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Endotoxin is a potent inducer of systemic inflammatory re-
sponses in human and rodents. Here, we show that in vivo en-
dotoxin triggers a rapid and transient decline in ATP concen-
tration in human peripheral blood leukocytes and murine
peripheral blood leukocytes and liver, which is associated with
a brief increase in expression of the autophagy indicator
LC3-II. In both of these tissues, the ATP concentration
reaches a nadir, and autophagy is induced between 2 and 4 h
post-endotoxin infusion, and homeostasis is restored within
12 h. Mouse liver SIRT1 and AMP-activated protein kinase
(AMPK) protein expression levels decline precipitously within
10 min and remain below detection levels for up to 12 h post-
endotoxin administration. In marked contrast, the expression
of HIF-1� is induced within 90 min and remains elevated for
up to 12 h. The ATP recovery is delayed, and the increases in
both HIF-1� expression and autophagy are prolonged in endo-
toxin-challenged SIRT1 liver knock-out mice. Resveratrol pre-
vents the decline in ATP concentration and SIRT1 expression,
as well as the increase in HIF-1� expression and autophagy in
liver of endotoxin-challenged wild type mice but not in SIRT1
liver knock-out mice. These results provide novel insight into
the state of both cellular bioenergetics and metabolic networks
during the acute phase of systemic inflammation and suggest a
role for SIRT1 in acute metabolic decline, as well as the resto-
ration of metabolic homeostasis during an inflammatory
challenge.

Cells utilize multiple pathways to respond to metabolic
needs that arise as a result of rapid changes in nutritional and
environmental conditions. Several proteins that include silent
information regulator T1 (SIRT1), AMP-activated protein
kinase (AMPK),2 and hypoxia-inducible transcription factor-1
(HIF-1) play key roles in the regulation of metabolic path-
ways. SIRT1 is a NAD�-dependent sirtuin family member
that catalyzes the deacetylation of proteins implicated in the
regulation of multiple cellular processes, which include me-

tabolism (1, 2). Among the abundant data that support its
metabolic function (3, 4), the observations that SIRT1-null
mice are metabolically inefficient as compared with normal
mice, and that their liver mitochondria have a lower capacity
to produce ATP, are particularly significant (5). SIRT1 regu-
lates metabolic pathways through interactions with multiple
transcription factors, which include peroxisome proliferator-
activated receptor � coactivator 1� (PGC-1�), peroxisome
proliferator-activated receptor �, forkhead box, subgroup O
(FOXO) family members, and p53 (6–9). Of these, PGC-1� is
a predominant regulator of mitochondrial biogenesis as well
as mitochondrial substrate usage (10–12). In fasting skeletal
muscle, SIRT1-dependent deacetylation of PGC-1� promotes
the shift in mitochondrial substrate utilization from glucose
to fatty acid oxidation (13), whereas in fasting liver, it triggers
transcription of gluconeogenic genes and an increase in he-
patic glucose output (10). By acting through PGC-1�, SIRT1
also increases oxygen consumption and induces mitochon-
drial oxidative phosphorylation genes, as well as mitochon-
drial biogenesis in muscle (14). SIRT1 is one of the best char-
acterized targets of resveratrol, a small polyphenolic
compound found in red wine that has multiple physiologic
effects, including the capacity to enhance mitochondrial ac-
tivity and cellular metabolism (14, 15).
The Ser/Thr kinase AMPK, which is activated when the

cellular ATP concentration is low, acts in parallel to SIRT1.
Like SIRT1, AMPK also up-regulates catabolic pathways that
include glycolysis, mitochondrial respiration, and mitochon-
drial biogenesis, while switching off energy-consuming ana-
bolic processes such as lipid and protein synthesis (16). Stud-
ies revealed that SIRT1 and AMPK act on several common
target genes that include PGC-1� and FOXO (3, 17, 18). In
addition, there is evidence that AMPK modulates the activity
of SIRT1 through the regulation of NAD� availability (19–21)
and that SIRT1 activates AMPK in several cell types that in-
clude HepG2 hepatocytes (22). Although the hierarchical
functional relationship between SIRT1 and AMPK remains
uncertain, these collective observations explain at least in part
the apparent overlap between SIRT1- and AMPK-dependent
metabolic outputs.
Under normoxic conditions, mitochondria are the primary

