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Introduction
Hemorrhagic shock is a physiologic condition that occurs with rapid blood loss and is characterized by 
profound vasoconstriction, tissue hypoperfusion, and cellular hypoxia. In response to decreased oxygen 
tension, there is a dramatic decline in oxidative phosphorylation, with increased anaerobic metabolism in 
an attempt to preserve cellular energy status (1). Without prompt and adequate resuscitation, hemorrhagic 
shock progresses from cellular dysfunction to organ failure and, ultimately, to death (2).

Nicotinamide adenine dinucleotide (NAD) is a ubiquitous molecule that plays a key role in cellu-
lar metabolism by accepting and donating electrons via interconversion with NADH. NAD is required 
at the GAPDH-dependent step in glycolysis and provides reducing equivalents to complex I of  the 
electron transport chain to drive oxidative phosphorylation. NAD also serves as an essential cosub-
strate for a wide variety of  enzymes involved in cellular resilience, including sirtuins and poly (ADP 
ribose) polymerases (3). During hemorrhagic shock, the tissue concentration of  NAD falls rapidly in 
proportion to the severity of  the injury (4). The decreased availability of  NAD is further exacerbated 
by a redox shift in favor of  NADH, which is no longer efficiently reoxidized to NAD by the mitochon-
drial electron transport chain under hypoxic conditions (5). In other contexts, it is well established 
that NAD depletion leads to mitochondrial dysfunction and cell death (6, 7), and enhancing NAD 
has been shown to improve tissue function (8–10). Given the central role of  NAD in cellular energy 
metabolism, signaling, and a host of  other biochemical reactions, resuscitative strategies that restore 
NAD could prove therapeutically useful in hemorrhagic shock.

Hemorrhagic shock depletes nicotinamide adenine dinucleotide (NAD) and causes metabolic 
derangements that, in severe cases, cannot be overcome, even after restoration of blood 
volume and pressure. However, current strategies to treat acute blood loss do not target cellular 
metabolism. We hypothesized that supplemental nicotinamide mononucleotide (NMN), the 
immediate biosynthetic precursor to NAD, would support cellular energetics and enhance 
physiologic resilience to hemorrhagic shock. In a rodent model of decompensated hemorrhagic 
shock, rats receiving NMN displayed significantly reduced lactic acidosis and serum IL-6 levels, two 
strong predictors of mortality in human patients. In both livers and kidneys, NMN increased NAD 
levels and prevented mitochondrial dysfunction. Moreover, NMN preserved mitochondrial function 
in isolated hepatocytes cocultured with proinflammatory cytokines, indicating a cell-autonomous 
protective effect that is independent from the reduction in circulating IL-6. In kidneys, but not in 
livers, NMN was sufficient to prevent ATP loss following shock and resuscitation. Overall, NMN 
increased the time animals could sustain severe shock before requiring resuscitation by nearly 
25% and significantly improved survival after resuscitation (P = 0.018), whether NMN was given 
as a pretreatment or only as an adjunct during resuscitation. Thus, we demonstrate that NMN 
substantially mitigates inflammation, improves cellular metabolism, and promotes survival 
following hemorrhagic shock.
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NAD can be synthesized de novo from dietary tryptophan, nicotinic acid (niacin), or intermediates in 
the synthesis pathways, but the majority of  cellular NAD comes from the recycling of  liberated nicotin-
amide. Nicotinamide is converted to nicotinamide mononucleotide (NMN) in a rate-limiting step catalyzed 
by the enzyme nicotinamide phosphoribosyltransferase (NAMPT). NMN is then converted to NAD by 1 
of  3 NMN adenylyltransferase isoforms (NMNAT1–3) (11). Chaudry and colleagues first described using 
NAD precursors during the resuscitation of  hemorrhagic shock in 1976 (12). Although the infusion of  
NAD, nicotinamide, and niacin each increased NAD concentrations in both liver and kidney tissue, treat-
ment did not restore tissue ATP levels and did not improve survival. As such, these investigators concluded 
that “these infusions have no salutary effects,” and research investigating the impact of  NAD metabolism 
during hemorrhagic shock remained relatively stagnant in the following decades. However, it is possible 
that the minimal resuscitation protocol in Chaudry’s pioneering experiments may have limited the poten-
tial benefit. Recently, very high-dose oral niacin (1,080 mg/kg) has been shown to improve lung injury 
following hemorrhagic shock (13). When given at the time of  resuscitation, niacin restored lung NAD 
concentrations to baseline values, mitigated inflammation, and transformed a uniformly lethal model into 
one with 30% survival. Thus, the use of  NAD precursors such as NMN warrants further investigation.

Although the benefit of  NMN supplementation has not been investigated in trauma, there is a growing 
body of  literature to suggest that NMN could prove therapeutically useful. Providing exogenous NMN 
bypasses the need for NAMPT in the salvage pathway and has been shown to increase tissue NAD rap-
idly (14). This is particularly important, given the fact that NAMPT may be suppressed in the setting of  
ischemia/reperfusion and depressed NAMPT activity could contribute to the decreased NAD observed in 
hemorrhagic shock (15). Moreover, the NAMPT-catalyzed reaction is energetically costly and, thus, pro-
viding its product directly could be especially helpful when cells are energetically stressed (16). Importantly, 
there is evidence that NMN can acutely mitigate the effects of  ischemia/reperfusion injury. In a murine 
model of  cardiac infarction, pretreatment with NMN 30 minutes before ischemia significantly increased 
basal levels of  NAD, prevented a decline in NAD postischemic insult, and reduced infarct size (17). As 
such, using NMN as a resuscitative adjunct to support metabolism could improve cellular resilience.

In this study, we investigate the metabolic and mitochondrial effect of  exogenous NMN on hemor-
rhagic shock. Our findings suggest that NMN preserves oxidative phosphorylation, enhances physiologic 
reserve, and improves survival after severe shock.

Results
Pretreatment and resuscitation with NMN during fixed pressure hemorrhagic shock reduces lactic acidosis. To 
investigate the physiologic effect of  NMN during hemorrhagic shock and resuscitation, we subjected 
NMN-pretreated rats (400 mg/kg/d for 5 days, oral) and controls to fixed pressure shock followed by 
resuscitation with and without NMN (400 mg/kg, intravenous) (Figure 1A). The dose of  NMN was 
proportional to body weight, and the volume of  resuscitation was 4 times the volume of  blood shed 
during hemorrhagic shock. NMN and control animals were maintained at a mean arterial blood pressure 
(MAP) of  40 mmHg for 90 minutes. Both groups shed a similar percentage of  blood volume and had 
similar reductions in circulating hemoglobin (Figure 1, B and E). While the volume of  fluid required 
to maintain the shock state for 90 minutes and the blood pressure following resuscitation were statis-
tically indistinguishable between the groups, NMN-treated rats received slightly less volume overall, 
indicating that they were not resuscitated more completely than controls (Figure 1, C–E). Importantly, 
despite experiencing the same degree and duration of  blood loss, NMN-treated rats had significantly 
lower serum lactate than did controls during hemorrhagic shock and resuscitation (Figure 1F). As a 
byproduct of  anaerobic metabolism, lactate is used to gauge the success of  resuscitation in humans (18). 
Elevated lactate levels, which reflect ongoing tissue hypoperfusion, correlate with both the severity and 
survivability of  shock in injured patients (19). Even small differences in lactate can translate into signif-
icant survival benefits. In fact, for every 1 mM increase in the initial lactate recorded in trauma patients, 
mortality was found to increase by 15% (20). As such, the 2–3 mM decrease in lactate observed following 
resuscitation with NMN in our model could be physiologically relevant.

