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Alterations in the synthesis and bioavailability of NO are central to the pathogenesis of cardiovascular and metabolic
disorders. Although endothelial NO synthase–derived (eNOS-derived) NO affects mitochondrial long-chain fatty acid β-
oxidation, the pathophysiological significance of this regulation remains unclear. Accordingly, we determined the
contributions of eNOS/NO signaling in the adaptive metabolic responses to fasting and in age-induced metabolic
dysfunction. Four-month-old eNOS–/– mice are glucose intolerant and exhibit serum dyslipidemia and decreased capacity
to oxidize fatty acids. However, during fasting, eNOS–/– mice redirect acetyl-CoA to ketogenesis to elevate circulating
levels of β-hydroxybutyrate similar to wild-type mice. Treatment of 4-month-old eNOS–/– mice with nitrite for 10 days
corrected the hypertension and serum hyperlipidemia and normalized the rate of fatty acid oxidation. Fourteen-month-old
eNOS–/– mice exhibited metabolic derangements, resulting in reduced utilization of fat to generate energy, lower resting
metabolic activity, and diminished physical activity. Seven-month administration of nitrite to eNOS–/– mice reversed the
age-dependent metabolic derangements and restored physical activity. While the eNOS/NO signaling is not essential for
the metabolic adaptation to fasting, it is critical for regulating systemic metabolic homeostasis in aging. The development
of age-dependent metabolic disorder is prevented by low-dose replenishment of bioactive NO.
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Introduction
The functions of endothelial cell–derived NO continue to expand following the discovery of NO as a signaling 
molecule in the cardiovascular system. Emerging evidence indicates that defects in the endothelial NO syn-
thase–derived (eNOS-derived) synthesis and bioavailability of NO are central to the pathogenesis of cardiovas-
cular and metabolic disorders (1–5). Equally, genetic predisposition to enhanced NO signaling offers protection 
against cardiovascular diseases (6). In addition to vasorelaxation, chronic deficiency in NO signaling influences 
endothelial function and glucose-insulin and metabolic homeostasis, phenotypes that are recapitulated in the 
eNOS-null (eNOS–/–) mice. NO deficiency in the eNOS–/– mice leads to systemic hypertension, hyperlipidemia, 
hepatic steatosis, reduced skeletal muscle capacity to oxidize long-chain fatty acids, and insulin resistance at the 
level of liver and peripheral tissues under normal diet (7–14). Previously, we reported that eNOS/NO signaling 
via protein S-nitrosylation has the capacity to regulate the catabolism of long-chain fatty acids in the liver (15). 
However, the effect of this regulation in normal physiological responses remains unclear. Therefore, we explored 
for the first time to our knowledge the responses of the eNOS–/– mice to fasting, a well-established model to 
study metabolic adaptive responses in the liver. During periods of fasting, hepatocytes accommodate a large 
influx of nonesterified fatty acids that are metabolized inside the mitochondria by β-oxidation. This catabolic 
process generates acetyl-CoA that can enter the TCA cycle, sparing glucose and providing energy for gluco-
neogenesis, or through additional biochemical steps (ketogenesis), can generate metabolic fuel in the form of  
secreted ketone bodies (acetoacetate, β-hydroxybutyrate [β-HB], and acetone).

Additional consequences of  chronic NO deficiency in aged eNOS–/– mice (10 months of  age) include 
alterations in energy metabolism in oxidative skeletal muscle, reduced physical activity, and progressive 
cardiac dysfunction that may lead to premature death (16–18). These findings and observations in human 
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populations have prompted the development and testing of  NO replacement therapies that include the 
use of  inorganic salts of  nitrate and nitrite, byproducts of  NO metabolism and natural dietary elements 
(19, 20). Restoration of  NO signaling with 1 mM nitrate in drinking water for up to 10 weeks reversed 
the hypertension, systemic hyperlipidemia, and glucose intolerance in 14- to 22-month-old eNOS–/– mice 
(21). The use of  nitrite in humans is grounded on the known ability of  nitrite to dilate isolated blood ves-
sels and original studies testing the efficacy of  nitrite to induce vasodilation in humans (22–24). We now 
appreciate that the acidity of  the gastric lumen as well as metalloenzymes produce an array of  secondary 
reactive NO metabolites that elicit production of  cGMP as well as formation of  protein S-nitrosocyste-
ine after oral administration of  nitrite (25–27). Currently, several ongoing clinical trials are testing the 
efficacy of  nitrite as a replenishing NO-based therapy in both acute and chronic cardiovascular disorders. 
Two clinical trials, NCT02393742 (nitrite supplementation for improving physiological function in older 
adults) and NCT02918552 (oral nitrite for older heart failure with preserved ejection fraction), target 
older individuals and aim to improve physical function and capacity, skeletal muscle bioenergetics, and 
quality of  life. Despite these clinical activities, the effects and efficacy of  long-term nitrite administration 
remain unknown. Therefore, using eNOS–/– mice as a relevant preclinical model, we documented that 
a 7-month, low-dose of  nitrite (4.6 mg/l) in the drinking water reversed the age-dependent metabolic 
deficiencies and physical activity. Collectively, the data document that eNOS/NO signaling is not essen-
tial for the metabolic responses to fasting but contributes significantly to age-related phenotypic and 
metabolic disturbances. Lengthy administration of  low-dose nitrite restored metabolic homeostasis and 
reversed age-dependent phenotypes, providing preclinical evidence for efficacy that we hope is repro-
duced in the ongoing human trials.