site of cellular ATP production in cells that convert nutrients
into energy through oxidative phosphorylation. Therefore,
when shifted to conditions of low oxygen tension, or hypoxia,
such cells might experience a decrease in mitochondrial func-
tion leading to a decline in ATP synthesis. However, hypoxic
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cells are able to maintain metabolic homeostasis through an
increase in glycolysis, which is mediated by HIF-1 (23, 24).
HIF-1 up-regulates the expression of glycolytic enzymes such
as 6-phosphofructo-2-kinase, glucose transporters, as well as
the expression of pyruvate dehydrogenase kinase, which in-
hibits pyruvate dehydrogenase and, consequently, the entry of
pyruvate into the TCA cycle (24–26). As a result of these
combined activities, HIF-1 enhances glycolysis while limiting
mitochondrial function and the generation of reactive oxygen
species (25, 26).
HIF-1 is a heterodimeric complex composed of an oxygen-

regulated HIF-1� subunit and a constitutively expressed
HIF-1� subunit (27, 28). HIF-1� is degraded rapidly by the
ubiquitin proteasome pathway under normoxic conditions
but is stabilized in cells under hypoxia (29–33). Studies have
demonstrated that endotoxin (lipopolysaccharide (LPS)), a
well characterized inducer of systemic inflammatory re-
sponses and a toll-like receptor 4 (TLR4) agonist, triggers an
increase in HIF-1� expression in myeloid cells and hepato-
cytes under both hypoxic and normoxic conditions (34–36).
How the expressions of HIF-1�, AMPK, and SIRT1 are all
balanced in cells during periods of systemic inflammation is
currently undetermined.
SIRT1 (37), AMPK (38), and more recently HIF-1 (39, 40)

are all implicated in the regulation of autophagy, a ubiquitous
cell survival mechanism used by cells to compartmentalize
and digest long lived and/or damaged proteins and organelles
(41, 42). A family of autophagy-related (Atg) proteins, which
include Atg 8/LC3, regulates the formation of specialized ves-
icles, known as autophagosomes. The autophagosomes shut-
tle their engulfed protein and organelle cargoes to lysosomes
for degradation (43). During periods of nutrient deficiency,
many cell types degrade cellular macromolecules and produce
amino acids through autophagy to support their metabolic
needs (44). Although it is known that endotoxin, as well as
other toll-like receptors agonists, can trigger autophagy in
immune cells and that this process is central to immune cell
function (45, 46), the relationship between autophagy and
cellular metabolism in cells that are exposed to an inflamma-
tory challenge is currently undefined.
Severe inflammatory conditions resulting from sepsis, in-

jury, or an endotoxin challenge trigger a decline in mitochon-
drial bioenergetics in both human and animal tissues (47–49).
A decline in mitochondrial oxidative phosphorylation gene
expression is similarly observed in human PBL from mice
challenged with endotoxin in vivo (50). In this study, we begin
to explore the mechanism through which in vivo endotoxin
alters the cellular bioenergetics in two types of TLR4-express-
ing cell populations, PBL and liver. We show that the cellular
ATP levels, autophagy, as well as HIF-1�, SIRT1, and AMPK
protein expression levels are all coordinately dysregulated in
human and mice leukocytes and in mice liver as early as 1–2 h
after an in vivo endotoxin challenge. We also report that res-
veratrol suppresses the metabolic perturbations observed in
endotoxin-challenged murine PBL and liver through a SIRT1-
dependent mechanism. Finally, we show that the metabolic
perturbations triggered by endotoxin are prolonged in the
liver of liver-specific SIRT1-knock-out (L-KO) mice as com-

pared with littermate controls. These findings shed new light
on the state of SIRT1, AMPK, and HIF-1� expression and
their potential roles during a critical period of systemic
inflammation.

EXPERIMENTAL PROCEDURES

Human Subjects—Male and female subjects (age 18–29
years) were recruited by public advertisement to participate in
a study approved by the Institutional Review Board of the
Robert Wood Johnson Medical School after obtaining in-
formed written consent. Subjects were administered a stan-
dard dose of endotoxin (2 ng/kg, clinical center reference en-
dotoxin (CC-RE), lot 2, National Institutes of Health,
Bethesda) (50). At the indicated time points of pre- and post-
endotoxin infusion, blood was drawn into EDTA-containing
tubes, and lysis buffer (bicarbonate-buffered ammonium chlo-
ride solution, 0.826% NH4Cl, 0.1% KHCO3, 0.0037%
Na4EDTA in H2O) was added at a ratio of 20:1 (lysis buffer/
blood). Once the erythrocytes lysed (�5–7 min of incuba-
tion), the samples were centrifuged for 10 min at 400 � g. The
leukocyte pellet was washed once with phosphate-buffered
saline (PBS). The pellet was resuspended in PBS and divided
into two fractions. One fraction (�1/10 of the sample) was
used for ATP analysis. The remaining sample was used for
Western blot analysis.
Animals Studies—The animal studies were approved by the