NMN increases NAD and preserves bioenergetics. Hemorrhagic shock results in significantly depressed pyr-
idine and adenine nucleotide pools, which can negatively effect the function of  vital organs (21). We test-
ed whether exogenous NMN could preserve NAD and ATP levels in kidney and liver tissues following 
shock. In sham animals, NMN significantly increased NAD levels in both kidneys and livers (Figure 2, 
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A and B, and Supplemental Figure 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.120182DS1). Following resuscitation, NAD levels were nearly 3-fold higher 
in NMN-treated animals compared with shock control animals. NADH was also significantly higher in 
NMN-treated animals following hemorrhagic shock. Interestingly, the decline in NAD induced by hemor-
rhagic shock (in the absence of  supplemental NMN) was less dramatic than in previous reports (12). We 
speculated that this discrepancy might be secondary to differences in how the animals were resuscitated 
and when the tissues were harvested. In Chaudry’s original investigation, animals were not pretreated with 
NAD precursors. Moreover, they were resuscitated with only the shed blood and samples were taken 30 
minutes later. It is now recognized that this strategy leaves the animal under resuscitated (22). In contrast, 
we resuscitated with 4 times the shed volume in lactated Ringer’s (LR) crystalloid and harvested tissues 1 
hour later. When we assayed NAD following hemorrhagic shock in unresuscitated animals, we observed a 

Figure 1. Experimental design and physiologic variables. Animals were randomized to water with or without NMN (400 mg/kg/d) for 5 days (n = 9–12 per 
group). Animals were bled to a mean arterial blood pressure (MAP) of 40 mmHg for 90 minutes and then resuscitated with 4 times the shed volume in 
lactated Ringer’s with or without NMN (400 mg/kg) over 60 minutes (A). Control animals did not differ from NMN-treated animals in terms of percentage 
of total blood volume shed (B), the volume of LR needed to maintain a MAP of 40 mmHg for 90 minutes (C), or the MAP after 60 minutes of resuscitation 
(D). Hemoglobin was similar between groups (E). NMN-treated animals had significantly lower lactate levels during shock and following resuscitation (F). 
Data in B–D are represented using box-and-whiskers plots, with boxes representing the IQR, lines representing the median value, and whiskers representing 
minimum and maximum values, whereas data in E and F are represented as mean ± SEM. *P < 0.05, 2-tailed Student’s t test.
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Figure 2. NMN increases NAD and NADH and preserves renal ATP following resuscitation from hemorrhagic shock. NAD, NADH, and ATP levels 
were measured in extracts from snap frozen tissues harvested 1 hour after 90 minutes of hemorrhagic shock, followed by resuscitation with or 
without NMN (400 mg/kg). In the kidney, NMN increased the NAD and NADH levels in both sham (n = 5–6 per treatment group) and shocked animals 
(9–12 per treatment group) and prevented the sharp decline in the NAD/NADH ratio observed in shocked animals (A). In the liver, NMN increased NAD 
levels in both sham and shocked animals but only increased NADH significantly in shocked animals, while again preserving the NAD/NADH ratio (B). 
ATP levels declined in both tissues following hemorrhagic shock and resuscitation (C and D). Treatment with NMN, however, completely prevented 
this decline in renal tissue (C). One-way ANOVA was used to compare groups with a post hoc 2-tailed Student’s t or Mann-Whitney test if statistically 
significant (P < 0.05). Data are represented using box-and-whisper plots, with boxes representing the IQR, lines representing the median value, and 
whiskers representing minimum and maximum values. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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larger decrease (32% in kidney and 51% in liver, Supplemental Figure 1), consistent with the decrease orig-
inally described by Chaudry and colleagues (12). Thus, our results suggest that resuscitation per se partially 
restores NAD but does not reverse the robust depression of  the NAD/NADH ratio following shock (Figure 
2, A and B, and Supplemental Figure 1). Importantly, NMN completely mitigated the decrease in NAD 
concentration and preserved the NAD/NADH redox ratio in both tissues.

Hemorrhagic shock and resuscitation are also known to deplete ATP reserves, likely as a consequence 
of  mitochondrial dysfunction, which results in increased reliance on anaerobic metabolism. As expected, 
ATP levels were significantly decreased following shock and resuscitation in both kidneys and livers (Figure 
2, C and D). NMN treatment substantially rescued ATP levels in the kidney, whereas liver stores were more 
depressed and could not be rescued with NMN (Figure 2, C and D).

NMN preserves NAD-dependent mitochondrial respiration. Given the restoration of  ATP in the kidney and 
decrease in lactate accumulation, we wondered if  NMN treatment could positively effect mitochondrial 
respiration. We found that hemorrhagic shock and resuscitation impaired complex I–dependent (CI-depen-
dent) respiration in both tissues when fatty acids or a standard pyruvate/glutamate/malate mixture were 
provided as substrates (Figure 3, A and B). No defect was apparent when electrons were supplied directly 
to complex II (CII) via succinate or to complex IV via TMPD/ascorbate. Since CI accepts electrons from 
NADH, these results suggest a deficiency in the NAD pool, an upstream factor involved in the generation 
of  NADH, or in CI itself. Consistent with the possibility that NAD, and subsequent NADH formation, is 
the limiting factor, treatment with NMN completely preserved CI-dependent respiration following hemor-
rhagic shock (Figure 3, A and B).

To more directly test the hypothesis that mitochondrial NAD depletion causes the defect in CI-de-
pendent respiratory capacity, we next sought to determine NAD levels in isolated mitochondria following 
shock. To our knowledge, the mitochondrial NAD pool, which is separate from the nuclear and cytosolic 
pool (23), has not previously been examined in hemorrhagic shock. Although NMN significantly increased 
mitochondrial NAD in both the kidney and liver, we were surprised to discover that hemorrhagic shock 
did not decrease mitochondrial NAD. In fact, in contrast to whole tissue NAD, mitochondrial levels were 
maintained in kidneys (Figure 3C) and significantly increased in the livers of  control animals following 
shock (Figure 3D). NMN treatment further augmented mitochondrial NAD concentrations (Figure 3, C 
and D). Thus, the size of  the mitochondrial NAD pool per se cannot account for the changes in mito-
chondrial respiration. NADH was not reproducibly detected in isolated mitochondria, most likely due to 
collapse of  the redox potential during isolation.

Interestingly, mitochondria exhibited a reduced capacity for fatty acid oxidation after hemorrhagic 
shock, and this effect was reversed by NMN in organelles from the kidney but not the liver. Similarly, we 
found that the expression of  key transcripts related to fatty acid oxidation was decreased by hemorrhagic 
shock in both the liver and kidney but that NMN tended to restore a subset of  these only in the kidney 
(Figure 3, E and F). Thus, the mRNA expression of  transcripts related to fatty acid oxidation correlates 
with the ability of  isolated mitochondria to oxidize palmitoyl carnitine as well as whole-tissue ATP levels.