Results
Phenotypic and metabolic profiling of  young eNOS–/– mice. Ad libitum–fed 4-month-old eNOS–/– mice have sim-
ilar body weight as wild-type mice. Despite similar body weight, the eNOS–/– mice have higher fat and 
lower lean mass than wild-type mice (Table 1). As it was expected, the deletion of  eNOS gene resulted in 
lower tissue (Supplemental Figure 1A; Supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.122156DS1) and circulating levels of  NO metabolites; elevated systolic, diastolic, 
and mean arterial pressures; and bradycardia (Table 1). Indirect calorimetry measurements indicated that 
eNOS–/– mice have similar oxygen consumption; respiratory exchange ratio (RER), an indicator of  meta-
bolic substrate utilization; and resting metabolic rate (Table 1). Despite the similar utilization of  metabolic 
substrates, the eNOS–/– mice had higher levels of  circulating triglycerides and nonesterified fatty acids (Fig-
ure 1, A and B). In part, the higher fat mass and systemic hyperlipidemia may relate to the lower rate in the 
catabolism of  long-chain fatty acids through β-oxidation in the liver, skeletal muscle, and heart (Figure 1C). 
Although these and previous observations (12, 15) reinforce the importance of  eNOS-derived NO in the 
regulation of  fatty acid metabolism, it remains unclear when this regulation is essential and whether it plays 
a role in adaptive responses, such as those taking place in the liver during fasting. Therefore, we examined 
and compared the fasting responses of  eNOS–/– to those in wild-type mice.

Table 1. Biochemical, metabolic, and hemodynamic parameters in ad libitum–fed 4-month-old wild-type and eNOS–/– mice

Wild type eNOS–/–

Body weight (g) 28.1 ± 2.7 (n = 23) 27.0 ± 3.1 (n = 21)
Fat mass (g) 2.8 ± 0.9 (n = 8) 5.9 ± 3.1A (n = 8)
Lean mass (g) 27.2 ± 2.3 (n = 8) 24.8 ± 1.8A (n = 8)
NO metabolites plasma (μmol/l) 33 ± 4 (n = 11) 19 ± 4B (n = 11)
Diastolic/systolic blood pressure (mmHg) 120 ± 25/ 86 ± 25 (n = 8) 149 ± 16A/112 ± 18A (n = 8)
Mean arterial pressure (mmHg) 97 ± 24 (n = 8) 124 ± 18A (n = 8)
Heart rate (beats/min) 370 ± 63 (n = 8) 260 ± 12C (n = 8)
Respiratory exchange ratio 0.98 ± 0.03 (n = 8) 0.94 ± 0.03 (n = 7)
Resting metabolic rate (kcal/h/lean mass) — dark 13.9 ± 3.1 (n = 8) 14.5 ± 2.6 (n = 8)
Resting metabolic rate (kcal/h/lean mass) — light 10.7 ± 1.5 (n = 7) 12.8 ± 2.1 (n = 7)

Data were analyzed by 1-way ANOVA, AP < 0.05, BP < 0.01, CP < 0.001.
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Fasting-induced responses in eNOS–/– mice. During periods of prolonged fasting, hepatocytes accommodate a 
large influx of nonesterified fatty acids by increasing mitochondrial long-chain fatty acid β-oxidation as well 
as esterification into triglycerides. Indeed the ex vivo rate of palmitate oxidation in the livers of wild-type mice 
increased over 3-fold after fasting, with no significant changes in the β-oxidation rate in the heart or skeletal 
muscle (Figure 2A and Supplemental Figure 1B). The rate of palmitate oxidation in the liver did not increase in 
response to fasting in the eNOS–/– mice. The inability to increase the rate of liver mitochondrial fatty acid oxida-
tion in response to fasting was also documented in mice expressing a mutant eNOS lacking a regulatory site of  
phosphorylation (eNOS S1176A) but not in mice expressing phosphomimetic S1176D mutant eNOS (Figure 
2A). Consistent with the original studies (28), the eNOS S1176A mutant mice had lower levels of NO metab-
olites as compared with wild-type and the S1176D mutant eNOS mice (Supplemental Figure 1C). Although 
the data are consistent with the model that eNOS-mediated NO production is required for the increase in long-
chain fatty acid oxidation rate in response to fasting, the eNOS–/– mice did not display any obvious phenotype 
after fasting. Consequently, a comprehensive phenotypic, metabolic, and biochemical evaluation of wild-type 
and eNOS–/– mice was performed after 20 hours of fasting followed by a 24 hours refeeding period.

