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Reduced nitric oxide (NO) bioavailability is a pathological link between obesity and Alzheimer’s disease 
(AD). Obesity-associated metabolic and mitochondrial bioenergetic dysfunction are key drivers of 
AD pathology. The hypothalamus is a critical brain region during the development of obesity and 
dysfunction is an area implicated in the development of AD. NO is an essential mediator of blood 
flow and mitochondrial bioenergetic function, but the role of NO in obesity-AD is not entirely clear. 
We investigated diet-induced obesity in female APPswe/PS1dE9 (APP) mouse model of AD, which 
we treated with two different NO donors (sodium nitrite or L-citrulline). After 26 weeks of a high-
fat diet, female APP mice had higher adiposity, insulin resistance, and mitochondrial dysfunction 
(hypothalamus) than non-transgenic littermate (wild type) controls. Treatment with either sodium 
nitrite or L-citrulline did not reduce adiposity but improved whole-body energy expenditure, substrate 
oxidation, and insulin sensitivity. Notably, both NO donors restored hypothalamic mitochondrial 
respiration in APP mice. Our findings suggest that NO is an essential mediator of whole-body 
metabolism and hypothalamic mitochondrial function, which are severely impacted by the dual insults 
of obesity and AD pathology.

Obesity and Alzheimer’s disease (AD) are both associated with vascular dysfunction, resulting in reduced 
peripheral and cerebral blood flow1–3. The loss of peripheral nitric oxide (NO) bioavailability corresponds to 
impaired coronary and cerebrovascular blood flow and microvascular dysfunction that characterizes obesity and 
AD4–6. Notably, the loss of endothelial nitric oxide synthase (eNOS) function promotes amyloid precursor protein 
accumulation and Aβ plaques in animal models of AD4. Furthermore, NO regulates mitochondrial biogenesis 
and function, serving as a functional mediator of blood flow and metabolism7. Mitochondrial dysfunction and 
reduced NO bioavailability are a shared pathology between obesity and AD that has been hypothesized to play a 
role in the development of neuropathology and cognitive decline8.

Interestingly, obesity in mid-life is considered to be a greater predictor of dementia and AD than late-life 
obesity9–11. Previous reports suggest that brain regions, such as the hypothalamus, that regulate feeding behavior, 
energy expenditure, and glucose homeostasis, which are intimately associated with the development of obesity, 
could further exacerbate AD risk12–14. Hypothalamic mitochondrial function is critical to maintaining whole-
body energy balance and neuronal health15. NO is an important signaling molecule in the hypothalamus that 
preserves mitochondrial bioenergetic and redox balance16–18. In animal models of AD, obesity or the partial 
loss of NO signaling exacerbates neuropathology and cognitive decline19,20. In a standard AD mouse model, 
the APPswe/PS1dE9 (APP) mouse, demonstrates significant alternations in plasma L-arginine (NO substrate) 
and hippocampus and prefrontal cortex at mid-life21. However, no data demonstrates if obesity exacerbates 
mitochondrial dysfunction in the hypothalamus of AD patients or animal models. A greater understanding of 
hypothalamic mitochondrial function and the role of nitric oxide in AD is critically important given the strong 
association between obesity and AD.
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Mitochondrial dysfunction and reduced NO bioavailability are potential forerunners for the development of 
Aβ plaque formation8,22. These studies demonstrate an essential shared metabolic underpinning between obesity 
and AD. Obesity in mid-life, before overt plaque formation, tau accumulation, and cognitive decline represents 
a critical time point that sets the stage for late-life AD development. Therefore, we focused our investigation on 
the metabolic aspects of obesity and mitochondrial function prior to late-life AD. We hypothesized that NO 
donors, aimed at restoring global NO bioavailability, therapy would attenuate metabolic dysfunction in female 
APP mice with diet-induced obesity.

Results
Body composition and biomarkers of metabolic health in APP mice
Figure 1 illustrates the experimental design. Female APP mice and wild-type (WT) littermate controls (10 weeks 
of age) were fed a standard chow diet or 45% HFD for 26 weeks. A group of APP HFD mice were randomized 
to groups with standard drinking water, sodium nitrite (100 mg/L) drinking water, or L-citrulline (440 mg/L). 
Body mass (Fig. 2A) and body fat (Fig. 2B) were significantly greater in APP HFD mice when compared to WT 
HFD mice. A significant reduction was detected in the percentage of lean body bass (Fig. 2C) in HFD groups 
but with no difference between WT and APP mice. APP mice were more glucose intolerant compared to control 
animals (Fig. 2D, E) but did not improve with sodium nitrite or L-citrulline treatment. Insulin tolerance (AUC) 
was also reduced in APP HFD mice compared to the control group but increased with sodium nitrite and 
L-citrulline treatment (Fig. 2F, G). Plasma insulin (Fig. 2H), was increased between APP chow and APP HFD, 
but not between WT chow and WT HFD mice (p = 0.30). Plasma leptin (Fig. 2I) was increased in HFD groups 
for WT and APP, but with no effect of sodium nitrite or L-citrulline. Plasma nitrite was measured to determine 
global nitric oxide bioavailability. Only APP HFD mice treated with L-citrulline (Fig. 2J) demonstrated statistical 
increases in plasma nitrite. While sodium nitrite treatment numerically increased plasma nitrite there was no 
statistical difference (p = 0.67).