NMN and hemorrhagic shock influence the expression of  enzymes in the NAD salvage pathway. To better 
understand the effect of  hemorrhagic shock on total and mitochondrial NAD levels, we examined the 
expression patterns of  enzymes in the NAD salvage pathway. Metabolic stress influences the expres-
sion of  NAMPT, and increasing NAMPT can mitigate ischemic injury in a variety of  models (15, 17, 
24, 25). The expression of  NAMPT and the downstream enzymes NMNAT1–3, however, have not 
previously been examined in hemorrhagic shock. Following shock, there was a trend toward increased 
NAMPT gene expression in both kidneys and livers (Figure 4, A and E). Of  the 3 NMNAT isoforms, 
NMNAT1 (nuclear) and NMNAT3 (mitochondrial) were readily detected, while NMNAT2 (which has 
been reported to bind the cytosolic face of  the Golgi complex and be present in axons) was not (11). 
Hemorrhagic shock and resuscitation had minimal effect on the renal expression of  NMNAT1 but 
modestly increased expression of  NMNAT3. In contrast, the expression of  both enzymes was reduced 
in liver tissue (Figure 4, C, D, G, and H). Although NMN had no effect on NAMPT or NMNAT gene 
expression in sham-operated rats, it enhanced the gene expression of  both NAMPT and NMNAT3 
relative to controls following hemorrhagic shock (Figure 4, A, D, E, and H). Shock, however, was not 
associated with any clear change in NAMPT protein expression at the end of  resuscitation (Figure 4, B 
and F). These results indicate that NMN can influence NAD metabolism in part via enzyme expression 
independently from its direct contribution to synthesis.
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NMN mitigates inflammation following hemorrhagic shock and resuscitation. Hemorrhagic shock and 
resuscitation results in a proinflammatory state characterized by elevated cytokine levels, oxidative 
stress, and insulin-resistant hyperglycemia. Circulating levels of  the cytokine IL-6 are a strong predictor 
of  mortality, and directly targeting IL-6 is beneficial, suggesting that inflammation mediated by this 
pathway is highly relevant to the pathological effects of  hemorrhagic shock (26, 27). Given the key 
role that NAD plays in modulating sirtuin-dependent inflammatory pathways (28), we hypothesized 
that NMN might dampen the inflammatory response following hemorrhagic shock and resuscitation. 
Indeed, pretreatment and resuscitation with NMN significantly reduced systemic IL-6 cytokine levels 

Figure 3. NMN preserves complex I–dependent mitochondrial respiration and enhances mitochondrial NAD content. Following 90 minutes of hemorrhagic 
shock, tissues were harvested 1 hour after resuscitation (with or without NMN 400 mg/kg). Mitochondria from kidney and liver tissue were freshly isolated 
and evaluated using high-resolution respirometry (log10 scale). In both tissues, a defect in respiration was noted when NAD-dependent substrates, such 
as palmitoylcarnitine (PC) and pyruvate/glutamate/malate (CI), were used. Pretreatment, and subsequent resuscitation, with NMN completely restored 
mitochondrial respiration in the kidney (A) and preserved respiration with CI substrates in the liver (B). Without NMN treatment, NAD content was preserved 
following resuscitation in the kidney (C) and increased in the liver (D). NMN treatment augmented mitochondrial NAD levels in both the sham and shocked 
states (C and D). n = 5–6 per treatment group. Data are represented using box-and-whisper plots, with boxes representing the IQR, lines representing the 
median value, and whiskers representing minimum and maximum values. We measured the mRNA expression of key enzymes in fatty acid metabolism, 
including carnitine palmitoyltransferase 1 (CPT1), long-chain fatty acid transport protein 1 (SLC27A1), enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydroge-
nase (Ehhadh), very-long-chain acyl-CoA dehydrogenase (VLCAD), long-chain acyl-CoA dehydrogenase, (LCAD), and medium-chain acyl-CoA dehydrogenase 
(MACD). The expression of key transcripts related to fatty acid oxidation was decreased by hemorrhagic shock in both the liver and kidney, but NMN tended 
to restore a subset of these only in the kidney (E and F). One-way ANOVA was used to compare groups with a post hoc 2-tailed Student’s t or Mann-Whitney 
test if statistically significant.*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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and tended to decrease TNF-α, while substantially ameliorating shock-induced hyperglycemia (Figure 
5, A and B). Interestingly, basal TNF-α was significantly reduced in sham-treated animals, suggesting 
that NMN can have a potent effect on this pathway, although the repression was largely overcome 
during shock. At the tissue level, NMN also significantly improved the cytokine profile after resuscita-
tion in the kidney (Figure 5C). Whether these changes in gene expression reflect immune cell infiltra-
tion or the activation of  inflammatory pathways in resident cells is not yet clear. In contrast, NMN had 
no effect on the induction of  inflammatory genes in the liver (Figure 5D).

NMN improves mitochondrial function in isolated hepatocytes. Because NMN improves the inflammatory status, 
its beneficial effects on mitochondrial function may be secondary to either decreased inflammation or direct 
protective effects in targets tissues. In order to determine whether NMN directly affects cellular mitochondrial 
function, we exposed primary hepatocytes to plasma harvested from both sham and shocked rats. Consis-
tent with the hypothesis that circulating inflammatory factors can induce mitochondrial dysfunction, primary 
hepatocytes treated with shocked plasma had significantly depressed CI-dependent respiration. When hepato-
cytes were cocultured with NMN, however, this CI defect was completely prevented (Figure 6A).

Given that plasma from shocked and sham animals may have varying concentrations of  many different 
proinflammatory cytokines, we also treated primary hepatocytes with a fixed concentration of  IL-6. In 
these experiments, cotreatment with NMN again completely prevented mitochondrial dysfunction (Figure 
6B). Thus, NMN can preserve mitochondrial function in a cell-autonomous manner, although the reduc-
tion in circulating IL-6 also likely contributes to its net benefit in vivo.

Interestingly, treatment with IL-6 did not significantly effect NAD levels in our primary hepatocytes. 
However, with the addition of  NMN, cytokine-exposed cells nearly doubled their NAD over baseline, 
suggesting that inflammation enhances either NMN uptake or the enzymatic activity of  NAD biosynthesis 
pathways or decreases NAD turnover (Figure 6C).

NMN treatment does not lead to major changes in mitochondrial oxidative damage or global acetylation profiles 
following hemorrhagic shock. Given the relationship between SIRT1 activation and enhanced antioxidant 
expression, we examined the expression of  key antioxidant enzymes as well as oxidative damage in mito-
chondria. Although NMN significantly increased the mRNA expression of  GPX1 in the liver, its effects 
on the mRNA expression of  antioxidant genes were small and inconsistent across tissues (Supplemental 
Figure 2). Consistently, NMN did not have a measurable effect on mitochondrial lipid peroxidation 1 hour 
after resuscitation (Supplemental Figure 2C). Because mitochondrial NAD levels could affect the activity 
of  the major mitochondrial deacetylase, SIRT3, we also investigated the acetylation status of  mitochon-
drial proteins. Contrary to expectation, pretreatment with NMN led to a modest increase in mitochondrial 
protein acetylation in sham animals, whereas no differences were apparent after resuscitation (Supplemen-
tal Figure 2B). Thus, neither oxidative damage nor changes in acetylation can easily explain the functional 
differences observed in CI following NMN treatment.