Fasting induced an anticipated decline in body weight and loss of lean and fat mass in both genotypes, 
although eNOS–/– mice lost less body weight and lean mass during the fasting period (Table 2) and regained 
less body weight and fat mass in the refed period as compared with age-matched wild-type mice (Supplemental 
Figure 2A). Both genotypes were able to maintain systemic energy homeostasis, as indicated by the similar RER 
values under fasting and refed conditions (Figure 2B). Indirect calorimetry measurements indicated that fasted 
eNOS–/– mice expend more energy during the light cycle, whereas no differences were documented among 
genotypes in the dark cycle, irrespective of metabolic state (Supplemental Figure 2, B and C). We also recorded 
the total and ambulatory activity of mice during the 24-hour dark/light cycle and in response to metabolic state. 
Both genotypes displayed the same activities (total and forward movements) during the dark and light cycles 
under fast and refed conditions (Supplemental Figure 2, D–G).

Fasted wild-type and eNOS–/– mice had similar levels of  circulating insulin, glucose, and nonesterified 
fatty acids, whereas triglyceride levels were elevated in eNOS–/– mice as compared with wild-type mice 
(Table 2). Fasting increased the circulating levels of  nonesterified fatty acids in wild-type mice from 0.3 ± 
0.1 mM to 0.7 ± 0.2 mM. There was no apparent increase in the circulating levels of  nonesterified fatty 
acids in eNOS–/– mice, which already had elevated levels in the sated state, and these mice showed a lower 
decline in fat mass upon fasting (Figure 1 and Table 2). The wild-type and eNOS–/– mice had equivalent lev-
els of  stored liver glycogen, which upon fasting was depleted to the same extend in both groups (Figure 2C). 
Contrary to expectations, the systemic levels of  β-HB, the principal ketone in circulation during fasting, 
was similar in both groups, and both genotypes exhibited the same drop of  β-HB concentration at the com-
pletion of  the refed period (Figure 2D). Fasting-induced ketogenesis requires the metabolism of  acetyl-CoA 
derived principally from the β-oxidation of  fatty acids to acetoacetate and β-HB. One possible explanation 
for the ability of  eNOS–/– mice to elevate circulating β-HB levels during fasting is the redirection of  ace-

Figure 1. Systemic hyperlipidemia and diminished long-chain fatty acid oxidation capacity in ad libitum–fed 4-month-old eNOS–/– mice. (A) Circulat-
ing levels of triglycerides and (B) nonesterified fatty acids. (C) Ex vivo quantification of palmitate oxidation rate in the heart, liver, and soleus muscle in 
wild-type (white boxes) and eNOS–/– (gray boxes) mice (n = 4). Scatter dot plots indicate mean ± SD. Box-and-whisker plots show median, 25th and 75th 
percentiles, and minimum and maximum values. Data were analyzed by 1-way ANOVA, **P < 0.01, ***P < 0.001 as compared with wild-type mice.
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tyl-CoA to ketogenesis. Using quantitative mass spectrometry–based methodologies, we quantified acyl-
CoA species across several metabolic processes (Supplemental Table 1). These analyses revealed that fasted 
eNOS–/– mice display significantly lower levels of  succinyl-CoA as well as a lower ratio of  succinyl-CoA 
to acetyl-CoA (Figure 2, E and F). The eNOS–/– mice also have a reduced ratio of  the propionyl-CoA to 

