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Background. Cardiac dysfunction is present in >40% of sepsis patients and is associated with mortality rates of up to 70%. 
Recent evidence suggests that glycolytic metabolism plays a critical role in host defense and inflammation. Activation of Toll-like 
receptors on immune cells can enhance glycolytic metabolism. This study investigated whether modulation of glycolysis by inhibi-
tion of hexokinase will be beneficial to septic cardiomyopathy.

Methods. Male C57B6/J mice were treated with a hexokinase inhibitor (2-deoxy-d-glucose [2-DG], 0.25–2 g/kg, n = 6–8) before 
cecal ligation and puncture (CLP) induced sepsis. Untreated septic mice served as control. Sham surgically operated mice treated 
with or without the 2-DG inhibitor served as sham controls. Cardiac function was assessed 6 hours after CLP sepsis by echocardiog-
raphy. Serum was harvested for measurement of inflammatory cytokines and lactate.

Results. Sepsis-induced cardiac dysfunction was significantly attenuated by administration of 2-DG. Ejection fraction and frac-
tional shortening in 2-DG–treated septic mice were significantly (P < .05) greater than in untreated CLP mice. 2-DG administration 
also significantly improved survival outcome, reduced kidney and liver injury, attenuated sepsis-increased serum levels of tumor 
necrosis factor α and interleukin 1β as well as lactate, and enhanced the expression of Sirt1 and Sirt3 in the myocardium, which play 
an important role in mitochondrial function and metabolism. In addition, 2-DG administration suppresses sepsis-increased expres-
sion of apoptotic inducers Bak and Bax as well as JNK phosphorylation in the myocardium.

Conclusions. Glycolytic metabolism plays an important role in mediating sepsis-induced septic cardiomyopathy. The mecha-
nisms may involve regulation of inflammatory response and apoptotic signaling.
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Severe sepsis and septic shock are major healthcare problems 
throughout the world each year [1]. Cardiovascular dysfunc-
tion contributes to sepsis-induced morbidity and mortality 
[2]. Activation of innate immune and inflammatory responses 
mediated by Toll-like receptors (TLRs) have been demonstrated 
to play a critical role in sepsis-induced multiple organ failure 
[3–5]. Importantly, targeting TLR-mediated inflammatory 
responses has been shown to attenuate sepsis-induced cardio-
vascular dysfunction and improve outcome of sepsis [3, 6].

Recent evidence suggests that metabolic reprogramming 
plays a critical role in host defense and inflammation [7]. Both 
TLRs and inflammatory cytokines involve regulation of meta-
bolic reprogramming [8]. TLR ligands have been reported to 
induce metabolic switching from oxidative phosphorylation to 
aerobic glycolysis in macrophages [9], dendritic cells [8, 9] and 

lymphocytes [10]. The phenomenon of the metabolic switch 
from oxidative phosphorylation to aerobic glycolysis is called 
the Warburg effect [11]. On the other hand, aerobic glycolysis 
and the intermediates generated from metabolism can, in turn, 
regulate immune function [12].

Clinical studies have shown that the serum lactate levels 
positively correlate with outcome in septic patients [13, 14], 
indicating that sepsis and septic shock are associated with 
hyperlactatemia [15]. Lactate has been reported to activate 
innate immune and inflammatory responses via TLR-mediated 
NF-κB signaling and inflammasomes [16]. Yang et  al have 
shown that lactate promotes HMGB1 acetylation and release 
from activated macrophages [17]. Lactate has also been reported 
to have a potent immunosuppressive effect on immune cells 
[18]. It is possible that sepsis-enhanced glycolytic metabolism 
could amplify innate immune and inflammatory responses in 
the early stage of disease and contribute to immunosuppressive 
effects in the later stages of sepsis. Therefore, preservation and 
maintenance of metabolic homeostasis could play an important 
role in the outcome of sepsis.

