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Longevity pathways in stress resistance: targeting NAD
and sirtuins to treat the pathophysiology of hemorrhagic
shock
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Abstract Stress resistance correlates with longevity
and this pattern has been exploited to help identify genes
that can influence lifespan. Reciprocally, genes and
pharmacological agents that have been studied primarily
in the context of longevity may be an untapped resource
for treating acute stresses. Here we summarize the evi-
dence that targeting SIRT1, studied primarily in the
context of longevity, can improve outcomes in hemor-
rhagic shock and resuscitation. Hemorrhagic shock is a
potentially fatal condition that occurs when blood loss is
so severe that tissues no longer receive adequate oxy-
gen. While stabilizing the blood pressure and reperfus-
ing tissues are necessary, re-introducing oxygen to is-
chemic tissues generates a burst of reactive oxygen
species that can cause secondary tissue damage. Reac-
tive oxygen species not only exacerbate the inflamma-
tory cascade but also can directly damage mitochondria,
leading to bioenergetic failure in the affected tissues.
Treatments with polyphenol resveratrol and with nico-
tinamide adenine dinucleotide (NAD) precursors have
both shown promising results in rodent models of hem-
orrhagic shock and resuscitation. Although a number of
different mechanisms may be at play in each case, a
common theme is that resveratrol and NAD both en-
hance the activity of SIRT1. Moreover, many of the

physiologic improvements observed with resveratrol
and NAD precursors are consistent with modulation of
known SIRT1 targets. Because small blood vessels and
limited blood volume make mice very challenging for
the development of hemorrhagic shock models, there is
a paucity of direct genetic evidence testing the role of
SIRT1. However, the development of more robust
methods in mice as well as genetic modifications in rats
should allow the study of SIRT1 transgenic and KO
rodents in the near future. The potential therapeutic
effect of SIRT1 in hemorrhagic shock may serve as an
important example supporting the value of considering
“longevity” pathways in the mitigation of acute stresses.
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Longevity and resilience

It has long been appreciated that there is a correlation
between longevity and stress resistance. Human centenar-
ians achieve their longevity not by surviving a series of
ailments but by remaining remarkably healthier over time

https://doi.org/10.1007/s11357-020-00311-z

C. A. Sims (*) :H. E. Labiner
Division of Trauma, Critical Care, and Burn at The Ohio State
University Wexner Medical Center, The Ohio State University,
Faculty Office Tower, 395 12th Ave, Room 654, Columbus, OH
43210, USA
e-mail: Carrie.Sims@osumc.edu

S. S. Shah : J. A. Baur (*)
Institute for Diabetes, Obesity and Metabolism and Department of
Physiology, Perelman School of Medicine, University of
Pennsylvania, 3400 Civic Center Blvd., SCTR 12-114,
Philadelphia, PA 19104, USA
e-mail: baur@mail.med.upenn.edu

/ Published online: 18 January 2021

GeroScience (2021) 43:1217–1228

http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-020-00311-z&domain=pdf
http://orcid.org/0000-0001-8262-6549


than their counterparts—in fact, compared to the general
population, centenarians on average spend less time suf-
fering from disabilities, despite their longer lives [1]. The
same is true for behaviors that influence longevity. Factors
that shorten life, such as obesity and smoking, simulta-
neously increase susceptibility to a host of conditions that
go well beyond the obvious and well-known associations
[2, 3]. For example, a weight gain of 15 kg for men or
13 kg for women is estimated to increase the risks of
certain cancers by more than 50% [4], and smoking is
associated with impairments in hearing [5], vision [6], and
fertility [7, 8]. On the other hand, regular exercise increases
longevity and decreases the risk of almost every major
cause of death in the developed world [9, 10]. Similarly,
calorie restriction (CR), which is the most robust and
reproducible intervention known to extend life in model
organisms [11, 12], confers resistance to chronic diseases
as well as many acute stresses including ischemic injuries
[13, 14], radiation [15], and multiple toxins and oxidative
stressors [16, 17]. Recently, it has been shown that rela-
tively short-term fasting can confer stress resistance that
resembles the effect of longer-term CR. For example,
fasted animals tolerate the side effects of chemotherapy
drugs better than fed animals and are protected from
ischemic injuries during surgical procedures [18]. Al-
though CR has not been proven to extend life in humans,
it does improve many indicators of general health and
delays age-related diseases in primates, suggesting that
many of its benefits are likely to be conserved [11, 19–21].