Figure 2. Biochemical and metabolic adaptive responses to fasting are intact in 4-month-old eNOS–/– mice. (A) Ex vivo quantification of palmitate oxidation 
rate in the livers of wild-type, eNOS–/–, eNOS S1176A (eNOS SA), and eNOS S1176D (eNOS SD) mice (n = 4–8) after 20 hours of food withdrawal expressed as 
fold change from the rate quantified at fed state. (B) Respiratory exchange ratio (RER). Circles, wild-type mice; squares, eNOS–/– mice (n = 8). (C) Depletion and 
restoration of liver glycogen levels in response to fasting. (D) Circulating levels of β-HB. The white boxes correspond to wild-type mice and the gray boxes corre-
spond to eNOS–/– mice (n = 8). (E) Hepatic levels of succinyl-CoA and (F) the ratios of succinyl-CoA to acetyl-CoA and propionyl-CoA to acetyl-CoA. Scatter dot 
plots indicate mean ± SD. Box-and-whisker plots show median, 25th and 75th percentiles, and minimum and maximum values. Data were analyzed by 2-way 
ANOVA (A–D), and by 1-way ANOVA (E and F) *P < 0.05, ***P < 0.001.
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acetyl-CoA (Figure 2F). Propionyl-CoA can be enzymatically converted to succinyl-CoA and thus serve 
as an anaplerotic substrate for the TCA cycle. Fasting did not induce the depletion of  ketogenic amino 
acids in the livers of  eNOS–/– mice (Supplemental Table 2). Although the eNOS–/– mice were able to adapt 
metabolically, fasting induced an elevation in liver triglyceride levels (Figure 3A) and in circulating levels of  
primarily long-chain acylcarnitines, including products of  incomplete oxidation of  fatty acids, consistent 
with the reduced β-oxidation capacity (Figure 3, B–D, and Supplemental Table 3).

These data show that mice deficient in generating NO can adapt to maintain systemic metabolic 
homeostasis when challenged with fasting but not without possible adverse effects to the liver, resulting 
from increased content of  triglycerides and release of  acylcarnitines into circulation.

Phenotypic, metabolic, and biochemical effects of  short-term treatment with of  sodium nitrite. We administered low 
levels of  sodium nitrite (100 μM, 4.6 mg/l) into the drinking water for 10-days to 4-month-old wild-type and 
eNOS–/– mice. Nitrite treatment restored the levels of  total NO metabolite levels, nitrite and S-nitrosothiols, 
in the serum, heart, liver, and skeletal muscle of  eNOS–/– mice (Figure 4, A and B, and Supplemental Figure 
3). Nitrite treatment also reestablished the rate of  fatty acid oxidation (Figure 4C) and induced S-nitrosation 
of  very-long-chain acyl CoA dehydrogenase in the heart (Supplemental Figure 4; see complete unedited blots 
in the supplemental material.). Restoring the rate of  long-chain fatty acid oxidation abolished the fasting-in-
duced increase in the levels of  circulating acylcarnitine species (Figure 4, D–F, and Supplemental Table 3).

Blood pressure measurements revealed equal values of  systolic, diastolic, and mean arterial pressures 
in wild-type and eNOS–/– mice (Figure 4, G and H), indicating that the administration of  nitrite corrected 
the hypertensive phenotype in eNOS–/– mice. Treatment with nitrite corrected the glucose intolerance in 
the 4-month-old eNOS–/– mice (Figure 4I). eNOS–/– mice treated with nitrite had similar changes in body 
weight, oxygen consumption, energy expenditure, and physical activity during fed and fasted states as wild-
type mice also treated with nitrite (Supplemental Figure 5).

Long-term phenotypic and metabolic effects of  sodium nitrite. Fourteen-month-old eNOS–/– mice displayed 
reduced body weight, lower fat mass, a trend for lower lean mass as compared with age-matched wild-type 
and eNOS–/– mice treated with nitrite for 7 months (Supplemental Figure 6). Oxygen consumption was mea-
sured in the fasted and refed states, RER values were calculated (Supplemental Figure 6), and the percentage 
of  relative cumulative frequency (PRCF) plots were constructed (Figure 5, A and B). The PRCF method for 
RER data analysis provides a quantitative approach to assess differences in energy metabolism (29). The 
PRCF curves for each mouse were constructed separately by sorting the indirect calorimetry data in ascend-
ing order, calculating their cumulative frequency, which was then plotted against the RER values. The curves 
of  all the mice in each genotype and treatment group were pooled, producing the curves shown in the Figure 
5, A and B, and statistical comparisons and significance for the 50th percentiles were then calculated by a 
typical t test. eNOS–/– mice were able to adjust the utilization of  energy sources, from a mixture of  fat and 
carbohydrates (RER value of  0.84 ± 0.02 during fasting) to approaching the theoretical value for pure car-
bohydrate oxidation (RER value 0.92 ± 0.04) in refed state. However, these adaptive responses are different 
from the typical utilization of  carbohydrate and fat displayed by age-matched wild-type and nitrite-treated 
eNOS–/– mice (Figure 5, A and B). The improved metabolic flexibility, the capacity to adapt to the utilization 
of  fuel resources under different nutritional states, in the nitrite-treated eNOS–/– mice was in part due to the 
restoration of  the capacity to oxidize fatty acids (0.18 ± 0.01 versus 0.38 ± 0.03 pmol palmitate/min/mg liver 
protein, for untreated and nitrite-treated mice, respectively). The eNOS–/– mice exhibited lower resting meta-