Institutional Animals Care and Use Committee of Robert
Wood Johnson Medical School. Normal C57/BL6 mice were
obtained from The Jackson Laboratory. The liver-specific
SIRT1-null transgenic mice were described previously (51,
52). All transgenic mice studies were conducted using litter-
mate animals homozygous for a floxed SIRT1 allele
(SIRT1�ex4/�ex4), which either expressed Cre (liver-specific
SIRT1 knock-out) or did not express Cre (designated wild
type (WT)) (51, 52). Animals were challenged with a bolus
dose of endotoxin (i.p. injection, 3 mg/kg in 300 �l of saline)
or saline (300 �l). Where indicated, animals were given a bo-
lus injection of resveratrol (Sigma) (i.p., 20 mg/kg in 5% etha-
nol (53)) or vehicle (5% ethanol) for 7 days. On day 8, the ani-
mals were challenged with endotoxin or saline as described
above. The mice were sacrificed by CO2 inhalation. Blood was
obtained by heart puncture, and leukocytes were isolated us-
ing the protocol outlined above. Liver segments were used for
quantitative real time PCR, ATP, and Western blot analysis.
ATP Assays—Protein concentration of cells and tissues was

determined using micro BCA reagents (Pierce). Cellular and
tissue ATP levels were measured using the ATP biolumines-
cence assay kit (Roche Applied Science) as per the manufac-
turer’s protocol. Briefly, cells and tissues were collected and
resuspended in 500 �l of ATP assay dilution buffer (100 mM

Tris, pH 7.75, and 4 mM EDTA). The samples were boiled for
2 min and spun for 5 min at 1000 � g. Supernatants were col-
lected, and 50-�l samples were analyzed using a luminometer
(PerkinElmer Life Sciences).
Western Blot Analysis—Leukocytes and liver tissue were

lysed in RIPA buffer (1% Triton X-100, 1% deoxycholic acid,
10 mM Tris-HCl, pH 7.2, 158 mM NaCl, 0.1% SDS, and 1 mM

PMSF and complete protease inhibitor mixture (Roche Ap-
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plied Science)). Lysates containing equal protein amounts
were subjected to Western blot analysis and probing with an-
tibodies to LC3 (Sigma, L7543-200UL), SIRT1 (Santa Cruz
Biotechnology, sc-15404), �-actinin (54), AMPK (Cell Signal-
ing, 2532), HIF-1� (Santa Cruz Biotechnology, SC-10790),
p62/SQSTM1 (Abgent, AP2183B), tubulin (Sigma, T6557),
and actin (Sigma, A2066).
RNA Extraction and Gene Expression Analysis—Human or

mouse blood was transferred to and stored in PAXgene tubes
(Qiagen). Total RNA was extracted as per PAXgene blood
RNA kit protocol (Qiagen). Mouse liver tissue was collected
and stored at �70 °C in RNAlater (Qiagen). The tissue was
homogenized using mortar and pestle, and total RNA was
isolated using the RNeasy mini kit (Qiagen) according to the
manufacturer’s instructions. Total RNA was quantified using
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA) and reversed-transcribed to cDNA using the High Ca-
pacity cDNA reverse transcription kit (Applied Biosystems).
Gene expression was analyzed in duplicate by quantitative
real time PCR as described previously (55). Data are expressed
as fold change relative to time 0. SIRT1 (Mm00437764_m1)
and B2M (Mm01168521_m1) gene expression assays were
purchased from Applied Biosystems.
Statistics—Analysis was by one-way ANOVA with New-

man-Keuls post test. The operations were carried out using
Prism 4 software version 4.0b (GraphPad Software, Inc., La
Jolla, CA). p values less than 0.05 were considered to be statis-
tically significant.

RESULTS

In Vivo Endotoxin Triggers a Transient Decrease in Cellular
ATP Concentration and a Parallel Increase in Autophagy in
Peripheral Blood Leukocytes and Liver Tissue—Endotoxin
triggers transient changes in expression of genes associated
with the mitochondrial oxidative phosphorylation activity in
human PBL (50). To determine whether these changes in mi-
tochondrial gene expression reflect changes in cellular bioen-
ergetics, we examined the ATP concentration in PBL ob-
tained from human subjects at multiple time points before
and after an in vivo endotoxin challenge. The in vivo endo-
toxin challenge triggered an abrupt decrease in ATP concen-
tration within 1 h (Fig. 1A). By 1–2 h post-endotoxin infusion,
the ATP concentration decreased by �50% relative to base
line. The ATP concentration began to recover after 4–6 h,
with a full recovery by 12 h post-endotoxin administration.
During periods of nutrient deficiency, cells can generate

energy through autophagic degradation of cellular organelles
and proteins (44). Hence, we sought to determine whether the
transient decline in ATP concentration triggered by endo-
toxin was sufficiently robust so as to trigger an increase in
expression of the autophagy indicator LC3-II (56, 57). LC3
(Atg8) is a 18-kDa cytosolic protein that is involved with au-
tophagosome membrane formation. In the course of its re-
cruitment to these membranes, LC3 is subjected to two post-
translational modification steps, which yield the 16-kDa form,
referred to as LC3-II (56). As shown (Fig. 1B), endotoxin trig-
gered an increase in LC3-II expression within 2 h with a re-
turn to base-line expression levels between 4 and 6 h (Fig. 1B).

