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Abstract

Severity of multiple organ failure is significantly impacted by age and gender in patients with
hemorrhagic shock. However, the molecular mechanisms underlying the enhanced organ injury are
not fully understood. AMP-activated protein kinase (AMPK) is a pivotal orchestrator of metabolic
responses during stress. We investigated whether hemorrhage-induced myocardial injury is age
and gender dependent and whether treatment with metformin, an AMPK activator, affords
cardioprotective effects. C57/BL6 young (3-5 months) and mature (9—12 months) male and
female mice were subjected to hemorrhagic shock by blood withdrawing followed by resuscitation
with blood and Lactated Ringer’s solution. \ehicle-treated young and mature mice of both genders
had a similar elevation of plasma inflammatory cytokines at 3 hours after resuscitation. However,
vehicle-treated male mature mice experienced hemodynamic instability and higher myocardial
damage than young male mice, as evaluated by echocardiography, histology and cardiovascular
injury biomarkers. There was also a gender-dependent difference in cardiovascular injury in the
mature group as vehicle-treated male mice exhibited more severe organ injury than female mice.
At molecular analysis, vehicle-treated mature mice of both genders exhibited a marked
downregulation of AMPKa activation and nuclear translocation of peroxisome proliferator-
activated receptor -y co-activator a when compared with young mice. Treatment with metformin
improved cardiovascular function and survival in mature animals of both genders. However,
specific cardioprotective effects of metformin were gender-dependent. Metformin did not affect
hemodynamic or inflammatory responses in young animals. Thus, our data suggest that targeting
metabolic recovery with metformin may be a potential treatment approach in severe hemorrhage in
adult population.
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1. Introduction

Clinical studies have reported that adult trauma victims, including patients with hemorrhagic
shock, have considerably higher mortality rate than pediatric population [1-3]. Aging is, in
fact, a risk factor for development of multiple organ failure and correlates with changes in
myocardial function and biochemistry thus affecting the hemodynamic compensation to
severe hemorrhage [4-7]. Experimental and clinical studies also suggest that gender-
dimorphic immunomodulatory and inflammatory responses may influence the outcome of
trauma adult victims [8-12]. For example, women exhibited distinct inflammatory and
cardiovascular responses and withstood trauma-related complications of sepsis or circulatory
shock with better survival rates than men [11,12]. However, the molecular mechanisms that
link age or gender to trauma-induced cardiovascular dysfunction are not fully understood.

Being a mitochondria-rich organ, myocardium is highly dependent on ATP synthesis. Loss
of metabolic capacity after mitochondrial damage is a major pathophysiological mechanism
of myocardial dysfunction and cardiac failure [13]. At molecular level, AMP-activated
protein kinase (AMPK) is a crucial regulator of energy homeostasis which is activated in
conditions of energy depletion when there is an intracellular imbalance of high AMP and
low ATP levels [14]. AMPK promotes metabolic recovery through activation of peroxisome
proliferator-activated receptor -y co-activator a (PGC-1a), a nuclear transcriptional co-
activator responsible for mitochondrial biogenesis [14-16]. Several experimental studies
have demonstrated that aging-associated loss in AMPK activity may contribute to
mitochondrial dysfunction in skeletal muscles and myocardium [17,18]. Among
pharmacological activators of this energy pathway, metformin, a widely used anti-
hyperglycemic drug, has been shown to indirectly activate AMPK and to maintain metabolic
homeostasis [19].

In previous experimental studies, we have demonstrated that AMPK-dependent metabolic
mechanisms become dysfunctional with aging and correlate with myocardial and lung injury
in mature adult male mice when compared with young animals after hemorrhagic shock
[20,21]. To further understand the underlying molecular mechanisms of cardiovascular
function during hemorrhagic shock, the purpose of our study was to investigate both age-
and gender-dependent mechanisms of the hemodynamic compromise and systemic
inflammatory response in a clinically relevant model of hemorrhagic shock in young (3-5
months old) and middle-aged mature (9-12 months old) mice. Also, purpose of our study
was to investigate whether pharmacological treatment with metformin would affect AMPK-
dependent metabolic pathways and, consequently, ameliorate outcomes of hemorrhagic
shock.
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2. Methods

2.1. Murine model of hemorrhagic shock

The experiments conformed to the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health (8" edition, 2011) and had the approval
of the Institutional Animal Care and Use Committee. Sixty C57/BL6 male and female young
(3-5 months) and mature mice (9-12 months) were obtained from Charles River
Laboratories (Wilmington, MA) and were acclimatized for at least 48 h. All mice were
allowed free access to water and a maintenance diet in a 12-hour light/dark cycle, with room
temperature at 21+2 °C.

