
INTRODUCTION
Sepsis and septic shock are life-threat-

ening medical conditions, characterized
by uncontrolled or overwhelming sys-
temic inflammatory response to an infec-
tion and accounts for more than 750,000
cases annually in the United States (1).
Despite significant advances and exten-
sive therapeutic approaches, sepsis re-
mains a major health concern and leading
cause of high mortality worldwide (2–4).
Human and animal studies have demon-
strated that progressive multiple organ
failure is the most common cause of death

following sepsis, with the lungs usually
representing the first organ to fail (5). Pre-
disposition of the immune response has
been shown to be critical in the develop-
ment of an exaggerated inflammatory re-
action and ensuing acute lung injury
(ALI) (6). The clinical pathology of ALI in-
cludes increased vascular permeability, in-
flammation, oxidative stress, apoptosis,
pulmonary edema and the accumulation
of activated neutrophil in lung tissue and
eventually cell death (7–11).

AMP-activated protein kinase (AMPK)
is a serine/threonine kinase that functions

as an energy sensing enzyme and is acti-
vated in response to an increase of the
AMP/ATP ratio during hypoxia, glucose
deprivation, heat shock or reduction in
mitochondrial oxidative phosphorylation
(12,13). AMPK is a heterotrimeric complex
consisting of three subunits, α catalytic
subunit and regulatory β and γ subunits
(14). Two isoforms have been identified
for both α subunit (α1 and α2) and β sub-
unit (β1 and β2), and three isoforms have
been reported for the γ subunit (γ1, γ2 and
γ3) (14). Most recently, several reports in-
dicate that the function of AMPK is not
only restricted to the maintenance of en-
ergy metabolism, but also to coordination
of several housekeeping mechanisms and
involvement in modulating oxidative
stress and inflammatory mediators
(15–18). An adenosine monophosphate
analog, 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR), has been used as
a pharmacological activator to upregulate
AMPK activity (19). Administering
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AICAR has been shown to inhibit inflam-
mation and to alleviate organ injury in ro-
dents (13,20–22).

There is growing evidence that the cen-
tral nervous system (CNS) plays an im-
portant and functionally relevant role in
regulating the inflammatory response.
For example, the vagus nerve and cholin-
ergic pathway have been demonstrated
to be involved in modulating proinflam-
matory cytokine-induced injury locally
and systemically in infectious diseases
(23–26). However, the molecular mecha-
nisms of the CNS in regulating systemic
inflammation are still not well character-
ized. The hypothalamus, a key region in
the CNS, controls several peripheral
physiological activities through a broad
network of hormonal and neuronal com-
munication (27). AMPKα is expressed in
hypothalamic neurons as a fuel sensor
and counteracts energy deficits in the
brain (28). More specifically, the AMPKα1
is primarily cytoplasmic, whereas
AMPKα2 is predominantly nuclear and
plays a role in transcriptional regulation
(29). In addition, the α2 catalytic subunit
is highly expressed in neurons in com-
parison with α1 (30). Thus, we hypothe-
sized that activation of AMPK in the CNS
could attenuate inflammatory responses
and reduce ALI in sepsis.

In this study, we examined the mecha-
nistic and beneficial effect of activating
centrally located AMPK in septic mice
induced by cecal ligation and puncture
(CLP). AICAR administration to the
brain through intracerebroventricular
(ICV) injection attenuated the peripheral
inflammation, as evidenced by decreased
production of cytokines and chemokines,
and reduced lung injury in septic mice.
We also provided the evidence that the
protective effect of AICAR is mediated
though the presence of AMPKα2 in the
brain by using AMPKα2 deficient mice.

MATERIALS AND METHODS

Animals
Male age-matched wild-type C57 BL/6

mice (25-30 g) (Taconic) and AMPKα2
knockout (Prkaa2–/–) mice were obtained

from Benoit Viollet (INSERM) and were
maintained at the Feinstein Institute for
Medical Research (14). They were
housed in a temperature-controlled room
on a 12-h light–dark cycle and fed a stan-
dard mouse diet. All experiments were
performed in accordance with the Na-
tional Institutes of Health guidelines for
use of experimental animals (Guide for
the Care and Use of Laboratory Animals, 8th
edition, 2011), and this study was ap-
proved by the Institutional Animal Care
and Use Committee of the Feinstein In-
stitute for Medical Research.

Intracerebroventricular (ICV) Injection
Stereotactic and surgical materials

were obtained from Stoelting and Hamil-
ton. Animals were lightly anesthetized
with inhalational isoflurane and the head
of the animal was secured on the stereo-
tactic apparatus. A thermal pad was used
to maintain core body temperature dur-
ing the procedure. The head of the ani-
mal was shaved and cleansed with 10%
povidone-iodine wash. A midline inci-
sion was made, extending from the eyes
to the back of the cranium to expose the
bregma. Either 20 ng AICAR (Sigma-
Aldrich) or 2 μL vehicle (normal saline)
was injected into the lateral ventricle
area by using predetermined coordinates
(AP, 0.34 mm from bregma; lateral, 1.0 m;
and vertical, 2.2 mm).