Targeting glycolysis with 2-deoxy-d-glucose (2-DG) is a ther-
apeutic approach in cancer treatment [19]. Hexokinase is the 
initial and rate-limiting enzyme in glycolysis [20]. Hexokinase 
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converts 2-DG to phosphorylated 2-DG (2-deoxy-d-glucose-
6-phosphate [2-DG-6p]) [20]. However, 2-DG-6p cannot be 
metabolized by phosphoglucose isomerase, but it can inhibit 
hexokinase activity, thereby inhibiting glycolysis [20]. Tannahill 
et al reported that inhibition of glycolysis with 2-DG suppresses 
lipopolysaccharide (LPS)–induced hypoxia-inducible factor 
1α (HIF-1α) and its target interleukin 1β (IL-1β) in mouse 
macrophages [21]. Yang et  al demonstrated that inhibition of 
metabolic regulator pyruvate kinase M2 by shikonin markedly 
reduced the serum levels of lactate and HMGB1, and protected 
mice from lethal endotoxemia [17]. However, whether modula-
tion of glycolysis by 2-DG will alter cardiac function in polymi-
crobial sepsis has not been reported.

In the present study, we observed that 2-DG administration 
significantly improved cardiac function and survival outcome 
in polymicrobial sepsis, which are positively correlated with 
decreased proinflammatory cytokine production and reduced 
myocardial apoptosis.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice were obtained from Jackson Laboratory. 
The experiments outlined in this manuscript conform to the 
Guide for the Care and Use of Laboratory Animals published by 
the National Institutes of Health (8th edition, 2011). The animal 
care and experimental protocols were approved by the Eastern 
Tennessee State University Committee on Animal Care.

CLP Polymicrobial Sepsis Model

Cecal ligation and puncture was performed to induce polymi-
crobial sepsis in mice as previously described [3, 6, 22–24]. In 
brief, the mice were anesthetized by 5.0% isoflurane. A midline 
incision was made on the anterior abdomen and the cecum 
was exposed and ligated with a 4-0 suture. Two punctures were 
made through the cecum with a 20-gauge needle and feces were 
extruded from the holes. For the induction of chronic CLP sep-
sis model, one puncture was made with a 26-gauge needle. The 
abdomen was then closed in 2 layers. Sham surgically operated 
mice served as sham control. Immediately following surgery, 
a single dose of resuscitative fluid (lactated Ringer’s solution, 
50  mL/kg body weight) was administered by subcutaneous 
injection [3, 22]. Mice were treated with 2-DG (0.25, 0.5, 1, and 
2 g/kg) 3 hours prior to CLP or sham surgical operation.

Echocardiography

Transthoracic 2-dimensional M-mode echocardiogram and 
pulsed wave Doppler spectral tracings (Toshiba Aplio 80 
Imaging System, Tochigi, Japan) were used to measure left 
ventricular (LV) wall thickness, LV end-systolic diameter, and 
LV end-diastolic diameter. Percentage of fractional shortening 
(FS%) and ejection fraction (EF%) were calculated as described 
previously [3, 23].

In Vitro Experiments

Human umbilical vein endothelial cells (HUVECs) were cul-
tured in endothelial basal medium 2 supplemented with endo-
thelial cell growth medium-2 (EGM-2) SingleQuot Kits (Lonza) 
[25]. After reaching 70%–80% confluence, HUVECs were 
treated with 2-DG at 5 µmol 12 hours before LPS stimulation. 
Six hours after LPS stimulation, the cells were harvested and the 
cellular proteins were prepared for Western blot [25].

Measurement of Lactate, Aspartate Aminotransferase, Creatine Kinase, 

and Creatinine

The serum levels of lactate were assessed with the Lactate 
Colorimetric Assay Kit (BioVision, Milpitas, California). Serum 
levels of aspartate aminotransferase (AST), creatine kinase, and 
creatinine were measured with commercially available kits 
according to the instructions provided by the manufacturer.

Measurement of NAD+, NADH, and NAD+/NADH Ratio

The levels of nicotinamide adenine dinucleotide (NAD+, oxi-
dized form), NADH (reduced form), and NAD+/NADH 
ratio in the heart tissue were assessed with the NAD+/NADH 
Quantification Colorimetric Kit (BioVision ) according to the 
instructions provided by the manufacturer.

Tissue Accumulation of Immune Cells

Accumulation of immune cells, including neutrophils, mono-
cytes, and macrophages in heart tissues were examined using 
an antibody NIMP-R14, which recognizes Ly-6G and Ly-6C 
of immune cells (Santa Cruz Biotechnology) [3]. Three slides 
from each block were evaluated, counterstained with hematox-
ylin, and examined with brightfield microscopy. The results are 
expressed as the numbers of immune cells/field (×40) [3, 24].