Before procedure, each animal was placed on a circulating warming water blanket to
maintain body temperature at physiological conditions throughout experiment. Mice were
anesthetized with pentobarbital (80 mg/kg) intraperitoneally. Either the left or right femoral
artery was cannulated (PE-10 tube) and connected to a blood pressure transducer
(PowerLab, ADInstruments, Colorado Springs, CO) for measurement of mean arterial blood
pressure (MABP) and heart rate (HR). Hemorrhagic shock was induced by blood removal
until mean arterial blood pressure (MABP) reached 305 mmHg [20-22]. The mice were
kept in this MABP range for 90 minutes by additional blood removal or small volume
transfusion. At the end of the shock period, young and mature mice of both genders were
randomly assigned to two groups: a vehicle-treated group received vehicle (Normal Saline
solution) intra-arterially (1A); a metformin-treated group received metformin (100 mg/kg,
IA). Drug treatment was given as single bolus right before resuscitation. Dose of metformin
was chosen according to reported pharmacokinetics and pharmacodynamics of the drug in
the mice [23] and pilots studies on hemodynamics in our laboratory. Mice were then
resuscitated by infusing their shed blood and twice that amount in Lactated Ringer’s solution
over a 10-minute period. Mice were further monitored for 3 hours for MABP and HR values.
At 3 hours of resuscitation mice were sacrificed and blood, lung, liver and heart were
obtained for biochemical assays. In separate groups of mice survival studies were conducted.
In these mice, the femoral artery was occluded and the skin incision was closed in layers at 3
hour after resuscitation. Mice were allowed to recover from anesthesia and survival rate was
monitored for 7 days. Sham mice were anesthetized and underwent cannulation, but were
not hemorrhaged.

2.2. Blood glucose and lactate levels

Avrterial whole blood (100 pl) was collected and analyzed by using iStat System analyzer
(Abbott Laboratories, Princeton, NJ) for lactate and glucose levels before surgery (baseline),
at the end of hemorrhagic hypovolemic phase, and at 3 hours after resuscitation (i.e., at the
end of the experiment).

2.3. Echocardiographic assessment

Echocardiographic measurements were obtained before and 3 hours after resuscitation using
a VisualSonics 2100 system equipped with a 30 MHz transducer [24]. Ejection fraction
(EF), fractional shortening (FS), left ventricle (LV) internal dimensions, including end-
diastolic and end-systolic dimensions (LVIDd and LVIDs, respectively), interventricular
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septal thickness in diastole and systole (IVSd and IVSs, respectively) and LV posterior wall
thickness in diastole and systole (L\VPWd and LVVPWs, respectively) were measured directly.

2.4. Histopathologic analysis

Heart tissue samples were fixed in 4% paraformaldehyde and embedded in paraffin. Sections
were stained with hematoxylin and eosin and evaluated by light microscopy by an
independent pathologist. Myocardial injury was determined by the presence of perivascular,
endocardial and pericardial edema, neutrophil infiltration and myofibril derangement.

2.5. Plasma cytokines and biomarkers of cardiovascular disease

Plasma levels of interleukin (IL) 1B, IL-10, IL-6, keratinocyte chemoattractant chemokine
(KC), tumor necrosis factor-a (TNF-a) and interferon-y (IFN-y) and plasma levels of
biomarkers of cardiovascular injury, including follistatin, endocan-1 and CXCL16, were
evaluated by a multiplex array system according to the manufacture’s protocol (Milliplex,
Millipore Corporation, Billerica, MA).

2.6. Myeloperoxidase assay

Myeloperoxidase (MPO) activity was determined as an index of neutrophil accumulation in
lung and liver [25]. Tissues were homogenized in a solution containing 0.5% hexa-decyl-
trimethyl-ammonium bromide dissolved in 10 mM potassium phosphate buffer (pH 7) and
centrifuged for 30 minutes at 4,000 g at 4°C. An aliquot of the supernatant was allowed to
react with a solution of tetra-methyl-benzidine (1.6 mM) and 0.1 mM H,O,. The rate of
change in absorbance was measured by spectrophotometry at 650 nm. Myeloperoxidase
activity was defined as the quantity of enzyme degrading 1 umol of hydrogen peroxide/
minute at 37°C and expressed in units per 100 mg tissue.