Animal Model of Sepsis
Thirty minutes after ICV injection, the

animal was removed from the stereotactic
apparatus and placed in supine position.
The ventral abdomen was shaved and
cleansed with 10% povidone–iodine wash
and cecal ligation and puncture (CLP) was
performed as previously described (31).
One- to 2-cm midline incision was per-
formed to allow exposure of the cecum
and tightly ligated ~1.0 cm from the tip
with a 3-0 silk suture. A through double
puncture of the cecum was performed
using a 22-gauge needle. A small amount
of feces was expressed from the perforated
sites and returned to the peritoneal cavity.
The laparotomy site was then closed with
6-0 silk suture. Sham-operated animals

underwent the same procedure with the
exception that the cecum was neither lig-
ated nor punctured. The CLP animals sub-
cutaneously received 1 mL isotonic nor-
mal saline immediately after the surgery.

Western Blotting
Hypothalamus and surrounding tissue

were lysed and homogenized in 300 μL
lysis buffer (10 mmol/L Tris-HCL pH 7.5,
120 mmol/L NaCl, 1% NP-40, 1% sodium
deoxycholate and 1% Triton X-100) con-
taining protease and phosphatase inhibitor
cocktails (Roche) using a sonic dismembra-
tor on ice. Samples were centrifuged at
14,000g for 20 min at 4°C, and the super-
natant were collected. Following measure-
ment of sample protein concentration by
Pierce BCA protein assay kit (Pierce
Biotechnology), 60 μg samples were sepa-
rated on 4% to 12% Bis-Tris gradient gels
and transferred to nitrocellulose mem-
branes. Membranes were blocked by incu-
bation with 0.1% casein followed by incu-
bation with primary antibody against
p-AMPKα, t-AMPKα (Cell Signaling), or
β-actin (Sigma-Aldrich). After washing,
membrane was incubated with appropriate
fluorescent secondary antibodies. Bands
were detected using the Odyssey FC Dual-
Mode Imaging system 2800 (LI-COR).

Measurements of Serum Liver
Enzymes and Cytokines

Whole-blood samples were centrifuged
at 4,000g for 12 min to collect serum, which
was then stored at –80°C before use. The
activity of aspartate aminotransferase
(AST) was determined by a commercial
assay kit from Pointe Scientific. Serum
tumor necrosis factor-α (TNF-α), inter-
leukin 1β (IL-1β) and interleukin-6 (IL-6)
levels were determined by an enzyme-
linked immunosorbent assay kit specific
for mouse (BD Biosciences). The assays
were carried out according to the instruc-
tions provided by the manufacturer.

Real-Time Reverse Transcriptase–
Polymerase Chain Reaction (RT-PCR)
Analysis

Total RNA was extracted from lung tis-
sue by TRIzol reagent (Invitrogen) and
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reverse-transcribed in to cDNA by using
murine leukemia virus reverse transcrip-
tase (RT) (Applied Biosystems). A PCR
reaction was carried out in 25 μL final
volume containing 0.08 μmol of each 
forward and reverse primer, 5 μL cDNA,
6.5 μL H2O and 12.5 μL SYBR Green PCR
Master Mix (Applied Biosystems). Am-
plification was conducted in an Applied
Biosystems 7300 real-time PCR machine
under the thermal profile of 50°C for 
2 min and 95°C for 10 min, followed by
45 cycles of 95°C for 15 s and 60°C for 
1 min. The level of mouse β-actin mRNA
was used for normalization and each
specific mRNA was conducted in dupli-
cate. Relative expression of mRNA was
calculated by the 2–ΔΔCt method, and re-
sults were expressed as fold change in
comparison with controls. The sequences
of primers for this study are listed in
Table 1.

Myeloperoxidase (MPO) Activity
Assay

Lung tissues were sonicated in 
50 mmol/L potassium phosphate buffer
containing 0.5% hexadecyl trimethyl 
ammonium bromide. After the centrifuga-
tion, the supernatant was diluted in reac-
tion solution containing o-dianisidine hy-
drochloride and H2O2. The rate of change
in optical density (OD) for 1 min was
measured at 460 nm to calculate MPO ac-
tivity as described previously (32).

Histological Evaluation and Terminal
Deoxynucleotidyl Transferase dUTP
Nick-End Labeling (TUNEL) Staining of
the Lungs

Lung tissues were taken from the
upper and lower lobes 20 h following
CLP and stored in 10% formalin before
being fixed in paraffin. Tissues were then

sectioned to 4-μm cuts and stained with
hematoxylin-eosin. For TUNEL staining,
fluorescence staining was performed
using a commercially available in situ
Cell Death Detection Kit (Roche). The
assay was conducted according to the
manufacturer’s instructions. The nucleus
was stained with propidium iodide. Re-
sults were expressed as the average
number of TUNEL-positive staining cells
per 10 microscopic fields.

Statistical Analysis
All data are expressed as a mean ± SE

(n = 6–8/group) and compared by one-
way analysis of variance (ANOVA) and
the Student-Newman-Keuls (SNK) test.
Differences in values were considered
significant if P < 0.05.