Table 2. Metabolic responses to fasting of 4-month-old wild-type and eNOS–/– mice

Wild type eNOS–/–

Change in body weight (g) 4.4 ± 0.6 (n = 8) 3.2 ± 0.8A(n = 8)
Change in fat mass (g) 0.98 ± 0.18 (n = 8) 0.91 ± 0.2 (n = 8)
Change in lean mass (g) 3.3 ± 0.7 (n = 8) 2.6 ± 0.4B (n = 8)
Insulin (ng/ml) 0.5 ± 0.1 (n = 8) 0.4 ± 0.1 (n = 8)
Glucose (mg/dl) 84 ± 10 (n = 8) 87 ± 14 (n = 8)
Triglycerides (mM) 0.9 ± 0.2 (n = 6) 1.3 ± 0.3B (n = 6)
Nonesterified fatty acids (mM) 0.7 ± 0.16 (n = 6) 0.7 ± 0.2 (n = 6)

Data were analyzed by 1-way ANOVA, AP < 0.01, BP < 0.05.
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bolic rate during 24-hour monitoring, which coincided with significantly lower ambulatory activity (Figure 5, 
C and D). Long-term treatment with nitrite of  eNOS–/– mice attenuated the deficits in energy expenditure and 
critically in ambulatory activity (Figure 5, C and D). Collectively, the data document that aged eNOS–/– mice 
have significant metabolic derangements and become physically inactive. The biochemical, metabolic, and 
phenotypic changes in aged eNOS–/– nice are prevented through the administration of  nitrite.

Discussion
Several key observations in humans and animal models indicate essential contributions of the precisely regulat-
ed enzymatic production of NO in cardiovascular and metabolic processes. NO provides spatial and temporal 
signaling by activating soluble guanylate cyclase and production of cGMP, which, in turn, controls phosphor-
ylation and dephosphorylation signaling events. NO signaling is also accomplished through S-nitrosylation, a 
selective posttranslational modification of protein cysteine residues (30–32). Although the expression and activ-
ity of eNOS in nonvascular endothelial cells has been documented in metabolically active organs, such as the 
liver, heart, and skeletal muscle, it remains unclear if  eNOS-derived NO and downstream signaling coordinates 
biological responses to physiological stimuli. To explore the significance of eNOS/NO signaling in regulating 
systemic metabolic homeostasis, we explored the responses of eNOS–/– mice to fasting, a physiologically rele-
vant stimulus. To provide additional evidence that the eNOS/NO signaling is relevant for the homeostatic regu-
lation, we restored bioavailable NO in the eNOS–/– mice and determined the changes in metabolic utilization of  
substrates and, critically, the consequences in the development of age-dependent metabolic phenotypes.

We decided to study the fasting response, since we and others have documented the decreased capacity 

Figure 3. Fasting induced increased liver triglycerides and increased circulating acylcarnitines in 4-month-old eNOS–/– mice. (A) Liver triglyceride levels after 
20 hours of food withdrawal. Box-and-whisker plots show median, 25th and 75th percentiles, and minimum and maximum values (n = 4). Data were analyzed 
by 1-way ANOVA, **P < 0.01. (B–D) Circulating levels of acylcarnitines that are significantly elevated in the sera of eNOS–/– mice (gray boxes) as compared with 
wild-type (white boxes) mice after 20 hours of fasting. Box-and-whisker plots show median, 25th and 75th percentiles, and minimum and maximum values (n 
= 4). Data were analyzed by 1-way ANOVA, P < 0.05.
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of eNOS–/– mice to oxidize long-chain fatty acids in the skeletal muscle (12), liver (15), and heart (this work). 
Fatty acid oxidation is an essential metabolic process in responses to nutrient deprivation. During fasting, the 
liver increases its capacity to oxidize long chain fatty acids to acetyl-CoA, as shown for wild-type mice after 
20 hours of  food withdrawal. This increase was absent in the eNOS–/– mice and in mutant eNOS mice lacking 
a regulatory site of  phosphorylation (eNOS S1176A) but not in the phosphomimetic S1176D mutant mice. 
Despite the significantly lower capacity for complete oxidation of  fat-derived carbons, 4-month-old eNOS–/– 
mice were able to satisfy their peripheral metabolic needs by increasing the circulating levels of  β-HB. In part, 
eNOS–/– mice may have adapted to this demand by redirecting acetyl-CoA toward ketogenesis as opposed to 
the TCA cycle. Although eNOS/NO signaling is not essential for maintaining acute systemic homeostatic 

