hsp90 associates with the LPS receptor complex (14) and
its inhibition decreases CD14 expression (48). Our results show significant down-regulation
in CD14 mRNA without changes in TLR4 mRNA in liver. Furthermore, 17-DMAG
significantly inhibits NFxB DNA binding but does not affect NFxB driven reporter activity.
Interestingly, 17-DMAG has a profound effect on TNFa promoter driven reporter activity
pointing to the likely involvement of other repressive transcription factors in 17-DMAG-
mediated pro-inflammatory cytokine reduction in the liver.

While inhibition of Hsp90 releases HSF1 from its inactive state to induce target gene
expression (29, 30), HSF1 also negatively regulates induction of pro-inflammatory cytokine
genes (49-51). Consistent with previous findings (31), no change in hsp90 protein levels
was observed after 17-DMAG treatment in the liver. On the other hand, hsp90 inhibition
resulted in a significant up-regulation of HSF1 DNA binding and induction of hsp70 mRNA
and protein in the liver, confirming inhibition of hsp90 chaperone function. The repressive
function of HSF1 on transcription of pro-inflammatory cytokine gene TNFa in macrophages
during exposure to febrile temperatures has been shown (51, 52, 53). The TNFa promoter is
reported to have a binding site for HSF1 (33). We postulated that activated HSF1 in liver
may serve as a repressor of TNFa gene induction during treatment with 17-DMAG. Using
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chromatin immunoprecipitation assay we show binding of HSF1 to TNFa promoter in
presence of 17-DMAG treatment in macrophages. This observation correlates with elevated
DNA binding activity of HSF1 in response to hsp90 inhibition by 17-DMAG in liver.
Further, while HSF1 bound to the hsp70 promoter, 17-DMAG treatment did not induce
binding of HSF1 to IL-6 promoter indicating an HSF1 indirect or independent down-
regulation of IL-6 during 17-DMAG treatment. Previous studies show that HSF1 indirectly
negatively regulates IL-6 promoter through induction of ATF3 (37). Our studies exhibit an
up-regulation of LPS-induced ATF3 mRNA and protein in liver during 17-DMAG treatment
suggesting that HSF1 negatively regulates I1L-6 likely through ATF3 induction. Future
studies will determine the role of ATF3 in 17-DMAG treated macrophages and liver
inflammatory responses. Finally, using HSF1 siRNA we also confirmed the direct repressive
role for HSF1 in TNFa inhibition and an indirect regulation of IL-6 in 17-DMAG treated
macrophages. Thus, HSF1 appears to play a significant role in down-regulation of pro-
inflammatory cytokine responses in the liver on treatment with 17-DMAG, a specific hsp90
inhibitor.

The clinical significance of our study is related to the emerging function of hsp90 as a
potential therapeutic target in different diseases (18, 28, 43, 44, 54). Compelling approaches
using hsp90 inhibitors in hepatocellular carcinoma (41) and hepatitis C virus replication (54,
55) have been reported. Our results here for the first time suggest a novel application for
hsp90 inhibitor 17-DMAG in alleviating LPS mediated liver injury providing a solid basis
for clinical investigations using hsp90 inhibitors in acute and chronic liver diseases. A
significant role for hsp90 in chronic alcohol mediated pro-inflammatory cytokine induction
is shown earlier (17). Future studies in our laboratory are underway to target hsp90 in liver
diseases regulated by pro-inflammatory responses such as alcoholic liver disease (ALD),
non-alcoholic fatty liver disease (NAFLD) and liver fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Hsp90 inhibitor 17-DMAG reducesLPSinduced serum ALT

LPS (% 0.5 mg/kg BW) and 17-DMAG (1 2.5, 5 and [*1 30 mg/kg BW) were injected
intraperitoneally in C57BL/6 mice. All mice were sacrificed 18 hrs post injection and
alanine aminotransferase [ALT] activity was determined in serum as described in
supplementary information. Values are shown as mean £SEM (5 mice per group). *p < 0.05
vs. LPS injected mice.
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Fig. 2. Hsp90 inhibition decreases pro-inflammatory cytokine production in the liver

C57BL/6 mice were injected intraperitoneally with LPS (% 0.5 mg/kg BW) and 17-DMAG
(O 2.5 and M@ 5 mg/kg BW). All mice were sacrificed 2 hrs post injection and total RNA
was extracted from liver. Messenger RNA levels of liver (A) TNFa, (B) IL-6, were
analyzed by quantitative real-time PCR, and normalized to 18S rRNA. Results are expressed
as mean fold change = SEM over mice injected with saline (5 mice per group). Another set
of C57BL/6 mice were injected intraperitoneally with LPS (Z 0.5 mg/kg BW) and 17-
DMAG (J2.5and s mg/kg BW) for 18 hrs and serum TNFa (C), IL-6 (D) was
analyzed by ELISA. #p< 0.001, *p < 0.05 vs. LPS injected mice.
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Fig. 3. Hsp90 inhibition induces HSF1 DNA binding activity and up-regulates hsp70 expression
intheliver