RESULTS

AICAR Activates AMPKα in the Brain of
Septic Mice

We first verified the effect of centrally
administered AICAR on the activation of
AMPKα. At 20 h after CLP, the hypothal-
amus sections of the mice were har-
vested and subjected to Western blot
analysis. The phosphorylated level of
AMPKα in the brain remained un-
changed after CLP, while its level in-
creased by 2.18-fold in the AICAR treat-
ment group in comparison with the
vehicle treated septic mice (Figure 1).
This result indicated that ICV-injection of
IACAR effectively stimulated AMPK ac-
tivity in the brain of septic mice.

AICAR Attenuates Organ Injury and
Systemic Inflammation in Septic Mice

We then examined the effect of AICAR
treatment on the tissue damage and in-
flammatory response in sepsis. At 20 h

after CLP, the serum level of AST, an
organ injury marker, increased by 7.4-fold
in the vehicle, compared with the sham
(Figure 2A). By contrast, AICAR treat-
ment significantly decreased the AST
level by 36.7% as compared with the vehi-
cle group (Figure 2A). Similarly, we also
found significantly increased serum levels
of proinflammatory cytokines, TNF-α
(25.3-fold), IL-1β (24.3-fold) and IL-6 (6.8-
fold) in the vehicle group as compared
with the respective sham groups. Impor-
tantly, AICAR treatment significantly de-
creased the level of TNF-α by 70.5%, IL-1β
by 90.3%, and IL-6 by 42.2% as compared
with the vehicle (Figures 2B–D).

AICAR Ameliorates Lung Damage
and Apoptosis in Septic Mice

The lungs are very vulnerable in sepsis
(33). We examined the lung tissue at 20 h
after CLP with hematoxylin and eosin
staining. As shown in Figure 3, CLP in-
duced severe lung injury shown with sep-
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Table 1. A list of primer sequences used in this study.

Name GenBank Forward Reverse

TNF-α X_02611 AGACCCTCACACTCAGATCATCTTC TTGCTACGACGTGGGCTACA
IL-1β NM_008361 CAGGATGAGGACATGAGCACC CTCTGCAGACTCAAACTCCAC
KC NM_008176 GCTGGGATTCACCTCAAGAA ACAGGTGCCATCAGAGCAGT
MIP-2 NM_009140 CCCTGGTTCAGAAAATCATCCA GCTCCTCCTTTCCAGGTCAGT
β-Actin NM_007393 CGTGAAAAGATGACCCAGATCA TGGTACGACCAGAGGCATACAG

Figure 1. Phosphorylation of AMPK in the
brain. The hypothalamus and surrounding
tissue of sham, vehicle- and AICAR-treated
mice were harvested at 20 h after CLP. The
tissue was lysed and subjected to Western
blotting against phosphorylated (p-
AMPKα) and total AMPK (t-AMPKα). His-
togram shows mean densitometric analy-
sis of bands after normalizing with t-AMPK
and β-actin. Expression in the sham group
is designated as 1 for comparison. Data
are expressed as mean ± SE (n = 6–8 per
group). *P < 0.05 versus sham and #P < 0.05
versus vehicle.



tal thickening, proteinaceous exudate,
pulmonary edema and enhanced inflam-
matory infiltrates as compared with the
sham. By contrast, the severity of lung
damage was ameliorated by AICAR treat-
ment, shown with a better integrity of mi-
croscopic structure as compared with the
vehicle-treated animals (Figure 3).

Apoptosis plays a major role in the
pathogenesis of sepsis-induced organ in-
jury (34). We applied TUNEL assay to ex-
amine the apoptosis in the lungs by im-
munofluorescence. In the vehicle group,
the TUNEL-positive cells (green fluores-
cence) were well detected, while they
were barely observed in the sham (Fig-
ure 4A). On the other hand, the number
of TUNEL-positive cells in the lung tis-
sues of the AICAR-treated mice was re-
duced significantly (63.3%) as compared
with the vehicle group (Figure 4B).

AICAR Suppresses Lung Inflammation
and Neutrophil Infiltration in Septic
Mice

Excessive production of proinflamma-
tory cytokines is one of the important
contributing factors for the lung injury

(35). Lung tissue was harvested at 20 h
after CLP and subjected to RT-PCR and
ELISA analysis. The mRNA level of TNF-α
was increased by 53.1-fold in vehicle-
treated animal as compared with the
sham. Parallel to mRNA expression, we
found increased protein levels of TNF-α

in vehicle-treated animal as compared
with the sham (Figures 5A, B). AICAR
treatments significantly suppressed
mRNA and protein levels of TNF-α by
72.5% and 44.2%, respectively, compared
with the vehicle (Figures 5A, B). Simi-
larly, the mRNA and protein levels of IL-
1β were elevated significantly in the ve-
hicle group as compared the sham, while
their levels were reduced by 76.9% and
47.4%, respectively, compared with the
vehicle (Figures 5C, D).