Whole-body energy expenditure and substrate oxidation
Using ANCOVA, we detected a significant increase in total energy expenditure (TEE) in APP HFD mice when 
compared to WT HFD. Both sodium nitrite and L-citrulline treatments also significantly increase TEE (Fig. 3A, 
B). The respiratory exchange ratio (RER) was lower in sodium nitrite and L-citrulline-treated APP mice (Fig. 3C, 
D). Fat oxidation (Fig. 3E) increased, in L-citrulline versus untreated APP HFD mice. Total physical activity 
in the cage only differed between WT chow versus HFD mice (Fig. 4D-F). No differences were detected for 
any whole-body metabolic parameters when comparing APP mice versus control mice fed a chow diet. The 
behavioral analysis collected during the metabolic cage experiment indicates APP HFD mice did not have any 
significant differences in activities related to eating or drinking but did spend a great percentage of time in 
long lounging (LLnge) compared to WT HFD mice. When compared directly APP HFD mice average greater 
amounts of movement in the cage (WT HFD 235 ± 48 vs. APP HFD 296 ± 54, p = 0.04) There was no significant 
difference in total food or water intake (Supplemental Fig. 1).

Nitric oxide donors rescue hypothalamic mitochondrial dysfunction in obese APP 
mice
Respiration of hypothalamus homogenates for NL (NADH-linked LEAK) did not differ between groups 
(Fig.  4A). Np (NADH-linked OXPHOS) was reduced in APP HFD versus WT HFD mice but was restored 
with sodium nitrite treatment (Fig. 4B). Sodium nitrite and L-citrulline treatment restored respiration in APP 

Fig. 1. Experimental Design.
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HFD mice from NSp (NADH & Succinate-linked OXPHOS) (Fig.  4C), NSE (NADH&Succinate-linked ET 
capacity) (Fig.  4D) SE (Succinate-linked ET capacity) (Fig.  4E), and SGpE (Succinate & Glycerol Phosphate-
linked ET capacity) (Fig. 4F). RCR (OXPHOS/LEAK) for NADH-linked respiration (Fig. 4G) was also reduced 
in APP HFD mice but was attenuated with sodium nitrite treatment. When compared directly, APP mice a 
chow diet, showed a reduction in OXPHOS (NSp) and ET capacity (NSE) when compared to WT chow-fed mice 
(Supplemental Fig. 2).

Fig. 3. Nitric oxide donors increase metabolic rate and shift substrate utilization towards fat oxidation. (A, B) 
Total body energy expenditure (TEE) for all groups. (C) Three-day representation of the respiratory exchange 
ratio (RER) and (D) RER average separated by dark and light cycle. (E) Absolute average fat oxidation. (F) 
Physical activity beam breaks. ANOVA with total body mass covariate was used to determine the difference in 
total energy expenditure. One-way ANOVA was used to determine group effects with Tukey’s test for multiple 
comparisons. WT Chow (n = 13), APP Chow (n = 8) WT HFD (n = 6), APP HFD (n = 11), APP HFD + Nit 
(n = 10), APP HFD + Cit (n = 10). Data are reported as mean ± SD. #, indicate significant group effects 
according to ANCOVA.

 