2.7. Cytosol and nuclear extracts

Cardiac tissues were homogenized using a Polytron homogenizer (Brinkman Instruments,
West Orange, NY) in a buffer containing 0.32 M sucrose, 10 mM Tris-HCI (pH 7.4), 1 mM
EGTA, 2 mM EDTA, 5 mM NaN3, 10 mM b-mercaptoethanol, 20 uM leupeptin, 0.15 uM
pepstatin A, 0.2 mM phenylmethanesulfonyl fluoride, 50 MM NaF, 1 mM sodium
orthovanadate, and 0.4 nM microcystin. Samples were centrifuged at 1,000 g for 10 minutes
at 4°C and the supernatants collected as cytosol extracts. The pellets were then solubilized in
Triton buffer (1% Triton X-100, 250 mM NaCl, 50 mM Tris HCl at pH 7.5, 3 MM EGTA, 3
mM EDTA, 0.1 mM phenylmethanesulfonyl fluoride, 0.1 mM sodium orthovanadate, 10%
glycerol, 2 mM p-nitrophenyl phosphate, 0.5% NP-40, and 46 UM aprotinin). The lysates
were centrifuged at 15,000 g for 30 minutes at 4°C and the supernatant collected as nuclear
extracts.

2.8. Western blot analysis

Cytosol and nuclear content of AMPKal1/a2 and its phosphorylated active form pAMPK
al/a2, PGCl-a and sirtuin-1 (SIRT1) were determined by immunoblot analyses. Proteins
were loaded on a 10% Bis-Tris gel and separated electrophoretically and transferred to
nitrocellulose membranes. For immunoblotting, membranes were blocked with Odyssey
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blocking buffer and incubated with specific primary antibodies; glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was concomitantly probed as loading control. Membranes were
washed and incubated with LI-COR secondary antibodies. The immunoreaction was
visualized by fluorescence with an Odyssey LI-COR scanner (LI-COR Biotechnology,
Lincoln, NE).

2.9. Measurement of nuclear factor-xB (NF-xB) and peroxisome proliferator-activated
receptor y (PPARY) activity

NF-xB and PPARy activity was analyzed in cardiac nuclear extracts by TransAM
Transcription Factor assay kits specific for the activated form of p65 using the NF-xB
consensus site (5"-GGGACTTTCC-3") or for PPARy using the PPAR consensus site (5'-
AACTAGGTCAAAGGTCA-3")according to the manufacturer’s protocol (Active Motif,
Carlsbad CA).

2.10. Measurement of flavin adenine dinucleotide (FAD)

Cardiac levels of the redox co-factor FAD were determined in homogenized tissues using a
Flavin Adenine Dinucleotide (FAD) Assay Kit (Abcam Cambridge, MA). The rate of
change in absorbance of an OxiRed probe was measured by spectrophotometry at 570 nm.
FAD levels were expressed in pmol/mg tissue.

2.11. Materials

Metformin was obtained from Enzo Life Sciences (Farmingdale, NY) Primary antibodies for
AMPKal/a2 and pAMPKal/a2 were obtained from Cell Signaling Technology (Danvers,
MA). Primary antibodies for SIRT1, GAPDH and PGC1-a were obtained from Abcam
(Cambridge, MA). The Odyssey blocking buffer, LI-COR goat anti-rabbit IR-800 and goat
anti-mouse IR-680 antibodies, and the 4X Protein Sample Loading Buffer were obtained
from LI-COR Biotechnology (Lincoln, NE). The NUPAGE® LDS Sample Buffer (4X), and
Western blot gels were purchased from Life Technologies (Grand Island, NY). All other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

2.12. Statistical analysis

Statistical analysis was performed using SigmaPlot for Windows Version 12.5 (Systat
Software, San Jose CA). Data are represented as means + SD or SEM of n = 3-12 animals
for each age and gender group. For multiple group analysis at a single time point, one-way
analysis of variance (ANOVA) with Student-Newman-Keuls correction was used. For
multiple group analysis at different time points, a two-way ANOVA with Student-Newman-
Keuls correction was performed. If data failed to follow a normal distribution, a Mann-
Whitney Rank Sum test or an ANOVA on ranks test was performed. Survival rate was
analyzed using Kaplan-Meier or Fischer’s exact test. 2 values less than 0.05 were considered
significant.
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3.1. Age-dependent hypotension after hemorrhagic shock

Since the degree of hypoperfusion influences the severity of the inflammatory response, we
chose an experimental protocol of pressure-controlled hemorrhage to a target MABP of 30
mmHg in both genders and age groups [22]. After resuscitation with blood and Lactated
Ringer’s solution, MABP fully recovered in young vehicle-treated mice of both genders.
However, MABP partially recovered and did not reach baseline levels in mature groups of
both genders. Treatment with metformin at the time of resuscitation ameliorated MABP in
mature mice of both genders when compared with vehicle treatment. Metformin treatment
did not affect MABP in young mice. Heart rate was significantly higher after resuscitation
when compared to baseline rate at time 0 in all groups of animals (/A<0.05). Metformin
treatment reduced heart rate in young female mice only (Fig. 1).