In Situ Apoptosis Assay

Myocardial apoptosis was examined as described previously [22] 
using the in situ cell death detection kit (Roche). Three slides 
from each block were evaluated for percentage of apoptotic cells 
and 4 fields on each slide were examined at the border areas 
using a defined rectangular field area with ×20 magnification. 
A total of 100 nuclei were counted. Numbers of apoptotic cardiac 
myocytes are presented as the percentage of total cells counted.

Western Blot

Western blot was performed as described previously [3, 22, 24]. 
In brief, cellular proteins were separated by sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis and transferred 
onto Hybond enhanced chemiluminescence (ECL) membranes 
(Amersham Pharmacia, Piscataway, New Jersey). The ECL 
membranes were incubated with the appropriate primary anti-
bodies followed by peroxidase-conjugated secondary antibody, 
which was purchased from Cell Signaling Technology, Inc. The 
signals were quantified using the G:Box gel imaging system by 
Syngene (Frederick, Maryland) [3, 22, 24].
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Caspase-3/7 Activity Assay

Caspase-3 /7 activity was measured using a Caspase-Glo assay 
kit (Promega) according to the manufacturer’s protocol as 
described previously.

Cytokine Assay

The levels of cytokines (tumor necrosis factor α [TNF-α], IL-1β, 
and interleukin 6 [IL-6]) were measured by enzyme-linked 
immunosorbent assay (ELISA) using OptEIA cytokine kits (BD 
Biosciences) as described previously [3, 24, 26].

Statistical Analysis

The data are expressed as mean ± standard error. Comparisons 
of data between groups were made using one-way analysis of 
variance (ANOVA), and Tukey procedure for multiple-range 
tests was performed. The log-rank test was used to compare 
group survival trends. Probability levels of ≤.05 were used to 
indicate statistical significance.

RESULTS

2-DG Administration Attenuates Sepsis-Induced Cardiac Dysfunction and 

Improves Survival Outcome

We examined whether administration of the hexokinase inhib-
itor, 2-DG, would alter cardiac function in polymicrobial sep-
sis. Figure 1A and 1B show that sepsis significantly decreased 
EF% by 28% and FS% by 34.8%, respectively, compared with 
sham control. However, 2-DG (2 kg/kg body weight) treatment 
significantly attenuated CLP sepsis-induced cardiac dysfunc-
tion. The EF% and FS% values in 2-DG treated septic mice 
were markedly increased by 23.2% and 30.7% compared with 
untreated CLP septic mice. Similarly, treatment of mice with 
2-DG at 0.25, 0.5, and 1 g/kg also significantly attenuated CLP 
sepsis-induced cardiac dysfunction (Figure 1C–F).

Figures 2A–C show that CLP sepsis markedly induced liver, 
kidney, and heart injury as evidenced by increasing serum AST, 
creatinine, and creatine kinase levels. In contrast, 2-DG adminis-
tration at 0.25 g/kg markedly attenuated CLP sepsis-induced organ 
injury. In addition, administration of 2-DG markedly improved 
survival outcome in CLP septic mice. As shown in Figure 2D–F, 
the mice began to die at 17 hours after CLP. Fifty percent of septic 
mice died by 31 hours and 100% mortality occurred at 55 hours 
after CLP. In contrast, the septic mice treated with 2-DG did not 
show the onset of mortality until 31 hours after CLP. The median 
survival time (time to 50% mortality) was 55 hours and 40% of 
the 2-DG treated mice survived for the duration of the study (ie, 
7 days after CLP). Administration of 2-DG at 0.25 g/kg also sig-
nificantly improves survival outcome (Figure 2E).

Interestingly, 2-DG treatment showed a beneficial effect on 
the survival outcome in a chronic CLP septic model. Figure 2F 
shows that the chronic CLP septic mice began to die at 34 
hours and 50% of septic mice died at 165 hours after CLP. Fifty 
percent of septic mice survived for 10  days. In 2-DG treated 

chronic septic mice, the time to initial mortality was 116 hours 
after CLP. Eighty percent of mice survived for 10 days after CLP 
sepsis. The data suggest that sepsis-enhanced glycolytic metab-
olism may contribute to sepsis-induced cardiomyopathy and 
mortality.