Fig. 2. APP mice have exacerbated obesity and metabolic dysfunction on a HFD. (A) Final body weight, (B) 
body fat, and (C) percent lean mass. (E) Glucose curves and (F) area under the curve for glucose tolerance 
test. (G) Glucose curve and (H) area under the curve for insulin tolerance test. Fasting plasma (I) insulin, (J) 
leptin, and (K) nitrite. One-way ANOVA was used to determine group effects with Tukey’s test for multiple 
comparisons. WT Chow (n = 13–20), APP Chow (n = 12), WT HFD (n = 9–19), APP HFD (n = 7–18), 
APP + Nit (n = 10–18), APP + Cit (n = 9–12). Data are reported as mean ± SD.
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Discussion
In this proof-of-concept study, we investigated the capacity of NO donors to restore metabolic function in an 
obese transgenic mouse model of AD. Obesity, particularly in mid-life, is a major risk factor for developing future 
AD2,11,23. We focused our investigation on obese female APP mice before the accumulation of Aβ plaques (9–12 
months) as this timeframe appears to set the stage for late-life AD-related defects. Reduced NO bioavailability 
from obesity potentially increases the risk of developing AD24. Our results confirm previous observations that 
APP mice have exacerbated obesity (Fig. 2A, B) when fed a HFD25–28. While we did not observe any beneficial 
effects of NO donor therapies on body composition or glucose tolerance, insulin sensitivity was improved with 
both NO donors (Fig.  2G-H). This is not surprising given data regarding the impact of NO therapies have 
conflicting results on metabolic outcomes29. Compared to male mice, female mice are generally protected 
from obesity-related metabolic dysfunction. In our study, female APP mice demonstrate exacerbated insulin 
resistance on a HFD suggesting that mutations in amyloid precursor protein and presenilin-1 exacerbate 
metabolic dysfunction in mid-life. Our data also demonstrate some beneficial effects of NO donor therapy on 
metabolic outcomes in APP HFD mice.

Some studies have demonstrated that patients with AD have altered energy expenditure when compared to 
health age-matched controls30–32. In our investigation, TEE was not different between chow-fed WT and APP 
mice but was increased in APP mice on a HFD. NO donor therapy further increased TEE when compared to 
untreated APP mice (Fig. 3A–F). Additionally, L-citrulline reduced RER suggesting a shift a more prominent 
shift towards fat oxidation. Despite the increase in TEE and fat oxidation (Fig. 3D), these NO donors (sodium 
nitrite & L-citrulline) did not alter body composition. This is likely due to the small increase in food intake 
measured throughout the experiment and during the metabolic cage study. NO has been shown to promote 
food intake in some animal models and may potentially counteract the gain in energy expenditure by increasing 
energy intake17. One feature of APP mice reporter in late life is increased anxiety-like behavior. While the age of 
our mice and our analytical approach did not allow us to evaluate this aspect we did detect an increase in total 
amulation in the metabolic cage experiment in APP HFD mice. The increase in movement could potentially 
explain the increase in TEE in the APP HFD mice.

Mitochondrial dysfunction is one emerging hypothesis to explain the development of AD pathology33. 
Mitochondrial dysfunction is prominently featured in the underlying pathophysiology of obesity and insulin 
resistance. However, how mitochondrial dysfunction impacts the relationship between obesity and AD 
development is poorly understood. Signatures of mitochondrial damage, gene regulation, and oxidative stress 
are associated with AD in at-risk populations34,35. Mitochondrial function of the hypothalamus was our primary 
outcome of interest. The hippocampus is crucial for the development of cognitive aspects of AD, but how it 
mediates the burden of obesity and associated risk factors is unclear. Obesity does not appear to uniformly 
and negatively affect hippocampal function and inflammation36–38. Whereas, the hypothalamus is the brain 
region responsible for energy balance and is implicated in AD development39,40. Work in animal models has 

Fig. 4. Nitric oxide donor reverses mitochondrial dysfunction in obese APP mice. (A) NL (NADH-linked 
LEAK), (B) Np (NADH-linked OXPHOS capacity), (C) NSP (NADH&Succinate-linked OXPHOS capacity), 
(D) NSE (NADH&Succinate-linked ET capacity), (E) SE (Succinate-linked ET capacity), (F) SGpE (Succinate-
&Glycerol Phosphate-linked ET capacity), and the (G) respiratory control ratio (RCR, OXPHOS/LEAK for 
NADH-linked respiration). Measurements were made using high-resolution respirometry at 37 °C with 
O2 concentrations between ~ 450 µM and ~ 150 µM, see methods for more details on the overall titration 
protocol. One-way ANOVA was used to determine group effects with Tukey’s test for multiple comparisons. 
WT HFD (n = 14), APP HFD (n = 14), APP HFD + Nit (n = 11), APP HFD + Cit (n = 10). Data are reported as 
mean ± SD.
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revealed that loss of eNOS/NO function is an early defect that precedes neurodegeneration and behavioral 
dysfunction in AD4,6,24. Obesity is associated with hypertension and metabolic dysfunction that are strongly 
dependent on eNOS/NO function. Ours is the first study to report reduced respiration from the hypothalamus 
in obese APP mice. While there was some diminution of mitochondrial function in chow-fed APP mice this 
effect was exacerbated on a high-fat diet when compared to WT HFD mice. NP, NSP, NSE, and RCR were reduced 
in APP HFD mice relative to WT HFD mice. Treatment with sodium nitrite restored all respiratory states, 
including RCR, to control levels. In addition, sodium nitrite also increased SE and SGpE in the APP HFD mice 
despite no significant reduction when compared to WT HFD mice. Whereas L-citrulline also broadly increased 
mitochondrial respiration, but with a non-significant impact on NP  respiration and RCR. We demonstrate 
restoring NO bioavailability is critical to reverse this metabolic defect in the hypothalamus. We demonstrate the 
clear and robust ability of two different NO donors to rescue hypothalamic mitochondrial function, which is a 
key factor in the development of obesity and metabolic disease40. A recent report suggests that APP/PS1 mice 
with a partial knockout of eNOS+/− developed a more severe AD phenotype than eNOS intact APP/PS1 mice20. 
Another study also demonstrated that the pharmacological inactivation of eNOS using L-NAME in APP/PS1 
mice also resulted in greater amyloid burden and cognitive impairment, further supporting the importance of 
NO bioavailability in the development of the AD phenotype within the APP/PS1 model20,41. Although these two 
studies did not measure changes in mitochondrial content or function, their results highlight the potential role 
of NO bioavailability as a mediator of AD vascular and perhaps mitochondrial dysfunction.