3.2. Effect of metformin treatment on blood levels of lactate and glucose

There were no changes in glucose levels after hemorrhagic shock in vehicle-treated male and
female mice of either age groups when compared to baseline control levels. Blood lactate
levels were similarly elevated at the end of the hypovolemic phase when compared with
baseline values in male and female mice in both age groups, thus confirming a significant
hypoperfusion injury in all animals. Blood lactate levels similarly declined and returned to
baseline levels at 3 hours after resuscitation in vehicle-treated mice of both genders and
ages. Treatment with metformin did not modify glucose or lactate levels in any experimental
groups, thus proving that the drug does not impose any risk of hypoglycemia or metabolic
acidosis (Fig. 2).

3.3. Age-dependent changes of echocardiography values

To better characterize the age-dependent hemodynamic instability after hemorrhagic shock
we also performed echocardiographic measurements (Table 1). Consistent with the age-
dependent hypotension, we observed significant echocardiography changes in mature
animals. While there were no changes in EF and FS, there was a significant decrease in left
ventricle internal dimensions and volumes and a significant increase of the thickness of
interventricular septum during systole and diastole in mature mice of both gender animals.
Young animals in the female group experienced only a significant decrease in left ventricular
internal dimension during diastole. Treatment with metformin restored systolic and diastolic
parameters in mature mice of both genders to values like baseline functions. Treatment with
metformin did not modify any echocardiographic parameters in young mice.

3.4. Age-dependent myocardial pathological changes

At 3 hours after resuscitation, histological analysis revealed that vehicle-treated mature mice
of both genders had more severe myocardial injury, which was characterized by a
remarkable perivascular, endocardial and pericardial edema, when compared with young
animals. Treatment with metformin ameliorated myocardial damage in both mature and
young mice (Fig. 3).

Biochim Biophys Acta. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Matsiukevich et al. Page 7

3.5. Age-dependent and gender-dependent changes of cardiovascular disease biomarkers

To evaluate the hemorrhage-induced cardiovascular inflammatory response, a panel of
cardiovascular injury markers was measured. At 3 hours after resuscitation, plasma levels of
follistatin were significantly increased in all vehicle-treated groups when compared to age-
and gender-matched controls; however, the magnitude of elevation was higher in vehicle-
treated mature male mice when compared to vehicle-treated young mice and mature females
(Fig. 4A). Metformin treatment significantly decreased levels of follistatin in mature groups
and left it unchanged in young animals of both genders. Plasma levels of endocan-1 were
significantly increased in vehicle-treated mature, but not in young, male mice when
compared to age-matched controls. There was no elevation of endocan-1 after hemorrhagic
shock in any vehicle-treated female groups. Treatment with metformin did not reduce
endocan-1 levels (Fig. 4B). Plasma levels of the chemokine CXCL16 was significantly
increased after hemorrhagic shock in all four vehicle-treated groups compared to age-
matched controls; however, levels of CXCL16 were lower in vehicle-treated mature female
mice when compared to the age-matched male mice. Treatment with metformin significantly
reduced the chemokine levels in male mature animals only (Fig. 4C).

3.6. Age- and gender-dependent effect of metformin on plasma cytokines

To assess extent of the systemic inflammatory response induced by hemorrhagic shock, a
panel of plasma cytokines was measured (Fig. 5). At 3 hours after resuscitation, plasma
levels of IL-6, KC, TNF-a, IFN-vy, IL-10, IL-1 were significantly increased in all four
vehicle-treated groups of animals. Interestingly, IL-6, KC and TNF-a levels were higher in
mature male group in comparison with mature female animals. Metformin treatment
significantly decreased levels of IL-6, TNF-a, IFN-7, in both genders of mature mice, KC in
mature males and IL-10 in mature females only. In young female animals, metformin had
only effect on decreasing levels of KC, IL-10 and TNF-a without affecting young males.

3.7. Age-dependent neutrophil infiltration in liver and lung

To evaluate injury in other major organs, we measured MPO activity, as an index of
neutrophil infiltration. MPO activity increased in lung and liver in all vehicle-treated groups
after hemorrhagic shock when compared to gender- and age-matched controls (Fig. 6).
However, vehicle-treated mature male and female animals had higher lung neutrophil
infiltration after hemorrhagic shock when compared with vehicle-treated young mice.
Metformin treatment significantly decreased MPO activity compared to vehicle treatment in
mature mice of both genders but not in young mice.