We then examined whether the metabolic changes ob-
served in human PBL challenged with endotoxin in vivo are
reproduced in mice. Indeed, a decrease in ATP was detected
in murine PBL within 1 h, with a nadir between 3 and 4 h
post-endotoxin infusion (Fig. 2A). Furthermore, consistent
with the results observed in human PBL, LC3-II expression
was increased (Fig. 2B) while the ATP concentration was at its
lowest point (Fig. 2A). An indistinguishable transient decline
in ATP concentration, accompanied by a parallel increase in
LC3-II expression, was also observed in mice liver (Fig. 2, C
and D). To further confirm that the transient decline in ATP
was associated with an increase in autophagic flux, we exam-
ined the expression of p62/SQTM1, an LC3-binding protein
that is degraded through autophagy (57, 58). Indeed, as shown
in Fig. 2, B and D, the expression of p62/SQTM1 was signifi-
cantly reduced in PBL and liver while the expression of LC3-II
was at its peak. The parallel and inversely related changes in
ATP levels and autophagy suggest that the two events are
closely coordinated in multiple tissues during periods of sys-
temic inflammation.
In Vivo Endotoxin Down-regulates SIRT1 and AMPK Ex-

pression and Up-regulates HIF-1� Expression in Peripheral
Blood Leukocytes and Liver Tissue—We next sought to deter-
mine whether the in vivo endotoxin challenge altered SIRT1,
AMPK, or HIF-1� expression in mice PBL and liver. Using

FIGURE 1. Endotoxin triggers a transient decline in ATP levels and a par-
allel increase in LC3-II expression in human PBL. A and B, blood was
drawn from healthy volunteer donors (n � 4) at the indicated time before
and after endotoxin (2 ng/kg body weight) infusion. Leukocytes were iso-
lated and lysed, and samples containing equal protein amounts were used
for ATP assays (A) (data are expressed as mean � S.E.) and Western blotting
and probing (B) with the indicated antibodies. Blotting for �-actinin was
used as a loading control. Data are shown for two out of four subjects
studied.
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quantitative real time PCR, we found that endotoxin triggered
a significant decline in SIRT1 gene expression levels in mice
PBL (Fig. 3A) and liver (Fig. 3B). Furthermore, the in vivo en-
dotoxin challenge also triggered an abrupt decline in liver
SIRT1 protein expression level within 2 h (Fig. 3C). SIRT1
expression remained low for at least 6 h and recovered by 12 h
post-endotoxin infusion (Fig. 3D).

A decrease in ATP concentration is expected to trigger an
increase in AMPK activity. Nonetheless, as observed for
SIRT1 expression, AMPK expression was also transiently
down-regulated in both PBL (Fig. 4A) and liver (Fig. 4B) of
endotoxin-challenged mice. The abrupt decline in AMPK
expression was seen within 2 h. AMPK expression remained
significantly suppressed for at least 6 h but was fully recovery
by 8–12 h post-endotoxin infusion (Fig. 4). In marked con-
trast with the fate of SIRT1 and AMPK expression, HIF-1�
expression was up-regulated within 2 h in both mice PBL (Fig.
4A) and liver (Fig. 4B) and remained elevated for up to 8–12 h
post-infusion. Together, these findings indicate that the ex-
pression of HIF-1� and SIRT1/AMPK is inversely regulated
during periods of systemic inflammation.
Resveratrol Prevents the Decrease in ATP Concentration

and the Increase in LC3-II and HIF-1� Expression in Liver of
Endotoxin-challenged Mice—Studies have shown that resvera-
trol can improve mitochondrial function and cellular bioener-
getics (14, 15). Hence, we sought to determine whether res-
veratrol could modify the bioenergetic consequences

observed in endotoxin-challenged mice. To this end, mice
were administered resveratrol or vehicle for 7 days as de-
scribed previously (53). On day 8, the mice were challenged
with endotoxin and were sacrificed 4 h later. The 4-h time
point was chosen based on the results presented in Figs. 3
and 4. In contrast with the significant decrease in ATP
concentration noted in PBL (Fig. 5A) and liver (Fig. 5C) of
vehicle-pretreated mice, no significant changes in ATP
concentration were observed in resveratrol-pretreated
mice. Furthermore, the increases in LC3-II expression ob-
served in PBL (Fig. 5B) and liver tissue (Fig. 5D) of vehicle-
pretreated mice were not observed in tissues of resveratrol-
pretreated mice.
The decline in SIRT1 gene expression detected in vehicle-