The effect of  NMN on organ function. In order to determine if  NMN preserved organ function, blood 
samples were taken from sham and shocked animals at the end of  resuscitation and assayed for markers 
of  liver, kidney, and cardiac dysfunction. Although hemorrhagic shock and resuscitation resulted in a sig-
nificant increase in markers of  liver and kidney damage, values remained within the normal range, with 
only a trend toward decreased injury in NMN-treated animals (Table 1). The fact that these injury markers 
remained relatively low is likely a reflection of  the early time point examined. Even at this early time point, 
however, hemorrhagic shock and resuscitation were associated with an increased in creatine kinase activity 
that was mitigated by NMN. Creatine kinase levels can result from either skeletal or cardiac muscle dam-
age. Acute blood loss does not generally lead to skeletal muscle damage in the absence of  crush injury and 
is associated more strongly with cardiac injury (29). Thus, NMN may have cardioprotective effects that 
warrant further investigation in this model.

Figure 4. NMN increases NAMPT and NMNAT3 expression following hemorrhagic shock. Following hemorrhagic shock, there was a trend toward 
increased NAMPT mRNA expression that was further enhanced with NMN treatment in the kidney (A) and the liver (E). NAMPT protein expression 
was not affected by shock in either tissue (B and F). NMNAT1 expression was not affected in the kidney (C) but declined following shock and resusci-
tation in the liver and was not affected by NMN (G). NMNAT3 expression was increased in the kidney and decreased in the liver following shock but 
was enhanced in both tissues by NMN treatment only in animals that had been shocked (D and H). n = 5–12 per treatment group. Data are represent-
ed using box-and-whisper plots, with boxes representing the IQR, lines representing the median value, and whiskers representing minimum and 
maximum values. One-way ANOVA was used to compare groups with a post hoc 2 tailed Student’s t or Mann-Whitney test if statistically signifi-
cant.*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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NMN enhances physiologic reserve and decreases mortality. Based on improvements in inflammatory status, 
lactate metabolism, mitochondrial function, and trends toward decreased injury biomarkers, we hypothe-
sized that NMN would enhance physiologic reserve and improve survival following hemorrhagic shock. 
Using a decompensated shock model, we performed a second set of  experiments to evaluate physiologic 
reserve, as indicated by the overall time animals could be maintained in severe shock without resuscitation 
(Figure 7A). Pretreatment with NMN increased the time animals could sustain severe shock by nearly 25%, 
despite equal or greater blood loss when compared with controls (Figure 7, B and C). In spite of  endur-
ing this more strenuous injury, animals treated with NMN maintained lower lactate levels and exhibited 
improved survival (Figure 7, D and E). As such, pretreatment and subsequent resuscitation with NMN 
substantially improved the ability of  rats to tolerate hemorrhagic shock.

Although pretreatment and subsequent resuscitation with NMN could be useful when significant surgi-
cal blood loss (e.g., cardiac or vascular surgery) or traumatic injury is anticipated (e.g., combat), we wanted 
to determine if  NMN could be used after injury to treat unexpected bleeding events or trauma. In order to 
address this issue, animals were subjected to our decompensated hemorrhagic shock model and then resus-
citated with LR plus NMN (400 mg/kg). Although NMN given during resuscitation did not effect lactate 
levels in this model, it significantly improved 48-hour survival (Figure 7, D–F). These data suggest that 
NMN treatment is effective even after injury and lend support to the growing body of  literature suggesting 
that NAD precursors can mitigate ischemia/reperfusion injury (15, 17, 30, 31).

Discussion
In the United States, traumatic injury is the leading cause of  death in those under the age of  45, with 
nearly 40% of  patients who develop hemorrhagic shock dying within the first 24 hours (32, 33). Because 
both the severity of  blood loss and duration of  hypoperfusion correlate directly with organ failure and 
mortality, current resuscitative strategies focus on rapidly repairing the injury, restoring blood volume, and 
improving perfusion pressure. If  the shock state is too severe or prolonged, however, cellular metabolism 
remains depressed and resuscitation efforts fail to improve clinical outcomes. Developing therapies to 
restore and support cellular metabolism following hemorrhagic shock could potentially mitigate organ 
dysfunction and improve survival.

During prolonged hypoperfusion there is a dramatic decline in NAD availability due to both a reduc-
tion in the size of  the NAD pool and a shift toward the reduced form (NADH). Given the essential roles 
that NAD plays in glycolysis, oxidative phosphorylation, and pathways that promote cellular resilience, we 
investigated the possible benefit of  using NMN to restore NAD levels as a treatment for hemorrhagic shock 
(14, 34, 35). Although NMN could positively affect many tissues in our model (13, 36, 37), we specifically 
focused on the effect on bioenergetics in the kidney and liver, because these organs are at a high risk of  
failure following acute blood loss (38, 39). In the kidney and liver, pretreatment and subsequent resuscita-
tion with NMN increased NAD levels, restored the NAD/NADH ratio, improved mitochondrial function, 
and mitigated inflammation (Figure 8). Importantly, NMN also enhanced whole organism physiologic 
resilience during hemorrhagic shock and improved survival following resuscitation. As such, NMN holds 
promise as a therapeutic adjunct and warrants further clinical investigation.

One of  the most prominent metabolic effects of  using NMN to restore NAD was the improvement in 
mitochondrial function. During hemorrhagic shock, there is a progressive defect in mitochondrial respira-
tion when NAD-linked substrates, such as isocitrate, α-ketoglutarate, and β-hydroxybutyrate, are used, sug-
gesting that severe blood loss preferentially inhibits CI (1, 40). Although NMN has been shown to improve 
overall mitochondrial respiratory capacity in chronic models of  aging and Alzheimer’s disease (41, 42), our 
research provides the first data to our knowledge demonstrating that NMN completely preserves CI-depen-
dent mitochondrial respiration following hemorrhagic shock. We initially hypothesized that this rescue was 

Figure 5. NMN mitigates inflammation following hemorrhagic shock. Serum IL-6 and TNF-α were determined by ELISA. As expected, serum levels 
of both proinflammatory cytokines increased with hemorrhagic shock, whereas NMN significantly lowered IL-6 with a trend toward improved TNF-α 
levels (A). A decrease in proinflammatory cytokines corresponded with a reduction in hyperglycemia following shock (B). Inflammatory cytokine 
expression was measured by qPCR in kidney and liver tissues. NMN partially mitigated IL-6 mRNA expression in the kidney but not in the liver (C and 
D). n = 5–12 per treatment group. Data are represented using box-and-whisper plots, with boxes representing the IQR, lines representing the median 
value, and whiskers representing minimum and maximum values. One-way ANOVA was used to compare groups with a post hoc 2-tailed Student’s t 
or Mann-Whitney test if statistically significant.*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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secondary to NMN’s ability to mitigate a decline in mitochondrial NAD. Our data, however, do not sup-
port this hypothesis. In fact, in contrast to the decline in total tissue NAD that we observed, mitochondria 
harvested from control animals actually had preserved or increased levels of  NAD following hemorrhagic 
shock. Mitochondrial NAD levels were further enhanced in NMN-treated animals. Although little is known 
about the concentration of  mitochondrial NAD following hemorrhagic shock, our findings do support Hift 
and Strawitz’s description of  increased “light absorbing material” in isolated liver mitochondria harvested 
from dogs in “irreversible hemorrhagic shock.” Writing in 1961, these investigators attributed the increased 
spectrophotometric absorption peak noted at 265 to 270 mμ to “nucleotide material”(43). In retrospect, 
this likely represented NADH, with a UV absorption peak of  259 nm. Although the precise mechanisms 
accounting for the generation and maintenance of  the mitochondrial NAD pool remain a subject of  debate, 
the finding of  increased mitochondrial NAD suggests either augmented cytoplasmic-to-mitochondrial trans-
fer or enhanced mitochondrial NAD recycling (3). In either case, the ability to increase mitochondrial NAD 
following hemorrhagic shock may reflect an adaptive response to cellular stress and suggests that the deple-
tion of  cytosolic NAD may be even greater than indicated by bulk tissue measurements.