2-DG Administration Reduces the Accumulation of Immune Cells in the 

Myocardium and Prevents ICAM-1 and VCAM-1 Expression Following 

CLP Sepsis

Sepsis-induced infiltration of immune cells, in particular neu-
trophils, into the myocardium contributes to cardiac dysfunc-
tion [27]. Figure 3A shows that CLP sepsis significantly induced 
the infiltration of Ly-6G- and Ly-6C-positive immune cells, 
including neutrophils, monocytes, and macrophages into the 
myocardium compared with the sham control. In 2-DG treated 
septic mice, the numbers of immune cells in the myocardium 
were markedly reduced compared with untreated CLP septic 
mice. Increased expression of adhesion molecules plays a crit-
ical role in sepsis-induced infiltration of neutrophils into the 
myocardium [28]. We examined whether reduced accumula-
tion of immune cells in the myocardium by 2-DG administra-
tion could be due to regulation of adhesion molecule expression 
in the myocardium following CLP sepsis. Figure 2B and 2C 
show that CLP sepsis markedly induced the expression of inter-
cellular cell adhesion molecule 1 (ICAM-1) and vascular cell 
adhesion molecule 1 (VCAM-1) compared with sham control. 
Thus, treatment of mice with 2-DG prevents sepsis-induced 
increases in the expression of adhesion molecules in the myo-
cardium. To further confirm our observation, we performed in 
vitro experiments using HUVECs to examine whether 2-DG 
administration would alter LPS-induced expression of adhe-
sion molecules. Figure 2D and 2E show that LPS stimulation 
significantly increased the expression of ICAM-1 and VCAM-1 
compared with untreated control. Treatment of endothelial 
cells with 2-DG markedly attenuated LPS-increased expres-
sion of ICAM-1 and VCAM-1. The data suggest that CLP sep-
sis promotes glycolytic metabolism which, in turn, plays a role 
in neutrophil infiltration into the myocardium via enhanced 
expression of adhesion molecules on endothelial cells.

2-DG Administration Attenuates Sepsis-Induced Production of Lactate 

and Inflammatory Cytokines.

Lactate has been reported to induce innate immune and inflam-
matory responses [16]. Figure 4A–D shows that CLP sepsis sig-
nificantly increases the serum levels of lactate, IL-6, IL-1β, and 
TNF-α compared with sham control. In contrast, 2-DG (2  g/
kg) administration markedly reduced serum lactate levels by 
30%, compared with untreated CLP septic mice. 2-DG admin-
istration also significantly attenuated CLP sepsis-increased 
levels of serum IL-1β by 49% and TNF-α by 35%. However, 
2-DG administration did not alter sepsis-increased serum 
levels of IL-6. Administration of 2-DG at 0.25 g/kg or 1 kg/kg 
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also markedly attenuated CLP-sepsis increased levels of lactate, 
TNF-α, and IL-1β in the serum (Figure 4E–G). The data sug-
gest that glycolytic metabolism involves regulation of inflam-
matory cytokine production in polymicrobial sepsis. HIF-1α is 
involved in the regulation of IL-1β production [21]. Figure 4H 
shows that 2-DG administration significantly attenuates CLP 
sepsis-induced increases in the nuclear levels of HIF-1α. CLP-
sepsis did not alter the cytosolic levels of HIF-1α (Figure 4I).

2-DG Administration Attenuates Sepsis-Induced Myocardial Apoptosis

Sepsis induces cardiac myocyte apoptosis [29], which may play 
a role in sepsis-induced cardiac dysfunction [30]. Figure  5A 
shows that CLP sepsis significantly induced myocardial 

apoptosis as evidenced by showing increased TUNEL (terminal 
deoxynucleotidyl transferase dUTP nick end labeling)–positive 
staining apoptotic cells in septic myocardial sections and myo-
cardial caspase 3/7 activity compared with sham control. In con-
trast, 2-DG administration markedly attenuates sepsis-induced 
myocardial apoptosis and caspase 3/7 activity (Figure 5B). The 
data indicate that enhanced glycolytic metabolism by sepsis 
plays a role in sepsis-induced myocardial apoptosis.