pretreated PBL (Fig. 6A) and liver (Fig. 6B) as well as the de-
cline in SIRT1 protein expression in liver (Fig. 6C) were not
observed in resveratrol-pretreated mice. Liver AMPK expres-
sion was suppressed in mice pretreated with either vehicle or
resveratrol (Figs. 6D and 7C). In contrast, HIF-1� expression
was detected in vehicle-pretreated but not in resveratrol-pre-
treated mouse liver (Figs. 6E and 7C).
SIRT1 Contributes to the Restoration of Bioenergetic Homeo-

stasis in Liver Challenged with Endotoxin in Vivo—Next, us-
ing the resveratrol pretreatment protocol described earlier,
we sought to determine whether the beneficial effects of res-
veratrol shown above (Figs. 5 and 6) are dependent on SIRT1
expression. Indeed, as shown in Fig. 7A, by 4 h post-endo-

FIGURE 2. Endotoxin triggers a transient decline in ATP levels and a parallel increase in LC3-II expression in murine PBL and liver. Blood (A and B)
and liver tissue (C and D) were obtained from endotoxin (3 mg/kg body weight)-challenged mice (n � 4 – 6 per time point) at the indicated times post-infu-
sion. Peripheral blood leukocytes and liver tissue samples containing equal protein amounts were used for ATP assays (A and C) (data are expressed as
mean � S.E.) and Western blotting and probing (B–D) with the indicated antibodies. Each lane represents a sample obtained from a single mouse. Blotting
for �-actinin was used as a loading control. The samples marked as Group I and Group II in B are from two independent experiments, demonstrating
reproducibility.
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toxin infusion, the ATP concentration in liver of resveratrol-
pretreated SIRT1 L-KO mice was significantly lower than that
of resveratrol-pretreated WT mice and was indistinguishable
from the ATP concentration observed in vehicle-pretreated
SIRT1 L-KO or WT mice. Consistent with these findings, res-
veratrol failed to prevent the increase in autophagy in SIRT1
L-KO mice liver (Fig. 7C). Furthermore, resveratrol also pre-
vented the increase in HIF-1� expression in the liver of endo-
toxin-challenged WT mice but not in SIRT1 L-KO mice (Fig.

7C). Collectively, these data indicate that SIRT1 mediates the
beneficial effects of resveratrol in endotoxin-challenged mice.
To further explore the role of bioenergetics function of

SIRT1 in this model of systemic inflammation, we next exam-
ined the cellular ATP levels as well as the changes in LC3-I/II
and p62/SQSTM1 expression in the liver of liver-specific
SIRT1 knock-out (SIRT1 L-KO) mice and wild type (WT)
littermate controls. No difference in the liver ATP concentra-
tion was observed between vehicle-pretreated SIRT1 L-KO
andWTmice groups (Fig. 7, A and B), and the increase in
autophagy, determined based on the increase in LC3-II ex-
pression and the decrease in p62/SQSTM1 expression, was
noted in both groups at 4 h post-endotoxin infusion (Fig. 7C).
In addition, AMPK expression was suppressed, and HIF-1�
expression was up-regulated in the livers of either SIRT1
L-KO or WT mice (Fig. 7C). However, differences in ATP
concentration as well as autophagy and HIF-1� expression
were observed by 24 h post-endotoxin infusion (Fig. 7, B and
D). At that time, the ATP concentration was significantly
lower in the liver of SIRT1 L-KO mice as compared with WT
controls (Fig. 7B), and autophagy remained robust in SIRT1
L-KO but not in WT mice liver (Fig. 7D). In addition, HIF-1�
remained up-regulated in the liver of SIRT1 L-KO. These data
suggested that SIRT1 facilitates the restoration of bioener-
getic homeostasis during periods of systemic inflammation.
Kinetics of Acute Inflammatory Response—The data pre-

sented in Fig. 7 suggested that the decrease in SIRT1 expres-
sion sets the stage for endotoxin-induced changes in ATP
concentration, autophagy, and HIF-1� expression. To address
this possibility, we examined the status of SIRT1, AMPK, and
HIF-1� expression as early as 10 min post-endotoxin chal-
lenge. Remarkably, SIRT1 and AMPK expression declined

FIGURE 3. Endotoxin alters SIRT1 transcript and protein expression lev-
els in murine PBL and liver tissue. Peripheral blood leukocytes (A) and
liver tissue (B–D) were obtained at the indicated time post-endotoxin infu-
sion. A and B, SIRT1 transcript level was determined by quantitative PCR.
Fold changes in mRNA levels are expressed as mean � S.E. relative to the 0
time point (n � 4). C and D, liver tissue samples normalized for protein con-
tent were subjected to Western blot analysis. Blotting for �-actinin was
used as a loading control. Each lane represents a sample obtained from a
single mouse. The data shown in C and D are from two independent
experiments.