3.8. Age- and gender-dependent activation of AMPKa

Because of the central role of AMPK in metabolic regulation and its potential impact on
inflammatory pathways, we evaluated the phosphorylation of the catalytic a-subunit in the
heart and the nuclear translocation of its substrate, the PGC-1a (Fig. 7). After hemorrhagic
shock, pAMPKa tended to increase in both cytosol and nuclear compartments in vehicle-
treated young male, but not in mature adult mice, where instead a slight decline of the active
protein was observed when compared to basal levels of age-matched control mice (Fig. 7A
and B). This event correlated with a significant nuclear downregulation of PGC-1a in
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vehicle-treated mature mice (Fig. 7C). Interestingly, in the female group, pAMPKa was
significantly elevated in the cytosol, but not the nuclear compartment, whereas nuclear
PGC-1a was significantly downregulated in both vehicle-treated young and mature mice
(Fig. 7). Treatment with metformin did not affect cytosol or nuclear activation of AMPK in
the young male mice; however, it favored translocation of pAMPKa from the cytosol to
nucleus in male mature mice. In the young female group, treatment with metformin
significantly reduced pAMPKa in the cytosol, while increasing levels in the nucleus. In the
female mature group, treatment with metformin slightly but not significantly reduced
pAMPKa in the cytosol, but restored levels in the nucleus, which were maintained similarly
to basal levels of age-matched controls (Fig. 7A and B). Treatment with metformin restored
PGC-1a nuclear translocation to basal levels in young and mature adult mice of both
genders (Fig. 7C).

3.9. Age- and gender-dependent nuclear translocation of SIRT1

Since sirtuin 1 (SIRT1) may participate in activating PGC-1a (26), we evaluated the nuclear
translocation of this deacetylase (Fig. 7D). There were no changes in nuclear SIRT1
expression after hemorrhagic shock in vehicle-treated mice of either age or gender when
compared to baseline control levels. Treatment with metformin significantly increased
SIRT1 nuclear translocation in male and female mice of both age groups when compared
with vehicle treatment (Fig. 7D).

3.10. Effect of metformin treatment on NF-xB activation and PPAR<y activation in the heart

Since synthesis of pro-inflammatory cytokines is regulated by NF-xB transcription [27] we
determined the effect of metformin on the activity of this pro-inflammatory nuclear
transcription factor. At 3 hours after resuscitation NF-xB was significantly increased in both
genders and age groups when compared to matched controls. Treatment with metformin did
not affect NF-xB activation in any groups of animals (Fig. 8A). Since the nuclear receptor
PPARy has been shown to be a key transcriptional factor in regulating oxidative metabolism
as well as inflammation [28], we also determined the effect of metformin on the activity of
this nuclear receptor. In the young groups, there were no changes in PPARy DNA binding
activity after hemorrhagic shock in vehicle-treated mice of either gender when compared to
baseline control levels; however, young control female mice demonstrated higher basal
levels than age-matched male control mice. Treatment with metformin did not affect PPARy
activation in the young groups. Interestingly, in the mature groups, PPARYy activity
significantly increased in vehicle-treated mice of both genders, when compared to basal
levels of age-matched control mice. Treatment with metformin did not affect activation of
PPAR-y activation in mature mice of either gender (Fig. 8B).

3.9. Effect of metformin on cardiac levels of FAD

Since metformin has been shown to interfere directly with the mitochondrial electron
transport chain [29-30], we determined the effect of metformin on the cardiac levels of the
complex Il redox co-factor FAD. In the young groups, there was a significant reduction in
FAD levels after hemorrhagic shock in vehicle-treated female, but not male mice when
compared to age-matched control mice. Treatment with metformin did not affect FAD
content in the young groups. Interestingly, in the mature groups, FAD content significantly
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decreased in vehicle-treated mice of both genders, when compared to basal levels of age-
matched control mice; however, vehicle-treated female mice demonstrated higher FAD
content than mature male mice at 3 hours after resuscitation. Treatment with metformin
restored FAD content at baseline values

3.11. Effect of metformin on survival

To evaluate the therapeutic potential of metformin, we tested the effect of the drug on
survival up to 7 days after hemorrhagic shock (Fig. 9). Vehicle-treated mature animals of
both genders had higher mortality rate by 7 days when compared with the gender-matched
young groups. Treatment with metformin significantly ameliorated survival only in mature
groups of both genders. Interestingly, in the young male, but not female mice, treatment with
metformin significantly reduced survival rate when compared with vehicle treatment
(P=0.037 at 2 test).

4. Discussion

Although not described in pediatric population, gender dimorphism in multiple organ failure
incidence and related death has been observed after trauma in adult populations [8-12,31].
Among the adult population, aging also strongly correlates with high morbidity and
mortality and appears to be a risk factor for poor outcomes independently of injury severity
after severe trauma with hemorrhagic shock [2-5,32].