2-DG Administration Prevents Sepsis-Induced Increases in the 

Expression of Bak and Bax in the Myocardium

BCL-2-associated protein x (Bax) and Bcl-2 antagonist/killer 
1 (Bak) act as antagonists against antiapoptotic Bcl-2 [30]. 

Figure 1. Inhibition of hexokinase attenuates sepsis-induced cardiac dysfunction. Mice were treated with a single dose of 2-deoxy-d-glucose (2-DG) (2 g/kg) 3 hours prior 
to cecal ligation and puncture (CLP). Cardiac function was examined by echocardiography 6 hours after CLP. A, Ejection fraction (EF%). B, Fractional shortening (FS%). C and D, 
2-DG administration at 0.5 g/kg body weight also significantly attenuated CLP sepsis-induced cardiac dysfunction. E and F, 2-DG treatment at 0.25 and 1 g/kg also significantly 
improves cardiac function. n = 6–8/group. *P < .05, **P < .01, and ***P < .001 compared with indicated groups.
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Figure 5C and 5D show that CLP sepsis significantly increased 
the levels of Bax and Bak compared with sham control. In con-
trast, 2-DG administration prevents sepsis-induced increases 
in the expression of Bax and Bak in the myocardium. We also 
examined the effect of 2-DG on the expression of Bax and Bak 
in LPS-stimulated endothelial cells. As shown in Figure 5E and 
5F, LPS stimulation significantly increased the levels of Bax and 
Bak compared with control cells. However, 2-DG administration 
prevents LPS induced increases in the expression of Bax and Bak. 
The data indicate that enhanced glycolytic metabolism by sepsis 
involves stimulation of the expression of apoptotic proteins that 
promote chromosome c release from the mitochondria, leading 
to apoptosis.

2-DG Administration Prevents JNK Phosphorylation in the Septic 

Myocardium and LPS-Stimulated Endothelial Cells

The mitogen activated protein kinase c-Jun N-terminal kinase 
(JNK) is a member of the MAPK family and plays a critical role 
in the induction of apoptosis [31]. Figure 5G shows that CLP 
sepsis markedly induced JNK phosphorylation, compared with 
sham control. However, 2-DG administration prevents sep-
sis-induced myocardial JNK phosphorylation. 2-DG admin-
istration also prevented LPS-induced JNK phosphorylation in 
endothelial cells (Figure 5H). The data suggest that sepsis-en-
hanced glycolytic metabolism involves activation of JNK, which 
may play a role in CLP sepsis-induced myocardial apoptosis.

2-DG Administration Increases the Expression of Sirt1/Sirt3 in the 

Myocardium Following CLP Sepsis

It is well known that sepsis-induced mitochondrial dysfunction 
contributes to apoptosis and cardiomyopathy [32]. Sirt1/Sirt3 
play a critical role in the regulation of mitochondrial function 
and inflammatory responses [33]. Deficiency of Sirt1 resulted in 
enhanced LPS-induced inflammatory response and kidney injury 
[34]. Sirt1 function is NAD+ dependent [32]. We observed that 
CLP sepsis significantly decreased the levels of NAD+ (Figure 6A) 
and the ratio of NAD+/NADH (Figure  6C). CLP sepsis also 
markedly decreased the levels of myocardial Sirt1 (Figure  6D) 
and Sirt3 (Figure 6E), compared with sham control. Interestingly, 
2-DG administration significantly attenuated sepsis-decreased 
levels of NAD+ and the ratio of NAD+/NADH and prevented 
sepsis-induced decreases in the levels of Sirt1 (Figure 6D) and 
Sirt3 (Figure  6E) in the myocardium. The data suggest that 
increased expression of Sirt1/Sirt3 by 2-DG administration could 
be an important mechanism for the attenuation of sepsis-induced 
apoptosis and inflammatory response in polymicrobial sepsis.