The general association between longevity and stress
resistance has been exploited experimentally to identify
longevity genes in model organisms. Survivors of acute
stresses are enriched for mutations that also confer in-
creased longevity. Hits from such a screen in yeast led
directly to the discovery of sirtuins (homologs of the yeast
silent information regulator 2, SIR2) as genes that can
influence lifespan in model organisms (albeit with some
controversy) [22–28] and are required for some aspects of
the response to CR in mammals [29–31]. While new data
have continued to support the notion that sirtuins and
other longevity genes boost stress resistance in lower
organisms, the majority of research in mammals has been
focused on their potential to impact aging and chronic
diseases [32]. Here we discuss the evidence that targeting
sirtuin 1 (SIRT1) may be a viable therapeutic strategy to
improve outcomes in hemorrhagic shock, a type of severe
acute stress. These data may serve as an example to
support exploring the potential of longevity pathways in
general to promote short-term resilience.

Hemorrhagic shock

Hemorrhagic shock occurs when severe blood loss
leads to inadequate tissue oxygen delivery and is often
fatal if not promptly treated. Although acute injuries
are often not thought of in the context of aging, out-
comes are drastically worse in the elderly [33]. Hem-
orrhagic shock can occur in a variety of clinical situ-
ations (e.g., childbirth, gastrointestinal hemorrhage,
and aneurysmal rupture), but traumatic injury remains
the most common cause and accounts for an estimated
1.5 million deaths per year worldwide [34]. Clinically,
hemorrhagic shock is treated with a rapid control of
bleeding in conjunction with intravenous fluid and
blood products. Thus, poor access to emergency med-
ical services and limited transfusion resources can
negatively impact survival.

Unfortunately, even with prompt resuscitation, pa-
tients who survive the initial period of hemorrhagic
shock are at risk of developing multi-organ failure
(MOF). During acute blood loss, poorly perfused tissues
resort to anaerobic metabolism, becoming progressively
more dysfunctional with declining ATP levels and lactic
acid buildup [35]. Although absolutely essential, restor-
ing perfusion and oxygen can further contribute to organ
dysfunction. Reperfusing hypoxic tissues releases a
storm of free radical oxygen species, toxic metabolites,
and inflammatory cytokines—all of which can lead to
mitochondrial dysfunction and activate a systemic in-
flammatory response that further damages critical or-
gans [36]. In fact, MOF is the leading cause of late death
(after 7 days) in trauma [37]. As such, strategies that
improve resilience to the acute stress of hemorrhagic
shock could significantly decrease the incidence of
MOF and improve survival following hemorrhagic
shock.