Chemokines keratinocyte derived-
chemokine (KC) and macrophage inflam-
matory protein-2 (MIP-2) both have been
shown to participate in the pathogenesis
of lung injury (36,37). The mRNA levels
of KC and MIP-2 increased by 748- and
1415-fold, respectively, in the vehicle as
compared with the sham (Figures 6A, B).
By contrast, a significant reduction of KC
mRNA by 76.2% and MIP-2 mRNA by
64.2% was observed in lung tissues of
AICAR-treated mice (Figures 6A, B). We
further measured the myeloperoxidase
activity (MPO) in the lungs to evaluate
the neutrophil infiltration. The MPO ac-
tivity increased by 3.1-fold in vehicle-
treated group as compared with the
sham, while AICAR treatment decreased
the MPO activity by 42.4% as compared
with the vehicle (Figure 6C).
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Figure 2. Alterations in serum levels of organ injury marker and proinflammatory cytokines.
Blood of sham, vehicle- and AICAR-treated mice were harvested at 20 h after CLP for
measuring (A) AST, (B) TNF-α, (C) IL-1β, and (D) IL-6. Data are expressed as mean ± SE (n =
6–8 per group). *P < 0.05 versus sham and #P < 0.05 versus vehicle.

Figure 3. Morphological changes in the lungs. The lung tissues of sham, vehicle- and
AICAR-treated mice were harvested at 20 h after CLP and subjected to histological anal-
ysis with hematoxylin–eosin staining. Representative images of lung histology from n = 6–8
per group. Original magnification 100× (top panels); 200× (bottom panels).



AICAR Activity Is Mediated by
AMPKα2 in the Brain of Septic Mice

To investigate the molecular mechanism
by which AICAR treatment to the CNS at-
tenuated organ injury and inhibited in-
flammation, we undertook a genetic ap-
proach. AMPKα2 is highly expressed in
the neurons of the brain. Thus, we per-
formed the CLP in AMPKα2 knockout
(KO) mice after ICV injection of either ve-
hicle or AICAR as described in the wild-
type (WT) mice. We first measured the
serum AST level and observed its eleva-
tion in the vehicle group of AMPKα2 KO
mice, which was similar to that in the WT
mice (Figure 7A). AICAR treatment only
reduced AST levels by 13.8% without sta-
tistical significance as compared with the
vehicle (Figure 7A). Similarly, there was an
increase in serum levels of TNF-α and IL-
1β in septic AMPKα2 KO mice, however,
AICAR treatment did not significantly
change their levels as compared with the
vehicle (Figures 7B, C).

We also examined the mRNA levels of
proinflammatory cytokines and
chemokines in the lungs by RT-PCR.
There was an increase in mRNA levels of
TNF-α, IL-1β, KC and MIP-2 in the lungs
of vehicle-treated AMPKα2 KO mice as
compared with their respective sham
(Figures 8A–D). However, AICAR-treated
AMPKα2 KO septic mice did not show
any significant changes in the expression
levels of these cytokines and chemokines
as compared with the vehicle-treated
AMPKα2 KO septic mice (Figures 8A–D).
Taken together, these results suggest that
the protective effects of administered ICV
with AICAR in the WT mice may mainly
mediate through AMPKα2-dependent
mechanisms in the brain.

DISCUSSION
Sepsis is the leading cause of death

among critically ill patients and is the
most common risk factor for ALI. Un-
governed inflammation, characterized by
cytokine storm and subsequent neutrophil
sequestration is an underlying component
of sepsis associated organ failure (38).
Thus, elucidation of novel molecular and
cellular pathways that influence the

pathogenesis of sepsis and its associated
complication could provide greater insight
into the mechanisms of disease pathology.

The significance of the brain AMPK
stimulation in regulation of inflammation
in sepsis is not known. We have used a
combination of pharmacological and ge-
netic approaches for the study. First, we
demonstrate that ICV injection of AICAR
markedly increases the phosphorylation
of AMPK in the brain of CLP-induced
septic mice. Such AICAR administration
reduced organ injury and inhibited sys-
temic inflammation. In more specific or-
gans, both the severity of damage and the
induction of apoptosis in the lungs of
septic mice are attenuated by AICAR
treatment, which is associated with a re-
duction of cytokine and chemokine pro-
duction as well as neutrophil infiltration.
On the other hand, AICAR-mediated pro-
tective effect on lowering organ injury

and inflammation in septic WT mice is
diminished in septic AMPKα2 KO mice,
suggesting that brain AMPKα2 may be a
key player to mediate AICAR activity.