C57BL/6 mice were injected intraperitoneally with LPS (% 0.5 mg/kg BW) and 17-DMAG
(dJ2.5and Hs mg/kg BW) and livers were collected at end of 2 hrs. DNA binding activity
of HSF1 was detected in nuclear extracts of liver cells by EMSA using a 32P labeled, double
stranded HSE oligonucleotide. (A) A representative EMSA picture is shown in upper panel
and the bar graph in lower panel shows mean relative density + SEM (5 mice per

group). #p<0.01, *p < 0.05 compared to LPS injected mice. Hsp70 mRNA levels in the liver
(B) were analyzed by quantitative real-time PCR and normalized to 18S rRNA. Results are
expressed as mean fold change + SEM over mice injected with saline (5 mice per

group). #p<0.001, *p < 0.0001 vs. LPS injected mice. Hsp70 (C) and hsp90 (D) protein was
detected in liver whole cell lysates by western blotting. § Tubulin is shown as internal
loading control. A representative gel picture is shown with mean relative density + SEM (3
mice per group). *p < 0.001 compared to LPS injected mice; ns-not significant.
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Fig. 4. 17-DMAG affects NFxB DNA binding activity and down-regulates CD14 in the liver

(A) Liver CD14 (left vertical axis), TLR4 (right vertical axis) mRNA levels were analyzed
by quantitative real-time PCR and normalized to 18S rRNA. Results are expressed as mean
fold change £ SEM over mice injected with saline (5 mice per group). *p < 0.05 vs. LPS
injected mice. ns-not significant. (B) C57BL/6 mice were injected intraperitoneally with
LPS (% 0.5 mg/kg BW) and 17-DMAG ([ 2.5 and Il 5 mg/kg BW) and livers were
collected at end of 2 hrs. NFxB DNA binding activity was detected in nuclear extracts of
whole livers by EMSA using a 32P labeled, double stranded NFxB consensus
oligonucleotide. A representative EMSA picture is shown in upper panel and the bar graph
in lower panel shows mean relative density + SEM (5 mice per group). #p<0.001, *p < 0.05
compared to LPS injected mice. Cytoplasmic IxBa (C), cellular NFxB p65 (D) and nuclear
NF«xB phospho p65 (E) were detected in livers collected at end of 2 hrs. A representative
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western blot picture is shown in upper panel and the bar graph in lower panel shows mean

relative density = SEM (5 mice per group). *p < 0.05 vs. LPS injected mice. ns-not
significant.
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Fig. 5. HSF1 regulates TNFa and hsp70 expression in response to hsp90 inhibition

RAW macrophages were transfected with either NFxB (A) or TNFa (B) promoter
constructs separately. Next day the cells were stimulated with LPS (Z 100 ng/ml), 17-
DMAG (J 0.5 uM) or both (Il for 6 hrs. Fold induction in NFxB (A) and TNFa (B)
promoter activity over unstimulated cells is shown as bar graph. *p < 0.05 vs. unstimulated
cells, #p < 0.001 vs. LPS stimulated cells. Data represents mean of 3 experiments + SEM.
Chromatin immunoprecipitation assay was performed using anti-HSF1 antibody and semi
guantitative PCR was carried out using hsp70 (C), TNFa (D), and IL-6 (E) promoter
specific primers. A representative gel picture for each gene is shown. The densitometry
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graph represents average of 3 independent experiments. *p < 0.0001 vs. LPS stimulated
cells; #p < 0.001 vs. unstimulated cells.
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Fig. 6. HSF1 knockdown restores TNFa expression

RAW macrophages were transfected with HSF1 siRNA and were stimulated next day with
LPS, 17-DMAG or both for 2 hrs. HSF1 (A) and TNFa (B) mRNA were analyzed by real-
time PCR. (A) Bar graph represents mean percent knockdown of HSF1 mRNA + SEM of a
total 3 experiments. (B) Data represents mean fold change in TNFa. mRNA of 3
experiments £ SEM. *p < 0.0001 vs. non transfected, LPS+17-DMAG stimulated cells.
NFxB DNA binding activity (C) was detected in nuclear extracts of RAW macrophages 24
hrs after HSF1 siRNA transfection and 2 hrs treatment with LPS + 17-DMAG. A
representative EMSA picture is shown in upper panel and the bar graph in lower panel
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shows mean relative density + SEM. *p < 0.01 compared to negative control SiRNA
transfected, LPS+17-DMAG stimulated cells.
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Fig. 7. 17-DMAG induced HSF-1 indirectly mediates IL-6 suppression through ATF3

C57BL/6 mice were injected intraperitoneally with LPS (% 0.5 mg/kg BW) and 17-DMAG
(O 2.5 and M@ 5 mg/kg BW) and livers were collected at end of 2 hrs. Messenger RNA
levels of liver ATF3 (A) were analyzed by quantitative real-time PCR, and normalized to
18S rRNA. Results are expressed as mean fold change + SEM over mice injected with saline
(5 mice per group). Nuclear ATF3 protein (B) was detected in livers collected at end of 2
hrs. A representative western blot picture is shown in upper panel and the bar graph in lower
panel shows mean relative density + SEM (5 mice per group). *p < 0.05 vs. LPS injected
mice. RAW macrophages were transfected with HSF1 siRNA and were stimulated next day
with LPS, 17-DMAG or both for 2 hrs. IL-6 mRNA was analyzed by real-time PCR. (C)
Data represents mean fold change in IL-6 mRNA of 3 experiments + SEM. #p < 0.001 vs.
non transfected, LPS+17-DMAG stimulated cells.
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Fig. 8. Mechanism of pro-inflammatory cytokineinhibition and alleviation of L PSinduced live
injury by 17-DMAG

Inhibition of hsp90 by 17-DMAG induces heat shock transcription factor (HSF1) in liver
which hinders binding of NFxB to the promoter region of pro-inflammatory cytokine target
genes, resulting in reduction of LPS induced pro-inflammatory cytokines and prevent liver
injury.
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