Potential benefits of SIRT1 activation
in hemorrhagic shock

SIRT1, in contrast to its perception as a long-term
modulator of general health, performs multiple actions
that may be acutely beneficial during hemorrhagic
shock and reperfusion. These include suppressing in-
flammation, mitigating oxidative damage, promoting
mitochondrial activity, and rescuing vascular endotheli-
al function (Fig. 1). SIRT1 has many downstream ef-
fects, including deacetylation and inactivation of the
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ReIA subunit of NFκB, a central mediator of the im-
mune response that is responsible for the transcription of
hundreds of pro-inflammatory cytokines and
chemokines [38, 39]. By inhibiting NFκB, SIRT1 in-
hibits the transcription of pro-inflammatory genes, in-
cluding IL6, TNF-α, CINC, COX2, and ICAM-1 [39,
40]. In non-hemorrhage models, inhibition of SIRT1
promotes the expression of tissue factor and clot prop-
agation mediated by NFκB [41], indicating that SIRT1
may play a role in post-hemorrhage coagulopathy.
However, its effects on coagulation have not yet been
studied in a hemorrhagic shock model. During reperfu-
sion following hemorrhagic shock, reactive oxygen spe-
cies (ROS) are produced by dysfunctional mitochondria
and by nicotinamide adenine dinucleotide phosphate
oxidases (NOX) [42]. ROS can cause oxidative damage
to nucleic acids and proteins leading to cell damage and
leukocyte recruitment. In addition, ROS can damage
mitochondria, which can further increase ROS produc-
tion in a cycle that prevents energetic recovery after
perfusion [43]. Accordingly, therapies that decrease free
radical damage can improve organ function following
hemorrhagic shock and reperfusion (HSR) [44–46]. Up-
regulation of antioxidant enzymes such as superoxide
dismutase (SOD2) can be achieved through SIRT1
deacetylating and activating forkhead box O3
(FOXO3) [47]. SIRT1 activates PGC1α, which is
known as the master regulator of mitochondrial

biogenesis [48]. Along with the induction of genes
required to increase mitochondrial abundance, PGC1α
promotes transcription of antioxidant genes such as
SOD2, HO-1, and glutathione reductase [49]. Addition-
ally, pharmacological activation or genetic overexpres-
sion of SIRT1 has been shown to decrease defective
autophagy and improve mitochondrial stability in ische-
mic livers, thus reducing tissue damage [50] (Fig. 2).

The benefits of SIRT1 activation during periods of
physiological stress in vivo have been documented in
multiple studies. For instance, the loss of SIRT1 signif-
icantly increased the risk of death in hepatocytes fol-
lowing ischemia/reperfusion injury [50]. In contrast,
SIRT1 overexpression decreased oxidative stress fol-
lowing cardiac ischemia/reperfusion. When compared
with wild-type mice, SIRT1 transgenic hearts not only
had increased expression of superoxide dismutase but
also had decreased myocardial tissue infarction and
improved cardiac contractility [51]. Similarly, SIRT1
has been found to decrease cerebral infarct volume
following ischemia in mice via inhibition of NLRP3
inflammasome activation [52]. Thus, there are multiple
lines of evidence to support the hypothesis that therapies
targeting SIRT1 would be beneficial in HSR. Unfortu-
nately, there is a lack of direct genetic evidence in HSR
due mainly to the relatively small blood vessels and
blood volume of mice compared to rats, causing diffi-
culty in creating a hemorrhagic shock model in mice.

Fig. 1 Effects of hemorrhagic shock and reperfusion that may be
mitigated by SIRT1. Hemorrhagic shock in trauma results in
activation of the inflammatory response, vascular endothelial dys-
function, oxidative stress, mitochondrial dysfunction, and platelet
dysfunction and coagulopathy. Together, these effects contribute
to organ dysfunction and multi-organ failure. SIRT1 inhibits the

inflammatory response, promotes vascular endothelial function,
decreases ROS, improves mitochondrial function, and can im-
prove coagulopathy in different settings. Thus, SIRT1 has the
potential to mitigate the key features of hemorrhagic shock and
resuscitation that lead to organ damage and thereby improve
survival
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Therapeutic pathways targeting SIRT1
in hemorrhagic shock

Resveratrol and polydatin

Because of the challenges of obtaining direct genetic
evidence, most HSR research has utilized chemical

modulators of SIRT1, such as the SIRT1 activator res-
veratrol. Resveratrol, a naturally occurring molecule
found in grapes, has been shown to reduce inflammation
and oxidative stress in a variety of conditions. Although
described as an allosteric activator of SIRT1 [53, 54],
resveratrol may increase SIRT1 activity through multi-
ple different mechanisms including activating AMPK

Fig. 2 SIRT1 activation is a common effect of resveratrol and NAD
that may drive beneficial effects in hemorrhagic shock and reperfu-
sion. Resveratrol not only directly activates SIRT1 but may also
indirectly activate it by increasing NAD levels via the AMPK path-
way. Resveratrol inhibits COX2 leading to reduced platelet aggrega-
tion and stimulates the estrogen receptor PI3K/AKT pathway. Acti-
vation of this pathway promotes vascular endothelial function, de-
creases inflammation, and protects against oxidative stress. NAD is
required by SIRT1 as well as the other sirtuins (SIRT2–7). NAD also
plays essential roles in redox metabolism and is a substrate for CD38
and PARPs. CD38 and PARPs can contribute to inflammation and
apoptosis, and by competing for NAD, may reduce SIRT1 activity.