Given the fact that mitochondrial NAD levels do not decrease, and are in fact preserved during 
hemorrhagic shock, there must be another mechanism by which NMN benefits mitochondrial function. 
CI is prone to oxidant damage and dysfunction that can be rescued with the induction of  antioxidant 

Figure 6. NMN rescues mitochondrial function and increases 
NAD in isolated hepatocytes after cytokine exposure. After 
coculture for 24 hours with plasma harvested from animals in 
hemorrhagic shock, digitonin-permeabilized isolated hepato-
cytes exhibited a defect in complex I–dependent respiration 
that was mitigated by concurrent treatment with NMN (100 
μM) (A). When treated with IL-6 (20 ng/ml) for 1 hour, isolated 
hepatocytes developed global mitochondrial dysfunction, with 
decreased respiratory capacity at every complex that was mit-
igated by cotreatment with NMN (100 μM) (B). NMN increased 
NAD levels only in cells that were cotreated with IL-6 (C). n = 6–8 
per group. Data are represented using box-and-whisper plots, 
with boxes representing the IQR, lines representing the median 
value, and whiskers representing minimum and maximum 
values. One-way ANOVA was used to compare groups with a post 
hoc 2-tailed Student’s t or Mann-Whitney test if statistically 
significant.*P < 0.05, **P < 0.01.
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defenses (44–48). Increasing nuclear/cytosolic NAD has been shown to modulate the response to cel-
lular stress by upregulating antiinflammatory and antioxidant pathways (49). In particular, SIRT1 uses 
NAD as an obligatory cosubstrate to deacetylate the RelA/p65 subunit of  NF-κB in macrophages, lead-
ing to decreased expression of  proinflammatory cytokines, such as IL-6 and TNF-α (50). SIRT1 may 
also decrease the damage associated with ischemia/reperfusion by deacetylating and activating PGC1α. 
In turn, PGC1α increases the expression of  antioxidant enzymes as well as SIRT3, a mitochondrial 
NAD-dependent deacetylase that mitigates mitochondrial oxidative stress by directly activating isocitrate 
dehydrogenase 2 and manganese superoxide dismutase (51, 52). In support of  a potential role for SIRT1, 
we and others have shown that resuscitation with resveratrol, a SIRT1 activator, improves mitochondrial 
function, attenuates inflammation, mitigates oxidant damage, and improves organ function following 
hemorrhagic shock (53–56). Similarly, Jeong et al. demonstrated that high-dose oral niacin (another 
NAD precursor and SIRT1 activator) attenuates systemic inflammation and is associated with decreased 
pulmonary NF-κB expression and oxidative stress in a rodent model of  hemorrhagic shock (13). In this 
study, NMN mitigated both the systemic and tissue-specific inflammatory response. Importantly, chang-
es in systemic inflammation were not purely responsible for improved mitochondrial function because 
NMN also preserved CI-dependent mitochondrial respiration in permeabilized hepatocytes exposed to a 
controlled dose of  inflammatory cytokines. Thus, NMN also appears to have a cell-autonomous protec-
tive effect against damage induced by inflammatory stress.

Interestingly, while NMN rescued NAD levels and mitochondrial function in both the kidney and 
liver, it only preserved ATP in the kidney. The total amount of  ATP, however, is influenced by both 
production and consumption. During hemorrhagic shock, ATP consumption is significantly decreased 
in the kidney because hypotension leads to decreased glomerular filtration and thus a decreased need 
for ATP dependent resorption in the distal nephron. In contrast, ATP consumption in the liver actually 
escalates during hemorrhagic shock because increased sodium influx requires increased Na+-K+ ATPase 
activity (57). Thus, failure to rescue ATP in the liver may not reflect a tissue difference in how NMN 
affects mitochondrial function but rather a difference in the degree of  energetic stress experienced by 
these two tissues during shock.

In contrast to our promising results with NMN, prior studies using infusion of  NAD, nicotinamide, or 
niacin as NAD precursors during the resuscitation of  hemorrhagic shock failed to improve tissue energetics 
or overall survival, despite improving NAD concentration (12). One advantage of  NMN over nicotinamide 
or niacin is that it can be incorporated into the cellular NAD pool without an energetically costly phosphori-
bosyltransferase step (14), which may be a crucial distinction in energetically stressed cells. In this regard, 
nicotinamide riboside may also be interesting to test, as it can be converted to NMN intracellularly by the 
action of  nicotinamide riboside kinases (58). Experiments in cells suggest that NAD itself  is not readily 
taken up intact but must instead be broken down to nicotinamide riboside or nicotinamide before crossing 
the plasma membrane (59). Thus, NMN has some advantages over the NAD precursors that were used by 
Chaudry et al., although other factors, such as the resuscitation protocol, may have also contributed to the 
better outcomes in our study. Indeed, we provided substantially more fluid during resuscitation than in the 
original Chaudry method and speculate that continued hypoperfusion might have masked any protective 
effect of  restored NAD in those experiments. Moreover, Jeong et al. recently used oral niacin in combina-
tion with shed blood resuscitation to ameliorate lung injury following hemorrhagic shock (13). Thus, the 
rejection of  NAD precursors as therapeutic agents in hemorrhagic shock may have been premature.

Table 1. Clinical variables

Organ function assay Control sham NMN sham Control shock NMN shock
Aspartate aminotransferase (IU/l) 34.6 ± 6.2 34.4 ± 4.2 66.9 ± 4.9A 57.9 ± 4.8B

Alanine aminotransferase (IU/l) 14.1 ± 1.7 11.6 ± 2.2 34.8 ± 5.9A 26.6 ± 4.8B

Creatinine (IU/l) 19.2 ± 1.3 22.9 ± 0.9 37.3 ± 4.8A 33.6 ± 4.8B

Blood urea nitrogen (mg/dl) 22.6 ± 2.0 18.2 ± 2.3 26 ± 1.2 27.4 ± 0.6B

Creatine kinase (U/l) 197 ± 53 220 ± 36 613 ± 81A 351 ± 42B,C

Results analyzed by 1-way ANOVA followed by 2-tailed Student’s t test. AP < 0.05, control sham vs. control shock; BP < 0.05, NMN sham vs. NMN shock;  
CP < 0.05, control shock vs. NMN shock.
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Very little is known about the NAD salvage pathway in hemorrhagic shock. We wondered if  
decreased expression of  either NAMPT or NMNAT contributed to the NAD depletion during shock or, 
alternatively, whether any compensatory response would be present. Although ischemia/reperfusion 
injury decreases NAMPT expression in cardiomyocytes (22), hemorrhagic shock appears to increase 
the expression of  NAMPT mRNA in the liver and tended to increase it in the kidney. Surprisingly, 
NMN supplementation further enhanced NAMPT mRNA expression in both tissues following resusci-
tation but not in sham NMN-treated controls. We were also interested in determining if  the expression 
of  NMNAT1–3 changed following hemorrhagic shock. NMNAT2 was not reliably detected, but we 