FIGURE 4. Endotoxin alters AMPK and HIF-1� expression in murine pe-
ripheral blood leukocytes and liver tissue. Peripheral blood leukocytes
(A) and liver tissue (B) were obtained at the indicated time post-endotoxin
infusion. Samples normalized for protein content were subjected to West-
ern blot analysis. Blotting for �-actinin was used as a loading control. Each
lane represents a sample obtained from a single mouse.
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below detection levels within 10 min (Fig. 8A). In contrast, the
increase in HIF-1� was not detected for at least 60 min (Fig.
8A). Similarly, the decline in ATP concentration and the in-
crease in autophagy were not observed during the first 45 min
post-challenge (Fig. 8B). Neither the decrease in ATP nor the
increases in autophagy and HIF-1� expression were observed
in resveratrol-pretreated mice (Fig. 8, B and C). These data
established that the decline in SIRT1 and AMPK expression
noted in liver of endotoxin-challenged mice precedes the de-

cline in ATP, as well as the increases in autophagy and
HIF-1� expression (Fig. 8D).

DISCUSSION

Although it is known that severe systemic inflammatory
responses can alter the cellular bioenergetics in various tis-
sues, the molecular mechanism that underlies this outcome is
currently largely undetermined (59–62). This study provides
direct evidence that in vivo endotoxin triggers profound

FIGURE 5. Resveratrol prevents the decline in ATP concentration and the increase in LC3-II expression in murine PBL and liver tissue when adminis-
tered prior to the endotoxin challenge. Mice were given an intraperitoneal injection of vehicle (Veh) or resveratrol (RES) (20 mg/kg body weight) for 7
days. On day 8, the mice were challenged with saline or a bolus dose of endotoxin (LPS). Peripheral blood leukocytes (A and B) and liver tissue (C and D)
were obtained at 4 h post-endotoxin infusion. The samples were used for ATP assays (A and C) and Western blot analysis (B and D) as described in the leg-
end to Fig. 2. The data shown in A and C are expressed as means � S.E. (n � 4). Statistical significance was determined by one-way ANOVA.

FIGURE 6. Resveratrol alters SIRT1 and HIF-1� expression in liver tissue when administered prior to the endotoxin challenge. Mice were treated as
described in the legend to Fig. 5. Blood (A) and liver tissue (B–F) were obtained at 4 h post-infusion. SIRT1 transcripts levels in peripheral blood leukocytes
(A) and liver tissue (B) were examined by quantitative PCR. Data are expressed as means � S.E. (n � 4) relative to the untreated group. C–E, liver tissue sam-
ples normalized for protein content were used for Western blot analysis with the indicated antibodies. Statistical significance was determined by one-way
ANOVA. Veh, vehicle; Res, resveratrol.
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metabolic perturbations that include parallel and opposite
changes in ATP concentration and autophagy, a robust de-
crease in SIRT1 and AMPK expression, and an increase in
HIF-1� expression in mice liver. Most of these outcomes were
also observed in both human and mouse leukocytes. Given
that systemic inflammatory conditions are associated with
numerous human diseases, it is possible that bioenergetic per-
turbations similar to those that are described in this study
exist and/or contribute to the etiology of many diseases.
Decreases in ATP concentration and mitochondrial activity

were previously observed in the liver of endotoxin-challenged
animals and in the skeletal muscle of septic patients or burn-
injured mice (47–49, 63, 64). Our data extend these results by
demonstrating that similar metabolic perturbations occur
simultaneously in multiple tissues during a period of systemic
inflammation. These findings are significant because they
suggest that the PBL bioenergetics is representative of those
in less accessible tissues and organs. Although the decline in
ATP concentration reported here is consistent with the trend
observed by others, our study is the first to reveal that the
changes in ATP concentration occur within a well defined
time window. Furthermore, we show that during the same
time period the expressions of SIRT1, AMPK, and HIF-1� are

all also profoundly altered with distinct, protein-specific
outcomes.
A decrease in SIRT1 expression was observed in