Figure 4. Ten-day administration of NaNO2 restores biochemical and metabolic phenotypes in 4-month-old eNOS–/– mice. Treatment with 100 μM 
nitrite in the drinking water restored (A) serum levels of NO metabolites. eNOS–/– mice (gray box) display lower levels of serum NO metabolites as com-
pared with wild-type mice treated with nitrite (white box) (n = 4–6). Data were analyzed by 1-way ANOVA, ***P < 0.001. Serum NO metabolites in eNOS–

/– mice treated with nitrite (hatched box) were significantly higher than untreated eNOS–/– mice (data were analyzed by 1-way ANOVA, ***P < 0.001) and 
lower than wild-type mice treated with nitrite (data were analyzed by 1-way ANOVA, **P < 0.01). (B) Tissue NO metabolite levels in eNOS–/– mice treated 
with nitrite (black) were significantly higher than untreated eNOS–/– mice (gray) and lower than wild-type mice (white) treated with nitrite eNOS–/– mice 
(data were analyzed by 1-way ANOVA, ***P < 0.001) (n = 4–6). Tissue NO metabolites are expressed as the percentage of levels in untreated wild-type 
mice. (C) Ex vivo palmitate oxidation rate expressed as a fraction of the rate in wild-type mice. Nitrite treatment of eNOS–/– mice (hatched box) restored 
the rate of palmitate oxidation. Gray boxes show the rate of untreated eNOS–/– mice (data were analyzed by 1-way ANOVA, **P < 0.01) (n = 4–6). (D–F) 
Exposure to 100 μM nitrite in the drinking water normalized the levels of circulating acylcarnitines. Gray boxes, eNOS–/– without nitrite; hatched boxes, 
eNOS–/– with nitrite (n = 4). (G) Blood pressure, (H) mean arterial pressure (MAP), and (I) glucose tolerance in eNOS–/– mice. In G and H, white and hatched 
boxes correspond to untreated and nitrite-treated wild-type mice, respectively. Gray and black boxes correspond to untreated and nitrite-treated eNOS–/– 
mice. In I, eNOS–/– mice displayed significantly greater levels of blood glucose as compared with wild-type, wild-type treated with nitrite, and eNOS–/– 
treated with nitrite groups at 15, 30, and 60 minutes (data were analyzed by 1-way ANOVA, P < 0.001 for all groups and time points) (n = 7–8).
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responses to a physiological stimulus, the failure to increase oxidative capacity may negatively influence the 
liver and systemic metabolic homeostasis. The increase in liver triglyceride levels and the release of  acylcar-
nitines into the circulation in the eNOS–/– mice imply that the liver is adapting to the apparent stress induced 
by the diminished capacity for long-chain fatty acid oxidation. This response may be critical, since a body of  
evidence supports the idea that incomplete and inefficient mitochondrial fatty acid β-oxidation leads to the 
accumulation and diversion of  lipid precursors and partially oxidized lipid species into the cytosol and ER, 
causing stress and leading to the development of  hepatic insulin resistance (33–35). Moreover, eNOS–/– mice 
on a high-fat diet for 3 months develop early signs of  nonalcoholic fatty liver disease and a risk factor for type 
2 diabetes, metabolic syndrome, and other liver complications (36).

However, over time the insufficient metabolism of  long-chain fatty acids in the eNOS–/– mice may 
contribute to the age-dependent progression of  metabolic dysfunction and development of  pathological 
phenotypes. Our data support a critical role for NO-mediated signaling in the regulation of  metabolic 
homeostasis by documenting that chronic, low-level nitrite treatment of  eNOS–/– mice prevents age-induced 
metabolic phenotypes. In addition to hypertension, eNOS–/– mice develop progressive and age-dependent 
heart defects, hyperlipidemia, hepatic steatosis, and insulin resistance at the level of  liver and peripheral tis-
sues under standard chow feeding (7–14). These phenotypic changes are also reproduced by administration 