SIRT1 acts via multiple downstream pathways that could ameliorate
damage in hemorrhagic shock and resuscitation. It inhibits NFκB, in
turn inhibiting the expression of multiple downstream pro-
inflammatory cytokines. By inhibiting p53, SIRT1 can suppress
cellular apoptosis and mitigate mitochondrial dysfunction. SIRT1
activates FOXO3 and PGC1α to increase antioxidant gene expression
and increase mitochondrial biogenesis and respiratory activity. SIRT1
also differentially modulates the hypoxia-inducible factors HIF1α and
HIF2α, which may favor mitochondrial respiration while promoting
erythropoietin expression. Together, these effects are expected to
increase cellular ATP levels, preserve vascular endothelial cell func-
tion, and ameliorate organ dysfunction
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[55, 56] which promotes expression of NAMPT [57];
this in turn increases the amount of available nicotin-
amide adenine dinucleotide (NAD), an essential co-
substrate for SIRT1 [58–60]. Recently, resveratrol and
polydatin, a natural resveratrol glucoside, have been
investigated as potential treatments for hemorrhagic
shock [61]. Although resveratrol does have multiple
targets as well as its own antioxidant properties, various
studies have suggested that its effects in hemorrhagic
shock are at least partially, if not principally, mediated
by SIRT1 [62–74].

In addition to increasing SIRT1’s activity, resveratrol
increases the levels of SIRT1 mRNA expression [67, 72,
73, 75]. It also increases the expression and activity of
PGC1α, a promoter of antioxidant activity andmitochon-
drial biogenesis that can control its own expression. This
is thought to occur via deacetylation and thus direct
activation of PGC1α by SIRT1 [48, 54, 67, 76]. Consis-
tently, treatment with resveratrol following HSR leads to
increased levels of ATP, increased expression of SOD2
and catalase, and decreased ROS and lipid peroxidation, a
marker of oxidative stress. Resveratrol treatment im-
proved mitochondrial respiratory function after HSR, as
evidenced by increased complex I, II, and IV activity, and
mitigated renal injury [66, 67, 77]. Similar effects were
observed in cardiac tissue and arteriolar smooth muscle
cells, where resveratrol treatment was able to preserve the
levels of PGC1α, increase the expression of key mito-
chondrial transcription factors, and improve myocardial
contractility, cardiac output, mean arterial pressure
(MAP), and survival in a SIRT1-dependent manner [63,
64, 73, 77]. Polydatin, which appears to work at least
partially via SIRT1-mediated deacetylation of p53, also
decreases ROS and ameliorates mitochondrial damage in
HSR. Treatment with polydatin decreased mitochondrial
swelling, inhibited mitochondrial membrane depolariza-
tion, thus decreasing membrane permeability, and
inhibited apoptosis in multiple different cell types
[78–80]. Various studies have found that these changes
were associated with decreased tissue damage in the
small intestine [81], improved renal function, increased
MAP, and a survival benefit [78, 82]. Mitochondrial
dysfunction and reduced cardiac output after hemorrhagic
shock are known to cause increased cellular dysfunction
and tissue damage, and treatment with resveratrol and
polydatin could ameliorate these downstream effects
through a SIRT1-dependent mechanism. Improved car-
diac output could likewise improve post-shock tissue
damage by improving organ perfusion [63, 67, 75,

77–80]. Therefore, SIRT1’s ability to improve mitochon-
drial activity and oxidative stress not only confers resis-
tance against chronic stresses during aging but also pro-
tects organisms from the acute stress of hemorrhage.