MonoMac6 cells and in inflammatory cells of rat lungs follow-
ing exposure to cigarette smoke extract (65). A decrease in
SIRT1 expression was also observed in Raw264.7 cells that
were serum-starved and then challenged with endotoxin over-
night (66). In another study, Yang et al. (67) reported that
endotoxin, as well as free fatty acid-induced inflammatory
conditions, suppresses both AMPK and SIRT1 expression in
murine macrophages in vitro and in mice epididymal adipose
tissue in vivo. Building on these observations, our data dem-
onstrate not only that both AMPK and SIRT1 expressions are
transiently suppressed in the liver during the acute phase of
systemic inflammation but also that HIF-1� expression is ele-
vated in both PBL and liver within the very same time period.
Lim et al. (68) recently reported that SIRT1 and HIF-1� inter-
act in vitro and in vivo and that SIRT1 represses HIF-1� sig-
naling by deacetylating HIF-1� at Lys-674. That study also
revealed that the expression of SIRT1 is suppressed under
hypoxic conditions due to a decrease in the NAD�/NADH
ratio and that the expression of HIF-1� is consequently en-
hanced (68). It is plausible that the expression of SIRT1 and

FIGURE 7. ATP levels, autophagy, and HIF-1� and AMPK expression in liver of wild type and SIRT1 L-KO mice challenged with endotoxin in vivo.
Wild type (WT) littermates and liver SIRT1 KO (SIRT1 L-KO) mice were given an intraperitoneal injection of vehicle (Veh) or resveratrol (RES) as described in
the legend to Fig. 5. On day 8, the mice were challenged with saline or endotoxin (LPS). Liver was extracted at 4 h (A and C) or 24 h (B and E) post-endotoxin
infusion. A and B, samples normalized for protein content were used for ATP analyses. Data are expressed as means � S.E. (n � 4). C and D, liver tissue sam-
ples normalized for protein content were subjected to Western blot analysis with the indicated antibodies. Blotting for tubulin was used as a loading con-
trol. Each lane represents a sample obtained from a single mouse. Statistical significance was determined by one-way ANOVA.
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HIF-1� is regulated by a similar mechanism during the acute
phase of systemic inflammation.
SIRT1 and AMPK can be viewed as positive regulators of

mitochondrial function, in that they trigger increases in mito-
chondrial biogenesis as well as mitochondrial respiration and
oxygen consumption. In contrast, HIF-1 induces the expres-

sion of genes associated with glycolysis and actively represses
mitochondrial function and oxygen consumption (24–26).
Based on these seemingly opposite metabolic functions, the
activity of HIF-1 should be optimal while the activities of both
SIRT1 and AMPK are suppressed. In further support of this
possibility, Lim et al. (68) recently proposed that by promot-

FIGURE 8. Kinetics of the acute inflammatory response in liver of mice challenged with endotoxin. Liver tissue was obtained at the indicated time
post-endotoxin infusion. Samples normalized for protein content were subjected to Western blot analysis (A). Blotting for actin was used as a loading con-
trol. B and C, mice were given an intraperitoneal injection of vehicle (Veh) or resveratrol (RES) as described in the legend to Fig. 5. On day 8, the mice were
challenged with saline or a bolus dose of endotoxin (LPS). Liver tissue was obtained at the indicated time post-endotoxin infusion. Samples were normal-
ized for protein content and subjected to Western blot analysis (B) and ATP assays (C). Data are expressed as means � S.E. (n � 4). Statistical significance
was determined by one-way ANOVA. *, p � 0.001. D, model describing the temporal changes in SIRT1, AMPK, and HIF-1� expression post-endotoxin infu-
sion and their relationship to the metabolic dysregulation and recovery in WT and SIRT1 L-KO mice.

SIRT1, AMPK, and HIF-1� Expression during Inflammation

41398 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 53 • DECEMBER 31, 2010



ing a low NAD�/NADH ratio, glycolysis potentiates HIF-1�
signaling through the suppression of SIRT1 expression. The
shifts that we see in HIF-1, SIRT1, and AMPK expression may
therefore provide the means for the cells to optimize HIF-1-
regulatory outputs.
HIF-1 is a central regulator of myeloid cell metabolism,