Activation of AMPK by systemic ad-
ministration of AICAR has been shown to
suppress inflammatory responses in other
studies. Zhao and coworkers demonstrate
that AICAR reduces the proinflammatory
activity of neutrophils and decreases the
severity of ALI through AMPK activation,
linking to cellular responses to metabolic
stress (13). Escobar et al. demonstrate that
activation of AMPK by AICAR amelio-
rates liver and renal injury in septic mice,
which is associated with a decrease in cir-
culating cytokines and tissue inflamma-
tion (39). In this study, we provide new
evidence of activating the CNS in regulat-
ing the systemic responses. By directly in-
jecting AICAR into the brain, we have ob-
served a significant reduction of serum
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Figure 4. Apoptosis in the lungs after CLP. The lung tissues of sham, vehicle- and AICAR-
treated mice were harvested at 20 h after CLP and subjected to TUNEL assay. (A) Repre-
sentative images of TUNEL staining (green fluorescent) and nuclear counterstaining (red
fluorescent) of lung sections. Original magnification 100×. Scale bar, 50 μm. (B) The num-
ber of apoptotic cells in the lung quantified from TUNEL staining. Data are expressed as
mean ± SE (n = 6–8 per group). *P < 0.05 versus sham and #P < 0.05 versus vehicle.



levels of proinflammatory cytokines TNF-
α, IL-1β and IL-6 in septic mice.

Another important aspect of our study
is to observe an improvement of lung
morphology and inhibition of lung apo-
ptosis in septic mice with central AICAR
injection. As known, lung tissue damage
is observed in 90% of patients dying
from sepsis and its associated complica-
tion (40). The histopathological features
of lung injury in septic mice demon-
strated here are resembled in the clinical
condition of patients with sepsis (41).
Other studies have indicated that apo-
ptosis plays an important role on pro-
gression of sepsis (42,43). Oberholzer and
colleagues suggested that targeting sig-
naling pathways that lead to apoptosis
would represent a new therapeutic target
for the patient with sepsis or other re-
lated clinical conditions (34). By systemic
administration, AICAR has been shown
to decrease the apoptosis in different
cells associated with various disease con-
ditions (44–46). Rossi and Lord describe
that AICAR treatment decreases the neu-
trophil apoptosis through the AMPK ac-

tivation, suggesting an important role of
AMPK in normal function of neutrophils
(45). Similarly, Kim et al. demonstrate
that AICAR reduces the palmitate-in-
duced apoptosis in neuron cells by acti-
vation of AMPK (46).

In addition to inhibiting systemic in-
flammation, central AICAR administra-
tion also decreases local inflammation in
the lungs. We have demonstrated a sig-
nificant decrease in expression of cy-

tokines TNF-α.and IL-1β in the lungs
with AICAR treatment. Moreover, central
AICAR administration also effectively in-
hibits the expression of KC and MIP-2 in
the lungs. It has been reported that ele-
vated expression of KC and MIP-2 po-
tently stimulate neutrophil influx in the
lungs, while suppression of these
chemokines markedly inhibits neutrophil
sequestration in the lungs (47). Consis-
tent with this mechanism, we have de-
tected decreased MPO activity, a marker
for neutrophil infiltration (48). Consid-
ered together, our findings suggest that
activation of the brain AMPK by AICAR
for a protective milieu to the lung in sep-
sis may confer inhibition of the produc-
tion of inflammatory mediators.

We then further identify the specific
target in the CNS for AICAR’s activity in
regulating systemic inflammation. When
comparing the serum levels of AST, TNF-
α and IL-1β in septic AMPKα2 KO mice
between vehicle and AICAR ICV injec-
tions, the beneficial effects of AICAR ob-
served in the septic WT mice are dimin-
ished in the AMPKα2 KO mice.
Moreover, the AICAR’s effect on inhibit-
ing the expression of cytokines and
chemokines in the lungs of the septic WT
mice disappeared in the septic AMPKα2
KO mice. These results clearly indicate
that AMPKα2 in the brain is majorly re-
sponsible for central AICAR stimulation.
As it has been indicated that the CNS can
modulate the systemic inflammation and
cytokines production by: 1) activation of
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Figure 5. Alterations in expression of proinflammatory cytokines in the lungs. The lung tissues
of sham, vehicle- and AICAR-treated mice were harvested at 20 h after CLP for measuring
the mRNA levels of (A) TNF-α and (C) IL-1β by real-time RT-PCR as well as protein levels of
(B) TNF-α and (D) IL-1β by ELISA. The mRNA expression in the sham group is designated as 1
for comparison. Data are expressed as mean ± SE (n = 6–8 per group). *P < 0.05 versus
sham and #P < 0.05 versus vehicle.

Figure 6. Alterations in expression of chemokines and myeloperoxidase activity in the
lungs. The lung tissues of sham, vehicle- and AICAR-treated mice were harvested at 20 h
after CLP for measuring the mRNA levels of (A) KC and (B) MIP-2 by real-time RT-PCR. (C)
Lung myeloperoxidase (MPO) activity was determined spectrophotometrically. The mRNA
expression in the sham group is designated as 1 for comparison. Data are expressed as
mean ± SE (n = 6–8 per group). *P < 0.05 versus sham and #P < 0.05 versus vehicle.



the sympathetic nervous system and re-
lease of norepinephrine which target the
immune cells expressing adrenergic re-
ceptors (49,50); 2) stimulation of the
vagus nerve-mediated cholinergic antiin-
flammatory pathway (23,51,52); and 3)
activation of the hypothalamic-pituitary-
adrenal (HPA) axis for glucocorticoids se-
cretion in response to adrenocorticotropic
hormone and immune suppression
(53,54). However, which pathway(s)
serves as downstream-of-brain AMPK ac-
tivation for modulating the systemic and

peripheral tissue inflammation following
sepsis needs further investigation.