2-DG Administration Significantly Attenuates Sepsis-Increased MKK3 

Expression in the Myocardium

MAP kinase kinase 3 (MKK3) has been reported to regulate 
inflammation in sepsis [35, 36]. Figure  6F and 6G show that 
CLP sepsis significantly increased the levels of phosphorylated 
and total MKK3 compared with sham control. However, 2-DG 

Figure 2. Administration of 2-deoxy-d-glucose (2-DG) attenuates sepsis-induced organ injury and improves survival outcome. Mice were treated with 2-DG (0.25 g/kg 
body weight) 3 hours before induction of cecal ligation and puncture (CLP) sepsis. Serum levels of aspartate aminotransferase (AST; A), creatinine (B), and creatine kinase 
(C) were measured by commercially available enzyme-linked immunosorbent assay kits. D–F, 2-DG administration improves survival outcome. Mice were treated with 2-DG 
(2 g/kg body weight [D] or 0.25 g/kg body weight [E]) 3 hours prior to CLP and were then re-treated with 2-DG (500 mg/kg) 24 hours after CLP. D and E, Acute CLP sepsis. F, 
Chronic CLP septic mice treated with 2-DG at 0.5 kg/kg body weight 3 hours prior to CLP. The animals were monitored for lethality every 2 hours for up to 250 hours following 
CLP. n = 10–18/group. *P < .05, **P < .01, and ***P < .001 compared with indicated groups.
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administration prevented sepsis-increased levels of phosphory-
lated and total MKK3 in the myocardium. The data suggest that 
enhanced glycolytic metabolism by sepsis involves increased 
expression of MKK3, which contributes to apoptosis and 
inflammatory response in sepsis.

DISCUSSION

The present study showed that polymicrobial sepsis enhances 
glycolytic metabolism, which plays a role in sepsis-induced 
cardiomyopathy and mortality. Specifically, we observed that 

CLP sepsis significantly enhanced glycolysis as evidenced by 
increased serum levels of lactate. Modulation of glycolytic 
metabolism by administration of 2-DG, an inhibitor for hex-
okinase-2 which is the initial kinase for glycolysis, markedly 
improves cardiac function and survival outcomes in CLP septic 
mice. Our observation indicates that modulation of glycolytic 
metabolism in the early phase of polymicrobial sepsis could be 
an appropriate approach for sepsis/septic shock.

Clinical studies have shown that the serum levels of lactate 
are associated with outcomes of septic patients [13, 14]. In the 

Figure 3. Administration of 2-deoxy-d-glucose (2-DG) attenuates sepsis-induced accumulation of immune cells and prevents intercellular cell adhesion molecule 1 (ICAM-1) 
and vascular cell adhesion molecule 1 (VCAM-1) expression in the myocardium. A, Eight hours after cecal ligation and puncture (CLP)–induced sepsis, hearts were harvested 
and sectioned for immunostaining of immune cells with specific antibody NIMP-R1411b, which can recognize Ly-6G and Ly-6C neutrophils, monocytes, and macrophages. 
2-DG prevents sepsis-induced increases in the expression of ICAM-1 (B) and VCAM-1 (C). n = 4–6 per group. 2-DG treatment attenuated lipopolysaccharide (LPS)–induced 
ICAM-1 (D) and VCAM-1 (E) expression in endothelial cells. Human umbilical vein endothelial cells were treated with LPS (1 µg/mL) in the presence or absence of 2-DG. 
The cells were harvested 12 hours after treatment. Cellular proteins were prepared for immunoblotting. n = 8 replicates in each group. *P < .05, **P < .01, and ***P < .001 
compared with indicated groups.
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early phase of sepsis, reduced serum lactate levels are positively 
correlated with better survival outcome [37]. Recently, Wang 
et al reported that 2-DG administration significantly improves 
survival outcome in LPS-induced sepsis [38]. We observed 
that modulation of glycolysis by administration of 2-DG 
markedly improved cardiac function and survival outcome. 
Administration of 2-DG also attenuated sepsis-induced liver, 
kidney, and heart injury, indicating that 2-DG could have ben-
eficial effect on sepsis-induced organ injury. 2-DG administra-
tion also significantly reduced the levels of serum lactate and 

inflammatory cytokines, suggesting that enhanced glycolytic 
metabolism by sepsis involves stimulation of innate immune 
and inflammatory responses. Activation of innate immune and 
inflammatory responses mediated by TLRs plays a critical role 
in polymicrobial sepsis [3–5]. Targeting the TLR-mediated 
NF-κB activation pathway has been reported to improve car-
diac function and survival outcome [3, 6]. Interestingly, recent 
studies have shown that glycolytic metabolism may play an 
important role in mediating innate immune and inflamma-
tory responses [7–10]. The TLR4 ligand LPS [8] and the TLR3 