bacterial killing potency, migration, and pro-inflammatory
cytokine production (35, 69). Mice lacking HIF-1� in myeloid
cells were protected against endotoxin-induced mortality.
This positive outcome was attributed to a decrease in pro-
inflammatory cytokines that are produced by myeloid cells
(69). In contrast, targeted deletion of HIF-1� in T cells was
associated with an increase in pro-inflammatory cytokine lev-
els and improved septic mouse survival (70). These observa-
tions indicate that the impact of HIF-1� expression during
inflammation is cell type-specific. Our data extend these pre-
vious observations and show that the increase in HIF-1� ex-
pression during inflammation unfolds not only in immune
cells that may transmigrate and accumulate at sites of inflam-
mation but also in a solid organ such as liver, which is pre-
dominantly populated by TLR4-expressing parenchymal cells/
hepatocytes (71). This raises the possibility that when
challenged with a TLR4 agonist, hepatocytes might mount an
HIF-1� adaptive response similar to the one activated in im-
mune cells. Once activated, HIF-1� may trigger a metabolic
switch leading to inhibition of mitochondrial respiration and
enhanced glycolysis (72). This would imply that rather than
absorbing lactate via the Cori cycle, hepatocytes, like other
cells that express HIF-1� (25), might also secrete lactate dur-
ing periods of systemic inflammation. This could provide the
basis for the decrease in lactate clearance that is observed in
critically ill patients (73).
The beneficial effects of resveratrol have been documented

in numerous studies. The findings presented here show that
when administered prior to the endotoxin challenge, resvera-
trol restores the expression of both SIRT1 and HIF-1� to
base-line levels and prevents the decline in ATP levels and the
induction of autophagy. The ability of resveratrol to prevent
these endotoxin-mediated changes did not occur in the SIRT1
L-KO. It is interesting to note that resveratrol did not prevent
the decline in AMPK expression, indicating that SIRT1 and
AMPK are differentially regulated when resveratrol and endo-
toxin are combined. Studies have shown that resveratrol can
enhance the enzymatic activities of SIRT1 (74), AMPK (75,
76), as well as other enzymes (15). Resveratrol could prevent
the decrease in SIRT1 expression if, as shown for PGC-1 (77),
SIRT1 can also regulate its own expression by acting within a
positive auto-regulatory feedback loop independent of or
through the diminution of NF-�B-dependent pro-inflamma-
tory cytokine production (65, 78). In addition, it is known that
resveratrol can exert anti-oxidative effects by modulating the
expression of enzymes such as quinone reductase 2 (79) and
cyclooxygenases (15, 80, 81). A recent study suggested that
under oxidative stress conditions SIRT1 is subject to post-
translational modification and that this modification marks
SIRT1 for proteasomal degradation (82). This raises the possi-
bility that the anti-oxidative effects of resveratrol, rather than
a direct interaction with SIRT1, protect SIRT1 from post-

translational modification and degradation. Although a de-
crease in intracellular oxygen species could in principle also
explain how resveratrol prevents the increase in HIF-1� ex-
pression (83), the inability of resveratrol to prevent HIF-1�
expression in liver of SIRT1 L-KO clearly indicates that SIRT1
is a critical component in the resveratrol-mediated protection
against HIF-1� induction and ATP decline during
inflammation.
When taken as a whole, our data suggest that the time pe-

riod during which the cellular bioenergetics are perturbed
post-endotoxin infusion can be separated into at least three
phases. In the first phase, SIRT1 and AMPK expression are
significantly reduced (Fig. 8D). This phase is completed
within 10 min. We speculate that in parallel to these events
endotoxin also alters the mitochondrial function, setting the
stage for the second phase. During this phase the ATP con-
centration declines, and HIF-1� expression and autophagy
are induced (Fig. 8D). This phase begins 1–1.5 h post-endo-
toxin infusion and lasts �10–12 h. Our comparative analyses
of WT and SIRT1 L-KO mice (Fig. 7) indicate that the second
phase is SIRT1-independent. In the third phase, the expres-
sion of HIF-1� and SIRT1 returns to normal. In liver of WT
mice, the metabolic homeostasis is re-established within 24 h
(Fig. 7). However, in SIRT1 L-KO mice, this recovery does not
occur. These observations provide a strong indication that
SIRT1 facilitates the restoration of bioenergetic homeostasis
after the acute phase of systemic inflammation.
In conclusion, we have found that endotoxin triggers pro-

found, transient, and parallel changes in expression of three
key metabolic regulators: SIRT1, AMPK, and HIF-1� in liver
and in PBL. We hypothesize that these changes reflect a shift
from AMPK/SIRT1-dependent oxidative metabolism to a
HIF-1-regulated glycolytic pathway and that HIF-1 may be
the chief regulator of cellular metabolism as long as the in-
flammatory conditions remain unresolved. In support of this
possibility, our analyses of gene expression patterns in PBL
obtained from trauma patients revealed a significant increase
in genes that include PFKFB3, SLC2A3, and PDK3, which are
HIF-1-regulated targets. These genes remained elevated in
PBL for at least 12 days after trauma (84). Our data raise the
possibility that SIRT1 could represent a potential target for
regulating HIF-1� expression during the acute phase of ATP
loss and also for facilitating the return to metabolic homeo-
stasis after an inflammatory challenge.
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