Figure 5. Long-term treatment with sodium nitrite restored metabolic flexibility and age-dependent phenotypes in eNOS–/– mice. Seven-month-old 
eNOS–/– mice were treated with 100 μM nitrite in the drinking water for 7 months. Nonnitrite-treated age-matched wild-type mice were used as controls. (A) 
Cumulative frequency of respiratory exchange values after 6 hours of food withdrawal. (B) Cumulative frequency of respiratory exchange values after 24 hours 
of refeeding (n = 5–7). (C) Resting metabolic activity under fed conditions during the light and dark periods. (D) Ambulatory activity during the 24-hour dark 
and light cycles. White boxes, wild-type mice (n = 4); gray boxes, eNOS–/– without nitrite; and hatched boxes, eNOS–/– with nitrite (n = 5–7). Box-and-whisker 
plots show median, 25th and 75th percentiles, and minimum and maximum values. Data were analyzed by 1-way ANOVA, *P < 0.05, **P < 0.01.
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of  NOS inhibitors in the food of  wild-type rats, reaffirming that the decline in bioavailable NO and NO 
signaling is responsible for the metabolic changes (37, 38). The data presented in Figure 5 confirmed the 
age-dependent reduction in energy expenditure and oxygen consumption (16, 17) and indicated an increase 
reliance on carbohydrate utilization in aged eNOS–/– mice, consistent with the inability to utilize fatty 
acid oxidation for energy production. Under fed conditions, eNOS–/– mice generate higher proportions of  
energy from carbohydrate oxidation, whereas eNOS–/– mice treated with nitrite show a pattern of  substrate 
utilization similar to that of  age-matched wild-type controls. The metabolic derangement and reduction 
in energy expenditure are associated with reduced mobility. Treatment with nitrite for 7 months increased 
the systemic and tissue levels of  NO metabolites, restored the capacity to metabolize fatty acids, improved 
the physical activity in both the light and dark cycles, and restored metabolic homeostasis. Although in 
our study the eNOS–/– mice showed increased adiposity, their body weight declined as these mice became 
less active, which is consistent with previous reports indicating that aged male eNOS–/– mice have simi-
lar or decreased body weight compared with age-matched controls, develop cardiac insufficiency, and die 
prematurely (18). Although typical pharmacological applications of  nitrite employ higher concentrations 
(100–100 mg/l), we decided to use a low dose and extend the administration period to 7 months, aiming to 
investigate the long-term effects and efficacy of  replenishing bioactive NO in a relatively physiological con-
text. Overall, the data suggest that the chronic replenishment of  bioavailable NO prevented the biochemi-
cal, metabolic, and phenotypic decline in eNOS–/– mice, indicating the critical influence of  the eNOS/NO 
signaling in maintaining metabolic homeostasis. Although trials with nitrite are ongoing, our preclinical 
findings in eNOS–/– mice support the notion that long-term nitrite treatment may be a suitable approach to 
correct the metabolic and phenotypic alterations, such as hypertension and metabolic syndrome.

Methods
Animal studies. The studies were performed in male C57/BL6J (stock 000664) and NOS3-null (eNOS–/–) 
mice (Nos3tm1Unc [eNOS–/–] C57BL/6J, stock 002684) from The Jackson Laboratory. The eNOS–/– mice were 
backcrossed to the C57/BL6J background for at least 12 generations. Liver tissues from the eNOS S1176A 
and eNOS S1176D mice were obtained as described previously (20). Based on previous publications that 
have explored the responses of  different mouse strains to fasting and the various phenotypes in eNOS–/– 
mice, we decided to use male mice fed standard chow diet (39). Mice were studied at the ages of  4 months 
and between 13 and 15 months. For fasting metabolic studies, mice were deprived of  food for 6 hours (aged 
mice) or 20 hours (young mice) from 4 pm to 10 am, and, after continuous monitoring, the mice were sacri-
ficed at the same time to ensure consistency. For the nitrite treatment, the regular water was supplemented 
with 100 μM (4.6 mg/l) sodium nitrite. The 4-month-old mice were treated for 10 days. Treatment of  the 
older mice started at 6 or 7 months of  age and continued for an additional 7 months.

Metabolic monitoring, MRI for body composition, glucose tolerance test, and blood pressure measurements. Mice were 
individually placed in the Oxymax Lab Animal Monitoring System (Columbus Instruments) with free access 
to food and water. After overnight acclimation, oxygen consumption, the amount of carbon dioxide produced, 
food and drink intake, and locomotor activity (beam breaks) were determined during ad libitum, fasting, and 
refeeding conditions. Fat and lean mass determinations were performed using the Eco-MRI-100 system (Echo 
Medical Systems). For the glucose tolerance test, mice were fasted for 16 hours followed by intraperitoneal injec-
tion of glucose (2 g/kg body weight), and blood glucose was monitored at 0, 15, 30, 60, and 120 minutes after 
injection using a Rely-On handheld glucose monitoring system (Rely-On). For blood pressure measurements, 
mice were placed into restrainers and tails were threaded into blood pressure cuffs. Tails were then heated to 
35oC, and blood pressure and heart rate were monitored using the CODA 8 noninvasive blood pressure mon-
itoring system (Kent Scientific). RERs were calculated by dividing the volume of carbon dioxide produced by 
the volume of oxygen consumed (VCO2/VO2). The PRCF, which allows for the systematic examination and 
comparison of large data sets collected by indirect calorimetry for each mouse, was calculated as described pre-
viously (29). The 8 curves from each mouse were pooled and plotted against RER.