Figure 4. Administration of 2-deoxy-d-glucose (2-DG) attenuates sepsis-induced lactate and inflammatory cytokine production. Serum was harvested 8 hours after cecal 
ligation and puncture (CLP) sepsis. The levels of lactate (A), tumor necrosis factor (TNF-α; B), interleukin 1β (IL-1β; C), and interleukin 6 (IL-6; D) were analyzed with enzyme-
linked immunosorbent assay. Administration of 2-DG at 0.25 or 1 g/kg body weight also significantly reduced serum lactate (E), TNF-α (F), and IL-1β (G). 2-DG (0.25 g/kg) 
attenuated sepsis-induced increases in the nuclear hypoxia-inducible factor (HIF-1α) levels (H). CLP sepsis did not significantly alter cytosolic HIF-1α levels in the myocardium 
(I). n = 4–6/group. *P < .05, **P < .01, and ***P < .001 compared with indicated groups.
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ligand Poly I:C [39] have been reported to induce a metabolic 
switch from oxidative phosphorylation to glycolysis in macro-
phages. On the other hand, activated macrophages exhibited 

increased glycolysis accompanied by decreased oxygen con-
sumption [40]. In addition, enhanced glycolysis has also been 
observed in activated lymphocytes [10]. Collectively, the data 

Figure 5. Administration of 2-deoxy-d-glucose (2-DG) attenuates sepsis-induced myocardial apoptosis. A, Hearts were harvested 8 hours after cecal ligation and puncture 
(CLP) sepsis and sectioned for TUNEL assay. B, Myocardial caspase-3/7 activity was analyzed by enzyme-linked immunosorbent assay. 2-DG treatment prevents sepsis-in-
duced Bak (C) and Bax (D) expression in the myocardium. 2-DG treatment prevents lipopolysaccharide (LPS)–induced Bak (E) and Bax (F) expression in endothelial cells. 
n = 8 replicates/group. 2-DG treatment prevents sepsis-induced JNK phosphorylation in the myocardium (G; n = 4–6/group) and LPS-increased JNK phosphorylation in the 
endothelial cells (H). Human umbilical vein endothelial cells were treated with lipopolysaccharide (1 µg/mL) in the presence or absence of 2-DG. The cells were harvested 
12 hours after treatment. Cellular proteins were prepared for immunoblotting. n = 8 replicates/group. *P < .05, **P < .01, and ***P < .001 compared with indicated groups.
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indicate that glycolytic metabolism involves activation of 
innate immune and inflammatory responses in polymicrobial 
sepsis.

It is well known that increased expression of adhesion mol-
ecules on endothelial cells plays a critical role in mediating the 
infiltration of immune cells, including neutrophils, monocytes, 
and macrophages into the myocardium, thereby contributing 
to cardiac dysfunction in sepsis [28]. Importantly, we observed 
that 2-DG administration markedly attenuated sepsis-induced 

immune cell infiltration into the myocardium by preventing 
sepsis-induced adhesion molecule expression in the myocar-
dium. 2-DG treatment also prevented LPS-induced increases in 
the expression of adhesion molecule on endothelial cells in vitro. 
The data indicate that glycolytic metabolism involves sepsis-in-
duced endothelial adhesion molecule expression. At the pres-
ent, we do not understand the mechanisms by which glycolysis 
regulates adhesion molecule expression. However, recent stud-
ies have shown that, in addition to proinflammatory cytokines, 

Figure 6. Administration of 2-deoxy-d-glucose (2-DG) attenuated sepsis-induced decreases in the levels of nicotinamide adenine dinucleotide (NAD+, oxidized form), Sirt1, 
and Sirt3 in the myocardium. Hearts were harvested 8 hours after cecal ligation and puncture (CLP) for preparation of cellular proteins. NAD+ (A) and nicotinamide adenine 
dinucleotide (NADH, reduced form) (B) levels were examined by commercially available kits. C, Ratio of NAD+/NADH. D and E, 2-DG treatment increased the levels of Sirt1 
(D) and Sirt3 (E) in the myocardium. F and G, 2-DG treatment prevents MKK3 phosphorylation and expression in the myocardium. n = 4–6/group. *P < .05, **P < .01, and   
***P < .001 compared with indicated groups.
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lactate has been reported to activate the TLR4-mediated NF-κB 
pathway [16]. Yang et  al have shown that lactate stimulates 
HMGB1 acetylation and release [17] and that attenuation of 
glycolysis by suppressing PKM2 activity significantly improves 
outcome of sepsis [17]. Therefore, it is possible that lactate and 
inflammatory cytokines as well as intermediates generated from 
enhanced glycolysis may involve regulation of adhesion mole-
cule expression via activation of the NF-κB pathway [41].