While SIRT1-dependent mechanisms of resveratrol
do play an important role in its ability to ameliorate
tissue damage following hemorrhagic shock, resveratrol
also has SIRT1-independent mechanisms of action.
Resveratrol has been found to decrease NOX, a major
source of vascular ROS [83], mitigate endothelial dys-
function, and improve aortic vasoreactivity after hemor-
rhagic shock. Resveratrol can also inhibit cyclooxygen-
ase 2 (COX2), thereby inhibiting platelet aggregation
and inflammation [84]. Multiple studies have shown
decreased levels of cytokines, chemokines, and adhe-
sion molecules leading to decreased neutrophil migra-
tion and improved organ function in mice treated with
resveratrol after HSR. Upregulation of HO-1 via the
estrogen receptor–mediated PI3K/AKT pathway may
play a key role in these findings [65, 68–70, 85–87].
While estrogen receptor–dependent activation of HO-1
provides a SIRT1-independent pathway, there is sub-
stantial evidence to intimate that preservation of endo-
thelial function after HSR, which improves
vasoresponsiveness and MAP, depends on SIRT1 ac-
tivity [63, 68, 70, 77]. Thus, although resveratrol does
have its own antioxidant and anti-inflammatory activity,
SIRT1 is likely necessary for many of its key benefits.

NMN, niacin, and other NAD precursors

NAD plays a key role in cellular metabolism and redox
reactions. Not only does NAD drive oxidative phosphor-
ylation by accepting reducing equivalents and providing
them to complex I, it also serves as an essential co-
substrate for a number of enzymes involved in cellular
resilience including SIRT1 [88]. Moreover, NAD falls
with age in some tissues and chronic treatment with pre-
cursor supplements decreases age-related degeneration in
mice [89–91]. AlthoughNAD can be synthesized de novo,
the majority in most tissues is recycled from nicotinamide.
Nicotinamide is converted to nicotinamide mononucleo-
tide (NMN) in a rate-limiting reaction catalyzed by nico-
tinamide phosphoribosyltransferase (NAMPT) [92]. De-
pending on its subcellular location, NMN is then converted
to NAD by one of the three different NMN
adenylyltransferase isoforms (NMNAT1–3) [93] (Fig. 3).
NAD is critical for cellular function and its depletion leads
to mitochondrial dysfunction and cellular death. In
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contrast, enhancing NAD levels promotes cellular resil-
ience and improves function [94–98].

During hemorrhagic shock, the tissue levels of NAD
fall proportionally to the degree and duration of hemor-
rhagic shock [99]. As such, supplementing NAD either
preinjury or during resuscitation could potentially be
beneficial. The use of NAD, nicotinamide, and niacin to
treat hemorrhagic shock was first described by Chaudry
et al. in 1976 [100]. Although this approach did enhance
the NAD levels in both the kidney and liver tissues, it did
not restore the ATP levels nor improve survival. These
negative results, however, may have been a consequence
of the technique. The resuscitation protocol used in these
early experiments provided minimal restoration of blood
volume which could have limited the therapeutic poten-
tial of NAD supplementation. Indeed, more recently,
high-dose oral niacin has been shown to significantly

mitigate lung damage, decrease inflammation, and im-
prove survival when given in conjunction with appropri-
ate volume resuscitation [101]. Concordantly, inhibition
of poly (ADP-ribose) polymerase (PARP), an NAD-
consuming enzyme that is activated during hemorrhagic
shock, is therapeutic in preclinical models [102].

Supplementing NMN may be particularly helpful
because it bypasses the rate-limiting NAMPT conver-
sion step and increases tissue NAD levels rapidly [103].
Not only is the NAMPT-catalyzed reaction energetical-
ly costly, but also the activity of this critical enzyme
may be suppressed in the setting of ischemia/reperfusion
[104]. Providing NMN, therefore, directly circumvents
this metabolic constraint, and there is increasing data to
suggest that NMN can mitigate the damage associated
with a wide range of ischemia-reperfusion events in a
SIRT1-dependent fashion [105–108].