We have previously reported that in murine models of hemorrhagic shock the degree of
severity and pathophysiologic characteristics of myocardial and lung injury are age-
dependent [20,21]. In this study, we have extended our investigation to gender-related
responses and we have demonstrated that male gender is also a variable for heightened
cardiovascular inflammation and injury. Interestingly, this gender dimorphism was only
evident in middle-aged mature adult animals. We also demonstrated that treatment with the
AMPK activator metformin provided hemodynamic stability, a significant improvement of
myocardial damage, reduction of circulating biomarkers of cardiovascular injury as well as
amelioration of survival. However, metformin was ineffective in improving survival in
young mice. Surprisingly, it appeared that metformin could potentially be detrimental in
young male mice.

Maladaptive decompensatory hypotension after severe hemorrhage is a deleterious event that
leads to insufficient oxygen delivery to organs contributing to multiple organ failure and
cardiovascular shock [33]. In our study, in order to avoid differences in hypoperfusion we
adopted a model of pressure-controlled hemorrhage, which is associated with severe
inflammation and organ injury in rodents [22]. We observed that all experimental groups
experienced a similar degree of hypoperfusion, as confirmed by similar changes in blood
levels of lactate, a reliable biomarker of tissue hypoxia and anaerobic metabolism [34].
Furthermore, all experimental groups experienced a similar systemic inflammation, as
confirmed by similar changes in plasma levels of cytokines. Despite this, we observed that
early hemodynamic compensatory responses after blood and fluid resuscitation were
efficient in the young animals only and were not influenced by the gender. On the contrary,
only vehicle-treated mature animals of both genders experienced severe hypotension and
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alterations of echocardiography parameters, thus suggesting an age-related but gender-
independent decline of the cardiac reserve. The age-dependent cardiac dysfunction was
characterized by specific decrease in LV volumes and dimensions, as well as increase of
thickness of the LVPW. This latter change well paralleled with the age-dependent severe
perivascular edema in the myocardium at histological analysis. Edema of the myocardium
extending to the endocardium is an early event of ischemia and reperfusion injury in humans
[35]. These pathophysiological changes are well consistent with the occurrence of
vasoplegia, third spacing and capillary leak [36]. Of clinical importance, metformin
provided significant improvement of these hemodynamic parameters in mature animals of
both genders, thus suggesting the re-establishment of preload and effective circulatory
volume and the decrease of myocardial swelling. Surprisingly, we observed distinct gender-
related differences in cardiovascular injury biomarkers and pro-inflammatory cytokines
between vehicle-treated mature male and female mice after hemorrhagic shock. For
example, IL-6, KC and TNFa, but not IL-10, IL-1p and IFN-y, were significantly higher in
the mature male mice than the mature female animals. Similarly, follistatin, endocan-1 and
CXCL16 were significantly higher in the mature male mice than female mice. Follistatin is a
cardiokine induced in response to ischemic insults and has been shown to promote
myocardial hypertrophy and heart failure [37]. Endocan-1 is a proteoglycan secreted by the
vascular endothelium in response to inflammatory cytokines and well reflects endothelial
dysfunction [38]. CXCL16 is a chemokine secreted by immune-competent cells and
involved in neutrophil recruitment to injured vascular wall [39]. The young group of both
genders also experienced some cardiac injury; however, at lower degree than the mature
mice, as demonstrated by the lower elevation of follistatin and endocan-1. Thus altogether,
our results provide further evidence that age is a risk factor of the hemodynamic instability
in hemorrhagic shock, further supporting the clinical findings observed in humans older than
55 years old [2-4,32]. Our data also suggest that female gender in mature age may be a
protective factor against hemorrhage-induced cardiovascular inflammation and remodeling
and may involve diverse immune responses Interestingly, treatment with metformin
attenuated this inflammatory response, but the anti-inflammatory effects were more
prominent in the female mature mice than the male group. Furthermore, these gender-
dependent changes appeared specific for the cardiovascular system since lung and liver
injury, as assessed by neutrophil infiltration, appeared affected by age only.

In evaluating the molecular mechanisms of metformin, we investigated the contribution of
AMPK signaling pathway. AMPK is a serine/threonine protein kinase, which serves as a
cellular energy sensor, regulating ATP levels through activation of catabolic and inhibition of
anabolic processes, including mitochondrial biogenesis. It consists of three subunits: one
catalytic a-subunit, which is activated by phosphorylation, and two regulatory p- andy
subunits [14,16,40]. Consistent with our previous findings [20], we observed that there was
an age-dependent dysregulation of AMPK activation in the cytosol and nuclear
compartments in hearts of male mice after hemorrhagic shock. On the contrary, in female
mice of both ages pAMPKa was significantly elevated in the cytosol, but not the nuclear
compartment. In both genders, however, there was a reduction of PGC-1a nuclear
translocation. Treatment with metformin did not cause any further increase of pAMPK, but
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induced only a nucleo-cytoplasmatic redistribution and promoted nuclear translocation of
PGC-1a, thus also suggesting maintenance of mitochondrial quality control.