By the same token, Giri et al. present
the evidence that activation of AMPKα2
by AICAR attenuates the LPS-mediated
induction of proinflammatory mediators
in rat primary astrocytes and microglia
cells through inhibiting NF-κB and
C/EBP transcription factors (22). A study
by Bernik et al. demonstrates that intrac-
erebral administration of a tetravalent
guanylhydrazone molecule that inhibited
TNF-α production increases efferent

vagus nerve activity and inhibits inflam-
mation outside the CNS (55). Moreover, it
has been shown that activation of hypo-
thalamic AMPK can prevent LPS-induced
hypoglycemia in mice liver, suggesting
centrally located AMPK in the regulation
of peripheral physiological activities (56).

CONCLUSION
Our results suggest that centrally ad-

ministered AICAR protects against sep-
sis-induced pulmonary injury and apo-
ptosis, and that this protection is
associated with a decrease in circulating
proinflammatory cytokines. Furthermore,
hypothalamic AMPKα2 mediates AICAR
activity to regulate systemic inflamma-
tory response in sepsis. Thus, further un-
derstanding the interaction between the
CNS and systemic activity will provide
another direction for sepsis treatment.

ACKNOWLEDGMENTS
Supported in part by National Insti-

tutes of Health (NIH) grants GM057468
and GM053008 (to P Wang). The authors
thank Benoit Viollet (INSERM, Institut
Cochin, Paris, France) for generously
providing the AMPKα2 knockout mice.

DISCLOSURE 
The authors declare that they have no

competing interests as defined by Molecu-
lar Medicine, or other interests that might
be perceived to influence the results and
discussion reported in this paper.

REFERENCES
1. Gaieski DF, Edwards JM, Kallan MJ, Carr BG.

(2013) Benchmarking the incidence and mortality
of severe sepsis in the United States. Crit. Care
Med. 41:1167–74.

2. Khan MM, Yang WL, Wang P. (2015) Endoplasmic
reticulum stress in sepsis. Shock. 44:294–304.

3. Hu Z, et al. (2015) Ursolic acid improves survival
and attenuates lung injury in septic rats induced by
cecal ligation and puncture. J. Surg. Res. 194:528–36.

4. Sharma A, Matsuo S, Yang WL, Wang Z, Wang P.
(2014) Receptor-interacting protein kinase 3 defi-
ciency inhibits immune cell infiltration and atten-
uates organ injury in sepsis. Crit. Care. 18:R142.

5. Neumann B, et al. (1999) Mechanisms of acute in-
flammatory lung injury induced by abdominal
sepsis. Int. Immunol. 11:217–27.

6. Ayala A, et al. (2002) Shock-induced neutrophil
mediated priming for acute lung injury in mice:

R E S E A R C H  A R T I C L E

M O L  M E D  2 1 : 6 3 7 - 6 4 4 ,  2 0 1 5  |  M U L C H A N D A N I  E T  A L .  |  6 4 3

Figure 7. Alterations in serum levels of organ injury marker and proinflammatory cytokines
in AMPKα2 KO mice. Blood of sham, vehicle- and AICAR-treated AMPKα2 KO mice were
harvested at 20 h after CLP for measuring (A) AST, (B) TNF-α and (C) IL-1β. Data are ex-
pressed as mean ± SE (n = 6-8 per group). P = nonsignificant (NS).

Figure 8. Alterations in expression of proinflammatory cytokines and chemokines in the
lungs of AMPKα2 KO mice. The lung tissues of sham, vehicle- and AICAR-treated AMPKα2
KO mice were harvested at 20 h after CLP for measuring (A) TNF-α, (B) IL-1β, (C) KC and
(D) MIP-2 by real time RT-PCR. The expression in the sham group is designated as 1 for
comparison. Data are expressed as mean ± SE (n = 6-8 per group). P = nonsignificant (NS).



divergent effects of TLR-4 and TLR-4/FasL defi-
ciency. Am. J. Pathol. 161:2283–94.

7. Lomas-Neira JL, Chung CS, Wesche DE, Perl M,
Ayala A. (2005) In vivo gene silencing (with
siRNA) of pulmonary expression of MIP-2 ver-
sus KC results in divergent effects on hemor-
rhage-induced, neutrophil-mediated septic acute
lung injury. J. Leukoc. Biol. 77:846–53.

8. Filgueiras LR, Capelozzi VL, Martins JO, Jancar
S. (2014) Sepsis-induced lung inflammation is
modulated by insulin. BMC Pulm. Med. 14:177.

9. Mannam P, et al. (2014) MKK3 regulates mito-
chondrial biogenesis and mitophagy in sepsis-
 induced lung injury. Am. J. Physiol. Lung Cell.
Mol. Physiol. 306:L604–19.