Figure 7. NMN enhances tolerance to hemorrhagic shock. Prior to the induction of hemorrhagic shock, animals received regular water or water 
containing 400 mg/kg/d NMN for 5 days. All rats (n = 11/group) were then bled to a mean arterial blood pressure (MAP) of 40 mmHg and then 
maintained at 40 mmHg, with incremental fluid boluses until 40% of the shed blood volume had been returned. Animals pretreated with water 
were then resuscitated with 4 times the shed volume in lactated Ringer’s (Control) or lactated Ringer’s with 400 mg/kg NMN over 60 minutes (NMN 
PostTreatment). Animals pretreated with NMN in their drinking water were also resuscitated with 4 times the shed volume in lactated Ringer’s plus 
400 mg/kg NMN over 60 minutes (NMN). All animals (Control, NMN, NMN PostTreatment) were then observed for 48 hours (A). Animals pretreated 
with NMN were able to sustain a shock state longer than controls before requiring resuscitation (B), despite a similar percentage of blood loss (C). 
As expected control animals and animals that received NMN only during resuscitation (NMN PostTreatment) were similar in terms of shock time 
and blood loss. NMN-pretreated animals had lower blood lactate concentrations following resuscitation than control animals (D). Whether NMN 
was given as both a pretreatment and a resuscitation adjunct (NMN) or only an adjunct during resuscitation (NMN PostTreatment), animals treated 
with NMN were significantly more likely to survive than were controls (E). When both NMN pretreatment and resuscitation-only strategies were 
combined, animals treated with NMN had a clear survival advantage when compared with control animals (F). Data are represented as mean ± SEM. 
One-way ANOVA was used to compare groups with a post hoc 2-tailed Student’s t or Mann-Whitney test if statistically significant. Survival was 
analyzed using Kaplan-Meier curves with a log-rank Mantel-Cox test. *P < 0.05.
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were able to quantify transcripts for NMNAT1 and NMNAT3, which convert NMN to NAD in the 
nucleus/cytoplasm and mitochondria, respectively. Both NMNAT1 and NMNAT3 were suppressed 
due to shock in the liver, suggesting that NAD biosynthetic capacity may be decreased in this organ 
during acute blood loss. In contrast, NMNAT1 was not affected and NMNAT3 was increased in 
the kidney. Intriguingly, NMN enhanced NMNAT3 expression following shock in both organs. The 
induction of  transcripts related to NAD biosynthesis, particularly when precursors are available, likely 
reflects an adaptive response to cellular stress and may explain why our isolated hepatocytes only dra-
matically increased NAD in the presence of  both IL-6 and NMN (23). Thus, hemorrhagic shock leads 
to organ-specific changes in the expression of  genes related to NAD biosynthesis, and we reveal that, in 
the setting of  severe injury, the direct contribution of  NMN to the NAD pool may be augmented by the 
induction of  biosynthetic enzymes.

While encouraging, our study has a number of  limitations. First, the mechanisms by which NAD 
improves mitochondrial function and survival remain to be fully elucidated. Given that mitochondrial NAD 
levels do not decrease following hemorrhagic shock, NMN’s ability to restore mitochondrial function in the 
kidney and liver must be occurring through a pathway that is distinct from NAD content. It is possible that 
nuclear or cytosolic NAD deficiency following hemorrhagic shock might cause mitochondrial dysfunction 
indirectly by altering the activity of  NAD-dependent enzymes, including sirtuins, PARPs, or CD38 (7, 60, 
61). Second, we did not investigate the optimal timing or duration of  therapy. This is particularly important 
because the duration of  increased NAD and the timing of  SIRT1 activation may influence how acute inflam-
mation progresses to a more chronic hypoinflammatory state (28). Finally, although we did see a trend toward 
improved organ function following hemorrhagic shock in NMN-treated animals, studying early changes in 
mitochondrial function required sacrificing rats at a time point that was not optimal for these assays; future 
studies over an extended time course may strengthen these findings.

Together, our findings suggest that NMN holds significant promise as an adjunct to resuscitation. 
In our severe hemorrhagic shock model, NMN supported cellular metabolism by increasing tissue 
NAD levels, preserving the cellular redox ratio, and enhancing CI-dependent mitochondrial respiration. 
NMN also appeared to have antiinflammatory properties, blunting both the systemic inflammatory 
response as well as the cellular effects of  cytokine exposure. Importantly, NMN’s biochemical and 
immunologic benefits translated to improved physiologic resilience. NMN-pretreated animals were able 

Figure 8. NMN improves the pathophysiology of hemorrhagic shock. Hemorrhagic shock leads to decreased tissue 
perfusion followed by reperfusion injury that is characterized by decreased tissue NAD levels, oxidative damage, 
mitochondrial impairment, and inflammation. Interestingly, mitochondrial NAD levels do not fall but actually increase 
during hemorrhagic shock. Pretreatment and resuscitation with NMN augments both tissue and mitochondrial NAD 
stores and is associated with improved mitochondrial function, decreased inflammation, improved physiologic reserve, 
and decreased mortality, despite having no major effect on blood pressure or oxidative damage.
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to tolerate longer periods of  hypoperfusion, and animals resuscitated with NMN exhibited improved 
survival. Given these encouraging preclinical findings, future research investigating NMN’s therapeutic 
potential in injured patients is warranted.

Methods
All chemicals and cell culture solutions were obtained from MilliporeSigma or Thermo Fisher Scientific, 
unless otherwise stated.

Animals and experimental procedures. Male Long-Evans rats (250–300 g, Charles River Laboratories) were 
housed with constant temperature, humidity, and a timed 12-hour-light/dark cycle. Animals were allowed 
to acclimate for at least 3 days before randomization to either plain drinking water or water with NMN (400 
mg/kg/d, a gift from Metro International Biotech LLC). Animals were given access to standard rat chow 
(PMI Rodent Diet, LabDiet) and water (with or without NMN) ad libitum for 5 days prior to surgery.

Spontaneously breathing rats were anesthetized using vaporized isoflurane by mask (2%–4%, Milli-
poreSigma) and underwent sterile placement of  femoral vascular catheters (PE50, Braintree Scientific Inc.). 
MAP was recorded throughout the experimental protocol (Digi-Med Signal Analyzers). A sterile prepped 
5-cm midline laparotomy was performed to simulate soft tissue trauma. All surgical sites were bathed in 1% 
lidocaine (APP Fresenius Kabi) and closed in layers. Animals received 0.25% buprenorphine (0.05 mg/
kg, subcutaneously, Reckitt Benkiser Healthcare Ltd.). Animals were then placed in a plexiglass restraining 
apparatus and allowed to fully emerge from anesthesia (~30 minutes).