An intriguing finding of our study was that metformin did not afford any beneficial effects in
the young groups of animals subjected to hemorrhagic shock. These data are in apparent
discrepancy with our previous data demonstrating that another AMPK activator, AICAR,
was able to provide beneficial effects in both young and adult male mice [20,21]. It must be
noted, however, that the molecular mechanisms of metformin may extend beyond the
activation of the AMPK metabolic pathway. For example, there is extensive evidence that
SIRT1 shares several targets with AMPK and may increase the nuclear PGC-1a activity by
deacetylation [16,26]. In our study, metformin treatment increased SIRT1 expression in all
experimental groups, thus ruling out any age or gender specific effect of metformin on
SIRT1 nuclear translocation.

One mechanism by which PGCla modulates mitochondrial function is through interaction
with transcriptional factors, including PPAR-y, that directly controls downstream target
genes [28,41]. We have previously demonstrated that PPAR~y plays an important protective
role in hemorrhagic shock, since PPARy ligands are able to reduce organ injury and improve
cardiovascular function in male rodents [42—44]. In the present study, we found that PPARy
activity was upregulated in an age-dependent, but not gender-dependent manner after
hemorrhagic shock. However, treatment with metformin had no effect on PPARy activation.

Several studies have also demonstrated that metformin can inhibit the inflammatory
response by inhibition of NF-xB [45,46], which is a key regulator of the inflammatory
response [27]. In our study, we observed that NF-xB activity similarly increased in the heart
of all vehicle-treated groups after hemorrhagic shock in a gender and age-independent
manner. Interestingly, treatment with metformin did not affect NF-xB activation in the heart
of any groups. Although we could not find any effect of metformin on NF-xB or PPARYy
activation, we cannot rule out other potential anti-inflammatory effects of the drug. For
example, it has been recently reported that metformin may directly bind the pro-
inflammatory alarmin high mobility group box 1, thus neutralizing the deleterious effects of
this alarmin [47]. Therefore, further investigation is warranted to understand the distinct age-
dependent and gender-dependent anti-inflammatory mechanisms of the drug.

Several studies have reported that metformin selectively blocks the reverse electron flow
through the electron respiratory chain Complex I, without affecting the downstream
oxidative phosphorylation machinery [29,30]. This inhibitor effect on complex I has been
associated with potential redirection of substrate flux feeding into complex Il and increased
mitochondrial function in conditions of stress [48]. In our study, we observed gender
differences in complex Il oxidative capacity only in the young groups, since female mice
exhibited lower cardiac levels of the complex 11 co-factor FAD than young males after
hemorrhagic shock. Surprisingly with aging, male mice demonstrated a greater sensitivity to
hemorrhage-induced mitochondrial dysfunction compared to females. Treatment with
metformin restored cardiac levels of FAD in both male and female mature mice, thus
supporting the hypothesis that metformin can shift oxidative metabolism in the electron
respiratory chain for energy homeostasis. Furthermore, inhibition of complex I by
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metformin has also been associated with reduced production of mitochondrial reactive
oxygen species, which are potent mediators of cell injury [29], especially in conditions of
aging [49]. Therefore, this mechanism could also explain the beneficial effects of metformin
in mature, but not young mice, in our model. Taken together, our data further support that
maintenance of AMPK activation and mitochondrial function during stress well associates
with hemodynamic stability and anti-inflammatory effects in aging animals in shock.

Another interesting finding of our study is that gender-related differences were found in 9-
12 months old mice only. At this age, both male and female mice are considered retired
breeders, which have passed their peak reproductive age [50]. Therefore, their comparison
with a younger group of mice (3-5 months old) may be more relevant to gender differences
found in epidemiological studies with patient populations >50 years old. Several clinical and
experimental studies support the hypothesis that estrogen may play a protective role in
trauma and hemorrhagic shock and may explain the gender differences observed in patients
and animal models [8,9,12,33,51]. In our study, the presence of gender-difference in a
mature middle-age group of mice most probably with declining levels of estrogens, and, on
the contrary, the absence of gender-difference in a young group of mice at full peak of
sexual maturation would argue against the involvement of sex hormones. The possible role
of estrogens and other sex hormones in the cardiovascular protective mechanisms of
metformin certainly needs further investigation.