10. Aziz M, Jacob A, Yang WL, Matsuda A, Wang P.
(2013) Current trends in inflammatory and im-
munomodulatory mediators in sepsis. J. Leukoc.
Biol. 93:329–42.

11. Botha AJ, et al. (1995) Early neutrophil sequestra-
tion after injury: a pathogenic mechanism for
multiple organ failure. J. Trauma. 39:411–7.

12. Hardie DG. (2003) Minireview: the AMP-activated
protein kinase cascade: the key sensor of cellular
energy status. Endocrinology. 144:5179–83.

13. Zhao X, et al. (2008) Activation of AMPK attenu-
ates neutrophil proinflammatory activity and de-
creases the severity of acute lung injury. Am. J.
Physiol. Lung Cell. Mol. Physiol. 295:L497–504.

14. Viollet B, et al. (2003) The AMP-activated protein
kinase alpha2 catalytic subunit controls whole-
body insulin sensitivity. J. Clin. Invest. 111:91–8.

15. Mihaylova MM, Shaw RJ. (2011) The AMPK sig-
nalling pathway coordinates cell growth, au-
tophagy and metabolism. Nat. Cell Biol. 13:1016–23.

16. Li XN, et al. (2009) Activation of the AMPK-
FOXO3 pathway reduces fatty acid-induced in-
crease in intracellular reactive oxygen species by
upregulating thioredoxin. Diabetes. 58:2246–57.

17. Dolinsky VW, Dyck JR. (2006) Role of AMP- activated
protein kinase in healthy and diseased hearts. Am. J.
Physiol. Heart Circ. Physiol. 291: H2557–69.

18. Salminen A, Hyttinen JM, Kaarniranta K. (2011)
AMP-activated protein kinase inhibits NF-κB sig-
naling and inflammation: impact on healthspan
and lifespan. J. Mol. Med. (Berl). 89:667–76.

19. Sullivan JE, et al. (1994) Inhibition of lipolysis and
lipogenesis in isolated rat adipocytes with AICAR,
a cell-permeable activator of AMP-activated pro-
tein kinase. FEBS Lett. 353:33–6.

20. Bai A, et al. (2010) AMPK agonist downregulates
innate and adaptive immune responses in TNBS-
induced murine acute and relapsing colitis.
Biochem. Pharmacol. 80:1708–17.

21. Hoogendijk AJ, Pinhancos SS, van der Poll T,
Wieland CW. (2013) AMP-activated protein kinase
activation by 5-aminoimidazole-4-carbox-amide-1-
beta-D-ribofuranoside (AICAR) reduces lipotei-
choic acid-induced lung inflammation. J. Biol.
Chem. 288:7047–52.

22. Giri S, et al. (2004) 5-aminoimidazole-4-carboxamide-
1-beta-4-ribofuranoside inhibits proinflammatory re-
sponse in glial cells: a possible role of AMP-activated
protein kinase. J. Neurosci. 24:479–87.

23. Tracey KJ. (2007) Physiology and immunology of
the cholinergic antiinflammatory pathway. J. Clin.
Invest. 117:289–96.

24. Huston JM, et al. (2007) Transcutaneous vagus
nerve stimulation reduces serum high mobility
group box 1 levels and improves survival in
murine sepsis. Crit. Care Med. 35:2762–8.

25. Boeckxstaens G. (2013) The clinical importance of
the anti-inflammatory vagovagal reflex. Handb.
Clin. Neurol. 117:119–34.

26. Park J, Kang JW, Lee SM. (2013) Activation of the
cholinergic anti-inflammatory pathway by nico-
tine attenuates hepatic ischemia/reperfusion in-
jury via heme oxygenase-1 induction. Eur. J.
Pharmacol. 707:61–70.

27. Cai D, Liu T. (2011) Hypothalamic inflammation:
a double-edged sword to nutritional diseases.
Ann. N. Y. Acad. Sci. 1243:E1–39.

28. Ronnett GV, Aja S. (2008) AMP-activated protein
kinase in the brain. Int. J. Obes. (Lond). 32 Suppl 4:
S42–8.

29. Turnley AM, et al. (1999) Cellular distribution
and developmental expression of AMP-activated
protein kinase isoforms in mouse central nervous
system. J. Neurochem. 72:1707–16.

30. Amato S, Man HY. (2011) Bioenergy sensing in
the brain: the role of AMP-activated protein ki-
nase in neuronal metabolism, development and
neurological diseases. Cell Cycle. 10:3452–60.

31. Giangola MD, et al. (2013) Growth arrest-specific
protein 6 attenuates neutrophil migration and
acute lung injury in sepsis. Shock. 40:485–91.

32. Hirano Y, et al. (2015) Neutralization of osteopon-
tin attenuates neutrophil migration in sepsis-
 induced acute lung injury. Crit. Care. 19:782.

33. Hudson LD. (1995) New therapies for ARDS.
Chest. 108:79S–91S.

34. Oberholzer C, Oberholzer A, Clare-Salzler M,
Moldawer LL. (2001) Apoptosis in sepsis: a new tar-
get for therapeutic exploration. FASEB J. 15:879–92.