Myocardial apoptosis contributes to cardiac dysfunction in 
sepsis [29, 30]. We observed that sepsis significantly increased 
expression of Bax and Bak in the myocardium, which promotes 
cytochrome c release from mitochondria [42] resulting in acti-
vation of apoptotic signaling. We observed that 2-DG admin-
istration prevents sepsis-induced increases in the expression of 
myocardial Bax and Bak in the myocardium. Similarly, 2-DG 
treatment also prevents LPS-induced Bax and Bak expression 
in endothelial cells. In addition, 2-DG administration prevents 
sepsis-induced JNK phosphorylation, indicating that enhanced 
glycolytic metabolism by sepsis activates apoptotic signaling. 
At present, we do not understand how enhanced glycolysis will 
activate apoptotic signaling. Interestingly, we observed that 
2-DG administration prevents sepsis-induced decreases in the 
levels of myocardial Sirt1 and Sirt3. It is well known that Sirt1 
and Sirt3 play a critical role in preservation of mitochondrial 
function and improve cellular metabolism [33, 43]. Sepsis-
induced mitochondrial dysfunction [44] contributes to activate 
apoptotic signaling. Although we did not analyze mitochon-
drial function in the present study, increased expression of Sirt1 
and Sirt3 by 2-DG may involve preservation of mitochondrial 
function during sepsis.

In addition, Sirt1 has also been reported to protect against 
myocardial ischemic injury [45] and have anti-inflamma-
tory effects [46] through inhibition of activity of NF-κB RelB/
p65 [47]. Gao et al reported that deficiency of Sirt1 results in 
enhanced proinflammatory response and aggravation of acute 
kidney injury by endotoxin [34]. We observed that administra-
tion of 2-DG to septic mice significantly increased expression of 
myocardial Sirt1, which is consistent with the data showing that 
2-DG treatment markedly attenuated sepsis-increased serum 
levels of inflammatory cytokines. Currently, we do not under-
stand how 2-DG administration enhanced expression of Sirt1 
and Sirt3 in the myocardium. Recently, Wang et al reported 
that treatment of endothelial cells with 2-DG significantly 
improved cell viability and induced autophagy via AMPK-
mediated mechanism [48]. AMPK has been demonstrated to 
interact with Sirt1 for the balance of energy metabolism and 
anti-inflammatory response [49]. Although we did not examine 
the effect of 2-DG administration on AMPK activity in septic 
mice, we observed that 2-DG treatment markedly suppressed 
MKK3 phosphorylation in the myocardium of septic mice. 
MKK3 has been shown to regulate Sirt1 activity in sepsis [35]. 
Mannam et al reported that sepsis or LPS stimulation signifi-
cantly increased MKK3 activity and decreased Sirt1 expression 
[35]. Deficiency of MKK3 resulted in increases in the expres-
sion of Sirt1 in the lung and in endothelial cells [35], which are 
positively correlated with survival outcome [32]. Collectively, 
suppressed MKK3 phosphorylation and increased Sirt1 expres-
sion by 2-DG could be an important mechanism for attenuat-
ing inflammatory response and decreasing apoptosis by 2-DG 
in polymicrobial sepsis.

In summary, the present study demonstrated that glycol-
ysis is involved in sepsis-induced cardiomyopathy and mor-
tality. Modulation of sepsis-enhanced glycolysis with 2-DG 
significantly attenuated sepsis-induced cardiac dysfunction and 
improved survival outcome. The mechanisms involve attenua-
tion of sepsis-induced proinflammatory responses and myocar-
dial apoptosis through decreasing MKK3 phosphorylation and 
increasing Sirt1 and Sirt3 expression.
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