Animals were randomized to either fixed pressure hemorrhagic shock (n = 9–12 per treatment group) or 
sham controls (n = 5 per treatment group). Shocked animals were passively bled via the femoral artery and 
maintained at a MAP of  40 mmHg for 90 minutes. If  the MAP fell below 40 mmHg, small boluses (0.2 ml) 
of intravenous LR were provided to maintain the MAP. At 90 minutes, animals were intravenously resuscitated 
with 4 times the shed blood volume in LR with or without sterile filtered NMN (400 mg/kg) over 60 minutes 
(60R). Sham animals were gently restrained for 90 minutes and then were given 5 ml of LR with or without 
sterile filtered NMN (400 mg/kg) over 60 minutes). Blood samples were taken at Baseline, 90 minutes and 60R 
(Figure 1). Following resuscitation, animals were again anesthetized with isoflurane (2%–4%, MilliporeSigma). 
Liver and kidney tissues were rapidly harvested after 90 minutes of shock or at 60R. Animals were euthanized 
under anesthesia.

For survival experiments, animals were randomized to water with or without NMN (400 mg/kg/d) for 5 
days prior to surgery. Animals underwent general anesthesia with vascular access, laparotomy, and full reversal 
as described. Animals were then randomized to either decompensated hemorrhagic shock (n = 11 per treat-
ment) or served as sham controls (n = 5 per treatment) (62). Shocked animals were passively bled via the fem-
oral artery and maintained at a MAP of  40 mmHg. When the blood pressure could no longer be maintained 
without fluid infusion (Decompensation), a MAP of  40 mmHg was sustained by incrementally infusing 
0.2-ml boluses of  LR until 40% of  the total shed volume had been returned in the form of  boluses (Severe 
Shock). Animals were then resuscitated with 4 times the shed volume in LR with or without NMN (400 
mg/kg) over 60 minutes and followed for an additional 48 hours (Figure 7). The total time from initiation of  
bleeding to the start of resuscitation represents each animal’s ability to tolerate the shock and reflects individual 
physiologic resilience. Animals received buprenorphine (0.05 mg/kg, every 8 hours) and a subcutaneous LR 
bolus (50 ml/kg) with or without NMN (400 mg/kg) at 24 hours. Blood samples were taken at baseline, severe 
shock, 60R, and 48 hours. At 48 hours, any surviving animals were anesthetized using isoflurane (2%–4%) by 
mask followed by tissue harvest and euthanasia.

In a separate set of experiments, animals pretreated with water only were subjected to decompensated hem-
orrhagic shock as previously described and resuscitated with 4 times the shed volume in LR plus NMN (400 
mg/kg) over 60 minutes and followed for an additional 48 hours (Figure 8). Animals received buprenorphine 
(0.05 mg/kg, every 8 hours) and a subcutaneous LR bolus (50 ml/kg) with or without NMN (400 mg/kg) at 
24 hours. Blood samples were taken at baseline, severe shock, 60R, and 48 hours. At 48 hours, any surviving 
animals were anesthetized using isoflurane (2%–4%) by mask followed by tissue harvest and euthanasia.

Primary hepatocytes were isolated as previously described using a modified 2-step perfusion method (63). 
Animals (n = 4) were anesthetized with isoflurane (2%–4%). The abdomen was prepped and draped in sterile 
fashion. The inferior vena cava was cannulated with a 24-g angiocath, and the portal vein was cut. The liver 
was then infused with 300 ml liver perfusion media (Invitrogen, 17701-038) at 17 ml/kg/min to desangui-
nate, followed by 400 ml liver digestion media (Krebs Ringer bicarbonate buffer [KRBB] + 20 mM HEPES 
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[pH 7.4] [MilliporeSigma, Thermo Fisher Scientific], 500 μM CaCl2, collagenase [≥20,000 units]/elastase [30 
units] [LK002066, Worthington], and DNAse I [200 units, LK003170, Worthington]). After the perfusion, 
the liver was removed and disrupted to release cells using cell scrapers. The cell suspension was then filtered 
through a 70-μm filter and centrifuged at 50 g for 5 minutes at 4°C, washed once in KRBB, and precipitated 
in 25% Percoll gradient at 120 g for 5 minutes at 4°C. Cells were resuspended in hepatocyte media (M199, 
NaHCO3 [2.2 g/l]), glutamine 0.1 g/l, 0.25% BSA, 10% Fetal Bovine Serum (Hyclone), and 1% penicil-
lin-streptomycin. Using precoated collagen 6-well plates, cells were plated at 1 × 106 cells/well and incubated 
for 12 hours (37°C, 5% CO2).

In order to obtain sham and shock plasma for hepatocyte coculture experiments, animals were anes-
thetized as described, underwent vessel cannulation, and were allowed to awaken and stabilize prior to 
bleeding. Sham animals (n = 9) were rapidly bled into heparinized collection tubes (BD Vacutainer), and 
lactate was confirmed to be ≤2 mmol/l. The shock animals (n = 9) were bled to a MAP of  40 mmHg for 
90 minutes and then exsanguinated into heparinized tubes. Collected blood was immediately centrifuged 
(1,300 rcf, 10 min, 4°C), and plasma was immediately stored at –80°C.

Blood chemistries and inflammatory cytokines. Blood was assayed for arterial blood gases, lactate, hemo-
globin, glucose, and blood urea nitrogen using point-of-care veterinary cartridges (i-STAT, Abbot Point of  
Care Inc.). Serum creatinine, aspartate aminotransferase, alanine aminotransferase, and creatinine kinase were 
analyzed spectrophotometrically using commercially available kits (Pointe Scientific). IL-6 and TNF-α were 
assayed by ELISA (Invitrogen).

NAD/NADH assays. NAD was extracted from frozen tissue samples (50 mg), isolated mitochondria 
(100 μg), or primary hepatocytes (1 × 106 cells) in ice-cold 0.6 M perchloric acid (Thermo Fisher Sci-
entific). Tissues were homogenized at 20 Hz for 1 minute by tissue lyser (Qiagen). Mitochondria and 
cells were vortexed hard for 30–45 seconds. After centrifugation for 10 minutes (15,000 g, 4°C), the 
clear supernatant was removed and diluted 1:100 in ice-cold 100 mM sodium phosphate buffer, pH 8 
(Thermo Fisher Scientific). Using a modified Graeff  and Lee enzymatic cycling assay (64), NAD was 
measured in a 96-well format. In brief, 5 μl NAD standards and diluted tissue extracts were mixed with 
95 μl cycling mixture (0.2% ethanol, 0.11/ml alcohol dehydrogenase, 1.1 mg/ml diaphorase, 20 μM 
resazurin, 10 μM flavin mononucleotide, 10 mM nicotinamide, and 0.1 mg/ml BSA in 100 mM phos-
phate buffer, pH 8.0, all from Thermo Fisher Scientific). NAD concentration was determined based 
on the rate of  resorufin accumulation using spectrophotometry (excitation at 544nm, emission at 590 
nm, Synergy H1, Biotek).

NADH was extracted from frozen tissue (50 mg) and isolated mitochondria (100 μg) in ice-cold 
extraction buffer (0.25 N KOH in 50% ETOH, Thermo Fisher Scientific). Samples were homogenized and 
centrifuged as described. The supernatant was removed and heated at 55°C for 10 minutes to hydrolyze 
free NAD. After dilution in ice-cold 100 mM sodium phosphate buffer (1:50), samples were assayed using 
the described enzymatic cycling assay. The protein concentrations from the NAD and NADH extraction 
pellets were determined by using a Pierce BCA Protein Assay kit (Thermo Fisher Scientific).