Fig. 3 NAD salvage pathway and hemorrhagic shock. NAD+ is a
key reduction-oxidation (redox) cofactor that accepts high-energy
electrons in the form of a hydride ion (H−) during glycolysis and
the TCA cycle, generating NADH. Electrons are subsequently
donated to complex I of the mitochondrial electron transport chain
to support ATP generation, or to pyruvate via lactate dehydroge-
nase in order to recycle NAD+. NAD also serves as a substrate for
several classes of enzymes, including SIRT1 and other sirtuins,
which can modulate a broad range of stress responses and other
behaviors. These reactions consume NAD, which necessitates
regeneration of the pool to support cellular metabolism. Some
NAD is synthesized from dietary sources including tryptophan,
niacin, and NAD itself or synthetic intermediates, but the bulk of

synthesis results from recycling of nicotinamide. This begins with
an energetically costly reaction catalyzed by the enzyme NAMPT
to make nicotinamide mononucleotide (NMN). NMNAT1–3 then
convert NMN to NAD to complete the recycling process. Hemor-
rhagic shock causes damage and inflammation that can activate
NAD consumers such as PARPs and CD38, and may further
decrease the levels of NAD by causing a redox shift in favor of
NADH due to the limited activity of the electron transport chain in
hypoxic conditions, as well as by limiting the NAMPT activity due
to lack of ATP. In this case, providing exogenous NMN directly
during HS may be especially beneficial by bypassing the NAMPT
reaction, thus increasing the NAD levels
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We have recently demonstrated that the use of exog-
enous NMN significantly improves both cellular func-
tion and physiologic reserve in a rodent model of de-
compensated hemorrhagic shock [109]. Animals
pretreated with NMN not only demonstrated increased
tissue NAD levels, but also the severe mitochondrial
dysfunction normally observed post-resuscitation in the
kidney and liver tissues was entirely absent. Moreover,
NMN treatment decreased both systemic and tissue-
level inflammation. Importantly, NMN increased the
time animals could tolerate severe shock before decom-
pensating by nearly 25% and significantly improved
survival from roughly 10 to 55% at 48 h [109]. A more
recent study not only replicated the protective effects of
NMN but also showed that a lower dose of niacin was
effective and that the low-dose niacin effect depends on
the niacin receptor (GPR109a) [110]. Low-dose intra-
venous niacin was sufficient to prolong survival in an
otherwise lethal model of hemorrhagic shock even in the
absence of fluid resuscitation [110]. Thus, it appears that
NAD precursors may have therapeutic effects through
two distinct mechanisms, a GPR109a pathway that is
unique to niacin and an NAD/SIRT1-dependent path-
way that is likely shared among precursors. Although
more research is required, there is compelling preclinical
data to suggest that NAD precursors including NMN
may be one strategy to improve resilience, mitigate
inflammation, improve cellular metabolism, and pro-
mote survival following hemorrhagic shock.

Further considerations and potential pitfalls

The activation of SIRT1 appears to be largely advanta-
geous during reperfusion; however, there are also risks
that should be carefully considered. For example, mod-
ulating SIRT1 may interfere with normal homeostatic
pathways in acute hypoxia. Hypoxia-inducible factor
1α (HIF1α) and HIF2α are deacetylated by SIRT1,
resulting in inhibition and activation, respectively [72,
111]. Acetylated HIF1α can stimulate various adaptive
metabolic responses, such as the transition from oxida-
tive phosphorylation to anaerobic metabolism, which
could potentially improve cell survival under conditions
of hypoperfusion [112]. Additionally, some findings
suggest that as deacetylated HIF1α accumulates in cells
during hypoxic conditions, the subsequent upregulation
of HIF1α target genes may ultimately promote cancer
cell invasion [113].