35. Liu D, Zienkiewicz J, DiGiandomenico A, Haw-
iger J. (2009) Suppression of acute lung inflam-
mation by intracellular peptide delivery of a nu-
clear import inhibitor. Mol. Ther. 17:796–802.

36. Schmal H, Shanley TP, Jones ML, Friedl HP,
Ward PA. (1996) Role for macrophage inflamma-
tory protein-2 in lipopolysaccharide-induced
lung injury in rats. J. Immunol. 156:1963–72.

37. Lomas JL, et al. (2003) Differential effects of macro -
phage inflammatory chemokine-2 and keratinocyte-
derived chemokine on hemorrhage-induced neu-
trophil priming for lung inflammation: assessment
by adoptive cells transfer in mice. Shock. 19:358–65.

38. Chong DL, Sriskandan S. (2011) Pro-inflammatory
mechanisms in sepsis. Contrib. Microbiol. 17:86–107.

39. Escobar DA, et al. (2015) Adenosine monophos-
phate-activated protein kinase activation protects
against sepsis-induced organ injury and inflam-
mation. J. Surg. Res. 194:262–72.

40. Torgersen C, et al. (2009) Macroscopic post-
mortem findings in 235 surgical intensive care
patients with sepsis. Anesth. Analg. 108:1841–7.

41. Weiss YG, et al. (2001) Adenoviral vector trans-
fection into the pulmonary epithelium after cecal

ligation and puncture in rats. Anesthesiology.
95:974–82.

42. Aschkenasy G, Bromberg Z, Raj N, Deutschman
CS, Weiss YG. (2011) Enhanced Hsp70 expression
protects against acute lung injury by modulating
apoptotic pathways. PLoS One. 6:e26956.

43. Chopra M, Reuben JS, Sharma AC. (2009) Acute
lung injury: apoptosis and signaling mecha-
nisms. Exp. Biol. Med. (Maywood). 234:361–71.

44. Kim JE, et al. (2008) AMPK activator, AICAR, in-
hibits palmitate-induced apoptosis in osteoblast.
Bone. 43:394–404.

45. Rossi A, Lord JM. (2013) Adiponectin inhibits
neutrophil apoptosis via activation of AMP ki-
nase, PKB and ERK 1/2 MAP kinase. Apoptosis.
18:1469–80.

46. Kim J, Park YJ, Jang Y, Kwon YH. (2011) AMPK
activation inhibits apoptosis and tau hyperphos-
phorylation mediated by palmitate in SH-SY5Y
cells. Brain Res. 1418:42–51.

47. Shanley TP, et al. (1997) Requirement for C-X-C
chemokines (macrophage inflammatory protein-
2 and cytokine-induced neutrophil chemoattrac-
tant) in IgG immune complex-induced lung in-
jury. J. Immunol. 158:3439–48.

48. Schmekel B, et al. (1990) Myeloperoxidase in
human lung lavage. I. A marker of local neu-
trophil activity. Inflammation. 14:447–54.

49. Bellinger DL, et al. (2008) Sympathetic modula-
tion of immunity: relevance to disease. Cell Im-
munol. 252:27–56.

50. Cervi AL, Lukewich MK, Lomax AE. (2014) Neu-
ral regulation of gastrointestinal inflammation:
role of the sympathetic nervous system. Auton.
Neurosci. 182:83–8.

51. Huston JM. (2012) The vagus nerve and the in-
flammatory reflex: wandering on a new treat-
ment paradigm for systemic inflammation and
sepsis. Surg. Infect. (Larchmt). 13:187–93.

52. Ji H, et al. (2014) Central cholinergic activation of
a vagus nerve-to-spleen circuit alleviates experi-
mental colitis. Mucosal Immunol. 7:335–47.

53. Smith SM, Vale WW. (2006) The role of the 
hypothalamic-pituitary-adrenal axis in neuroen-
docrine responses to stress. Dialogues Clin. Neu-
rosci. 8:383–95.

54. Silverman MN, Pearce BD, Biron CA, Miller AH.
(2005) Immune modulation of the hypothalamic-
pituitary-adrenal (HPA) axis during viral infec-
tion. Viral Immunol. 18:41–78.

55. Bernik TR, et al. (2002) Pharmacological stimula-
tion of the cholinergic antiinflammatory path-
way. J. Exp. Med. 195:781–8.

56. Santos GA, et al. (2013) Hypothalamic AMPK ac-
tivation blocks lipopolysaccharide inhibition of
glucose production in mice liver. Mol. Cell. En-
docrinol. 381:88–96.

6 4 4 |  M U L C H A N D A N I  E T  A L .  |  M O L  M E D  2 1 : 6 3 7 - 6 4 4 ,  2 0 1 5

A C T I V A T E  B R A I N  A M P K  T O  A T T E N U A T E  S E P S I S

Cite this article as: Mulchandani N, et al. (2015)
Stimulation of brain AMP-activated protein kinase
attenuates inflammation and acute lung injury in
sepsis. Mol. Med. 21:637–44.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