Primary hepatocytes. Primary hepatocytes were washed with PBS 12 hours after plating. Cells were treat-
ed with sterile filtered plasma (0.22 μm, Thermo Fisher Scientific) harvested under shock and sham condi-
tions, with and without NMN (100 nM) for 24 hours. Cell survival was assessed by trypan blue exclusion 
(89%–96% survival) and did not differ between groups.

In a separate experiment, hepatocytes were washed with PBS after 12 hours after initial plating and 
the media were changed to Dulbecco’s Modified Eagle’s Medium and 10% FBS with 1% penicillin-strep-
tomycin (MilliporeSigma). Cells were treated with and without recombinant rat IL-6 (20 ng/ml, SRP4145, 
MilliporeSigma) with or without 100 μM NMN for 1 hour. Survival ranged from 96%–98% and did not 
differ between treatment groups. Cells were immediately assessed using high-resolution respirometry or 
were treated with 0.6 M perchloric acid and stored at –80°C until assayed for NAD.

ATP determination. ATP from frozen tissues (50 mg) was measured using a commercially available ATP 
determination kit (Life Technologies) according to the manufacturer’s instructions.

Isolation of  mitochondria. Liver and kidney tissues (4–6 g) were immediately immersed in ice-cold 
mitochondrial isolation buffer (MIB) (210 mM mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM EDTA, 
final pH adjusted to 7.2 using KOH, and freshly supplemented with 0.5% fatty acid-free BSA, all from 
Thermo Fisher Scientific). Tissue was homogenized in MIB with 5% BSA, and mitochondria were iso-
lated using differential centrifugation as previously described (53, 55). The final mitochondrial pellet was 
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resuspended in MIB or treated with 0.6 M perchloric acid for NAD measurements. Protein concentra-
tion was measured by Pierce BCA Protein Assay (Thermo Fisher Scientific).

Mitochondrial respiratory capacity using high-resolution respirometry. A standard substrate/inhibitor titration 
protocol was used for functional analysis of  mitochondrial respiratory function (53, 55). Freshly isolated 
mitochondria (0.15 mg) were resuspended in respiration medium (110 mM mannitol, 0.5 mM EGTA, 3 mM 
MgCl2, 20 mM taurine, 10 mM KH2PO4, 60 mM K lactobionate, 0.3 mM DTT, and 0.1% BSA [fatty acid 
free], adjusted to pH of 7.1 with KOH, all from Thermo Fisher Scientific) (65). Oxygen consumption was 
measured using high-resolution respirometry at 37°C with constant stirring (Oxygraph-2k, Oroboros Instru-
ments). Following stabilization (3–5 minutes), real-time oxygen concentration and flux data were continu-
ously collected (DatLab software 4.3, Oroboros Instruments). After the basal respiration rate was recorded, 
CI-dependent respiration was induced by adding 10 mM glutamate, 5 mM malate, and 1 mM ADP to the 
respiration chamber. In order to determine CII-dependent respiration, rotenone (0.5 μM), a selective inhibitor 
of  CI, was added followed by 10 mM of succinate. Antimycin A (5 μM) was then added to inhibit complex 
III; followed by TMPD (0.5 mM) and ascorbate (2 mM) as artificial substrates for complex IV. This protocol 
was completed within 60 minutes. (All agents were purchased from Thermo Fisher Scientific.)

Similarly, isolated hepatocytes (2.5 × 105 cells) were resuspended in respiration buffer and analyzed 
using high-resolution respirometry. After stabilization, baseline oxygen consumption was recorded, and 
cells were permeabilized digitonin (3 μg) and allowed to stabilize for 10 minutes. Cells were then subjected 
to the substrate/inhibitor titration protocol used for isolated mitochondria.

Immunoblotting. For Western blot analysis, frozen liver and kidney tissue was lysed in RIPA buf-
fer supplemented with phosphatase inhibitors (PhosSTOP, Roche), protease inhibitors (Complete, 
Roche), nicotinamide (1 mM), and trichostatin A (1 μM) using a tissue lyser (Qiagen). Lysates were 
centrifuged for 15 minutes (15,000 g, 4°C). Lysates were denatured in 25% laemmli buffer + BME 
at 95°C for 5 minutes and were resolved on 4%–15% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis gels. Gels were transferred to polyvinylidene fluoride membranes (MilliporeSigma) 
blocked with nonfat soy milk (66) and probed using anti-NAMPT (1:5,000, SC67020, Santa Cruz), 
anti-hydroxynonenal (1:1,000, Abcam), or anti-acetylated lysine (1:1,000, Cell Signaling), followed by 
anti-actin (1:10,000, Abcam) or anti-VDAC antibodies (1:1,000, Affinity Bio) after membranes where 
stripped, in Tris-buffered saline with 0.1% Tween20. Proteins of  interest were detected by chemilu-
minescence using horseradish peroxidase–conjugated secondary antibodies and Western Lightening 
Plus ECL (Perkin Elmer). Images were captured using a Bio-Rad imaging station and quantified using 
Image J (National Institutes of  Health).

Gene expression. Liver and kidney RNA was extracted from frozen tissue using Trizol (MilliporeSigma) 
with ethanol precipitation. RNA (1 μg) was used to create cDNA using a High-Capacity cDNA Reverse 
Transcriptase Kit (Applied Biosystems) according to the manufacturer’s recommendation. Real-time PCR 
was performed using an Applied Biosystems 7900HT system with SYBR green (Applied Biosystems). 
Two technical replicates per sample were obtained, and relative mRNA expression levels were calculated 
using the ΔΔCT method normalized to actin as a housekeeping gene. The following primers were used: 
β-actin (forward, GGCTGTATTCCCCTCCATCG; reverse, CCAGTTGGTAACAATGCCATGT), IL-6 
(forward, TAGTCCTTCCTACCCCAACTTCC; reverse, TTGGTCCTTAGCCACTCCTTC), TNF-α 
(forward, CTGTGCCTCAGCCTCTTCTC; reverse, ACTGATGAGAGGGAGCCCAT), NAMPT (for-
ward, TCTGGAAATCCGCTCGACAC; reverse, TATCCACTCCGTCCCCTTGA), NMNAT1 (for-
ward, CAGAGCATCCGCTACTTGGT; reverse, ATCGGGTGGAATGGTTGTGT), NMNAT2 (for-
ward, TCTGACTGGATCAGGGTGGA; reverse, ATGGTGCTCTAACACACTGC), and NMNAT3 
(forward, CCTGCGTTTGTTTGAGGTGG; reverse, ATGATGCCGTTTCCATCCACT).

Statistics. Results are expressed as mean ± SEM. Comparison between 2 groups was performed using 
2-tailed Student’s t or Mann-Whitney test, depending on normality of  data distribution. One-way ANOVA 
was used to compare 3 or more groups with a post hoc 2-tailed Student’s t or Mann-Whitney test if  statisti-
cally significant (P < 0.05). Survival was analyzed using Kaplan-Meier curves with a log-rank Mantel-Cox 
test. A χ2 test was used to evaluate survival at 24 hours. All statistical analysis were performed using Prism 
7 (GraphPad Software Inc.), with P < 0.05 considered statistically significant.

Study approval. All experiments were approved by the Institutional Animal Care and Use Commit-
tee at the University of  Pennsylvania and were conducted in accordance with the guidelines established 
by the National Institutes of  Health.
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