Another example is that while NFκB is generally
considered pro-inflammatory, it also acts to regulate
cellular stress resistance pathways and its upregula-
tion in response to ROS formation may aid cellular
apoptosis resistance during HSR [38, 40]. Thus,
while inhibition of inflammation by SIRT1 may be
helpful in the setting of chronic stresses or aging,
excessive stimulation of SIRT1 during an acute inju-
ry has the potential to interfere with managing dam-
age responses and metabolic shifts under conditions
of hypoperfusion.

Treatment with resveratrol may present additional
risks through SIRT1-independent pathways. The in-
hibition of cyclooxygenase by resveratrol causes
decreased production of thromboxane, which is a
potent facilitator of platelet aggregation and vaso-
constriction. Its inhibition may be detrimental due to
decreased activation of the clotting cascade, poten-
tially promoting bleeding. In the emergency depart-
ment, it is estimated that nearly 30% of trauma
patients have impaired clotting [114]. Multiple stud-
ies have evidenced a prolonged clotting time in
washed or partially enriched platelet fractions, and
a marked reduction in collagen-induced clotting was
discovered in the blood from subjects who drank
grape juice for 1 week [84, 115, 116]. In contrast,
the antiplatelet activity of resveratrol appears to be
weakened or masked in circulating whole blood,
with concentrations as high as 100 μm having no
effect on platelet aggregation [117]. Even after mul-
tiple weeks of resveratrol administration in rats, no
change in clotting time was observed [118]; hence,
the clinical relevance of these findings remains par-
tially unknown. Thus, resuscitation with resveratrol
could theoretically be harmful by increasing blood
loss in susceptible patients, although the risk re-
mains uncertain.

In addition, there is some evidence that animals
treated with resveratrol following HSR had de-
creased insulin resistance and lower blood glucose
levels [66]. While the increase in insulin sensitivity
is most likely beneficial, clinician awareness of pos-
sible hypoglycemic episodes during treatment will
be imperative.

Finally, it is important to note that the effects of
SIRT1 in the setting of septic shock have been shown
to depend on timing. It has been suggested that SIRT1
activity is advantageous in the early stages of shock, but
may be harmful at later stages, due to the body’s
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transition from a pro-inflammatory to a hypo-
inflammatory response state. A significant prolongation
in survival was demonstrated in a cecal ligation-
puncture model through the inhibition of SIRT1 begin-
ning 24 h after the onset of sepsis [119]. Although
SIRT1 activation has proven to be largely beneficial,
these findings delineate the necessity to further evaluate
delivery timings of SIRT1 activators during the setting
of hemorrhagic shock. Similarly, CR has not been uni-
versally beneficial. CR has been reported to increase
lipid peroxidation and shorten the lifespan in a model
of amyotrophic lateral sclerosis [120], and conflicting
results have been reported on the effect of CR in sepsis
[17, 121]. Thus, some caution is warranted when gen-
eralizing the effects of longevity interventions on the
responses to specific stresses.

Conclusion

Genes and other factors that confer increased longevity
often confer resistance not only to chronic diseases but
also to acute stresses. Thus, such factors may represent a
largely untapped source of new therapeutic approaches
to treat the pathophysiology of acute stresses such as
trauma and hemorrhagic shock. Both resveratrol and
NAD precursors have been shown to decrease organ
damage and improve survival in hemorrhagic shock and
interestingly, both converge on activation of SIRT1, the
mammalian homolog of a protein that influences lon-
gevity in lower organisms. In fact, there is evidence that
a combination therapy including both resveratrol and
NAD precursors may bemore effective than either alone
[122]. While there is little direct genetic evidence on the
effects of SIRT1 in hemorrhagic shock due to the inher-
ent difficulties in creating a mouse model of hemor-
rhage, SIRT1 has been shown in other systems to work
through multiple mechanisms to inhibit inflammation,
oxidative stress, mitochondrial dysfunction, vascular
endothelial dysfunction, and coagulopathy. The poten-
tial benefit of SIRT1 in mitigating hemorrhagic shock
offers a new therapeutic avenue and supports the con-
tinued focus on longevity pathways as a source of
interventions that can mitigate acute stresses.
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tute of Diabetes and Digestive and Kidney Diseases (DK 098656).
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