Quantification of  triglycerides, free fatty acids, glycogen, acylcarnitines, ketones, acyl-CoA species, and ex vivo fatty 
acid oxidation assay. Triglycerides, nonesterified free fatty acids, β-HB, and glycogen were quantified using 
established colorimetric assays (15). For quantification, standard curves using authentic triglycerides, free 
fatty acids, and glycogen were employed. For glycogen quantification, glycogen was hydrolyzed by glucoam-
ylase to glucose, which is then oxidized and reacts with the color probe to generate a product that is mea-
sured at 570 nm. Acylcarnitines were measured, as their butylated derivatives using flow injection tandem 
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mass spectrometry and stable isotope dilution quantitation as described previously (40). Liver acyl-CoA 
levels were quantified by liquid chromatography–mass spectrometry using previously validated methods 
(40, 41). Briefly, 50-mg sections of  liver were homogenized by pulse sonication in 10% trichloroacetic acid 
containing 13C3

15N1-labeled internal standards generated as previously described. Calibration curves were 
generated in parallel using standards from MilliporeSigma. Samples were analyzed in a blinded manner on 
an Ultimate 3000 coupled to a Q Exactive Plus high-resolution mass spectrometer with data analysis and 
instrument control by XCalibur software (Thermo Fisher Scientific). The rate of  fatty acid oxidation was 
performed in tissue homogenates obtained from tissue extraction in buffer (250 mM HEPES-NaOH, pH 
7.7, containing 1 mM DTPA, 0.1 mM neocuproine, 1% Triton X-100, and protease inhibitors) on ice using a 
Teflon pestle and a Jumbo Stirrer (Fisher Scientific). The homogenates were then centrifuged at 13,000 g for 
30 minutes at 4°C. The soluble protein fraction was collected, and the protein concentration was determined 
by the Bradford assay. Homogenates were incubated with [9,10-3H]palmitate as previously described (15) 
followed by chloroform/methanol and strong anion exchange chromatographic separation of  3H-palmitate 
and 3H2O that is generated through the oxidation of  palmitate. Scintillation counts are converted to amount 
of  palmitate using a titration curve constructed by authentic 3H-palmitate.

NO metabolites. The quantification of  NO metabolites concentration in plasma and tissue was performed 
using reductive chemistries coupled with ozone-based chemiluminescence detection of  NO. NO metabolites, 
namely nitrate, nitrite, low-molecular-weight S-nitrosothiols, lipid-bound NO, and metal-bound NO, were 
initially reduced by vanadium (III) under acidic conditions (1 N HCL) at 95°C. The NO that is liberated in the 
gas phase reacts with ozone-forming nitrogen dioxide in an excited state. When the nitrogen dioxide returns 
to the ground state, it releases a photon that is quantified by a photomultiplier tube and the emitted light is 
transformed to electrical signal, which is recorded. Signals are converted to concentration of  metabolites 
using a standard curve constructed by authentic nitrate. Nitrite and S-nitrosothiols were quantified in acidified 
tri-iodide solution at 37°C as previously described (42). To quantify S-nitrosothiols, plasma and tissue homog-
enates were treated with 1% sulfanilamide (SNA) for 10 minutes before the injection. To discriminate S-ni-
trosothiols and other NO-related species, SNA-treated plasma and tissue homogenates were incubated with 5 
mM HgCl2 for 10 minutes prior to injection. The HgCl2-sensitive signal was used to quantify S-nitrosothiols.

Very-long-chain acyl-CoA dehydrogenase S-nitrosation. The S-nitrosation of  very-long-chain acyl-CoA dehy-
drogenase was determined as it was described previously (15). Rabbit polyclonal antibodies against very-long-
chain acyl-CoA dehydrogenase (clone N1C1, 1 mg/ml, protein GTX114232) were obtained from Genetex. 
The antibody was diluted in 1% nonfat milk in TBST at a final concentration of  0.25 μg/ml and was incubat-
ed with the membranes overnight at 4°C. All chemicals and reagents used were of  analytical grade.

Statistics. Data were analyzed with GraphPad Prism 7.04 software. All normally distributed data were 
displayed as mean ± SD. Groups were analyzed by 1-way or 2-way ANOVA. Multiple comparisons were 
performed using the Tukey multiple comparisons post hoc test and 2-tailed unpaired t tests. A P value less 
than 0.05 was considered significant.

Study approval. All procedures were performed in accordance with the National Institute of  Health 
Guide for the Care and Use of  Laboratory Animals (National Academies Press, 2011), after receiving approval 
from the Children’s Hospital of  Philadelphia Research Institute and the University of  Pennsylvania Animal 
Care and Use Committees.
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