In conclusion, our data suggest that during hemorrhagic shock cardiovascular injury
manifests with age- and gender-dependent characteristics and severity. Despite these age-
and gender-dependent differences, metformin may represent a therapeutic strategy in an
aging population. Whether the cardiovascular protective effects of metformin are secondary
to activation of restorative metabolic pathways or interference with sex hormones needs to
be further investigated.
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HIGHLIGHTS

. Severity of multiple organ failure and cardiovascular injury during
hemorrhagic shock is age- and gender-dependent.

. Metformin, an activator of AMP-activated kinase, improves hemodynamic
recovery in aging male and female mice after hemorrhage.

. Specific cardioprotective and anti-inflammatory effects of metformin are
gender-dependent.
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Effect of /n vivo treatment with metformin on mean arterial blood pressure (A and B) and
heart rate (C and D) in young and mature mice of both genders subjected to hemorrhage and
resuscitation. Data represents the mean + SD of 10 mice in each group. Vehicle (normal
saline) or metformin (100 mg/kg) was administered intra-arterially at the time of
resuscitation. Arrows indicate time of induction of hemorrhage and initiation of resuscitation
and metformin or vehicle administration. */£<0.05 vs baseline values at time 0 of the same
group; 1/<0.05 vs young group of the same gender; #/<0.05 vs vehicle-treated group of the

same age.
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Effect of /in vivotreatment with metformin on blood levels of glucose (A) and lactate (B)
before hemorrhage (control baseline), at the end of the hemorrhagic hypovolemic period
(End Hem), and at 3 hours after reperfusion (hemorrhagic shock). Data represents the mean
+ SEM of 7 mice for each group. *~<0.05 vs baseline values of age- and gender-matched
control mice.
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Fig. 3.
Representative histology photomicrographs of heart sections. Normal myocardium

architecture in control young male (A) and female (D) and mature male (G) and female mice
(J). Myocardial damage in vehicle-treated young male (B) and female (E) and mature male
(H) and females (K) after hemorrhagic shock presented with perivascular and endocardial
edema (arrows). Significant amelioration of heart architecture in metformin-treated young
(C and F) and mature mice (I and L). Magnification x400.
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Effect of /n vivotreatment with metformin on plasma levels of follistatin (A), endocan-1 (B)
and CXCL16 (C). Data represents the mean + SEM of 5 control mice, 10 vehicle- or
metformin-treated mice for each gender and age group. */~<0.05 vs baseline values of age-
and gender-matched control mice; $/<0.05 vs young group of the same gender; #£<0.05 vs
vehicle-treated group of the same age; Q/<0.05 vs age-matched male mice.
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Effect of /n vivotreatment with metformin on plasma levels of IL-6 (A), KC (B), TNFa (C),
IFN+y (D), IL-10 (E) and IL-1p (F). Data represents the mean £ SEM of 5 control mice and
10 vehicle- or metformin-treated mice for each gender and age group. */£<0.05 vs baseline
values of age- and gender-matched control mice; £/<0.05 vs young group of the same
gender; #/<0.05 vs vehicle-treated group of the same age; Q~<0.05 vs age-matched male

mice.
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Fig. 6.

Mg)]/eloperoxidase activity in lungs and liver. Data represents the mean = SEM of 5 control
mice and 10 vehicle- or metformin-treated mice for each gender and age group. */~<0.05 vs
baseline values of age- and gender-matched control mice; $/<0.05 vs young group of the
same gender; #/<0.05 vs vehicle-treated group of the same age.
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Fig. 7.

In?age analyses of expression of cytosolic pAMPKa (A), nuclear pAMPKa (B), nuclear
PGC-1a (C) and nuclear SIRT1 (D). Data represents the mean £ SEM of 4 control mice and
6 vehicle- or metformin-treated mice for each gender and age group. */£<0.05 vs baseline
values of age- and gender-matched control mice; #/<0.05 vs vehicle-treated group of the
same age.
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Activity of the p65 subunit of NF-xB (A) and PPAR~y (B) in cardiac nuclear extracts at 3
hours after resuscitation. Data represents the mean = SEM of 3 control mice and 6 vehicle-
or metformin-treated mice for each gender and age group. (C) Cardiac content of FAD. Data
represents the mean = SEM of 4 control mice and 7 vehicle- or metformin-treated mice for
each gender and age group. *~<0.05 vs baseline values of age- and gender-matched control
mice; $/<0.05 vs young group of the same gender; #/<0.05 vs vehicle-treated group of the
same age; Q A<0.05 vs age-matched male mice.
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Effect of metformin on survival rates of young and mature male and female mice subjected
to hemorrhagic shock. Vehicle or metformin (100 mg/kg intra-arterially) was administered
as single bolus at the time of resuscitation. $/<0.05 vs young group of the same gender;

#P<0.05 vs vehicle-treated group of the same age.
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