Obesity in mid-life, but not late life, increases the risk of developing future AD3,10,11,42. A strength of our 
study is we investigated adult, but not elderly, mice at a period considered critical for the exacerbating effects of 
obesity on AD development. The substantial and broad hypothalamic mitochondrial dysfunction we detected 
during obesity and mid-life is a novel finding. Additionally, we utilized female mice in this study. Approximately 
two-thirds of AD patients are women43. This could potentially be attributed to the greater longevity of women 
and the impact of aging on AD44. However, the dual insults of obesity and menopause reduce NO bioavailability 
independent of one another. The significant loss of NO function is a plausible precursor to peripheral and 
metabolic dysfunction. Last, the use of two different NO donors strengthens our findings. Sodium nitrite and 
L-citrulline work via non-enzymatic and enzymatic routes, respectively, to produce NO. Both NO donors have 
been shown to increase NO bioavailability significantly45–48. In our study, only L-citrulline demonstrated a 
statistical increase in plasma nitrite. However, sodium nitrite is a powerful NO donor and the lack of increase 
from this therapy may indicate greater nitrite reduction to free NO. Our findings demonstrate that targeting NO 
bioavailability via the enzymatic (L-citrulline) and non-enzymatic (sodium nitrite) routes effectively restored 
mitochondrial function.

Despite the strengths of our study, it is not without limitations. Our primary focus was to investigate 
the metabolic aspects of AD. Therefore, we do not have information regarding brain pathology. We did not 
investigate mitochondrial function in brain regions such as the hippocampus or the cortex which are more 
commonly implicated in neurodegeneration during AD.F Additionally, we only investigated younger mice (10 
weeks of age) fed a HFD for 26 weeks. APP mice acquire AD-related behavioral dysfunction much later in life 
(12–17 months of age). Therefore, the durability of NO donor therapy to rescue metabolic dysfunction in a 
mouse model of AD will require more extended treatment periods. The APP mouse itself is also a potential 
limiting factor in that it only represents one aspect of the AD pathology (i.e., Aβ accumulation). Whether our 
treatment would extend benefit to other mouse models of AD that encompass more aspects of AD pathology 
remains to be answered. Finally, we only studied female mice; while this is also a major strength due to the 
prevalence of AD in women and the paucity of data in female AD models, we are unable to determine the impact 
of sex on our outcomes directly.

In summary, we have provided novel evidence of obesity-induced mitochondrial dysfunction in young female 
APP mice. We demonstrate that increased NO bioavailability via two different pathways rescues metabolic and 
mitochondrial dysfunction. These findings highlight the importance of NO supplementation and strategies, 
such as healthy diet and exercise, to preserve NO bioavailability during mid-life when obesity has its greatest 
impact on AD progression.

Methods
Animal model and experimental design
Female transgenic APPswe/PS1dE9 (APP) (n = 60) and non-transgenic littermate controls (Control, n = 20) 
were purchased from Jackson Laboratory (Bar Harbor, ME) at 8 weeks of age. Mice were acclimated for two 
weeks and were then placed on a high-fat diet (45% HFD, Research Diets 12451, New Brunswick, NJ) or a 
standard chow diet (Purina 5001). High-fat diet-fed APP mice were randomized to either standard water, 
sodium nitrite (100 mg/L) water, or L-citrulline (400 mg/L) drinking water with ad libtium access. Littmate 
control was provided with standard drinking water in addition to the HFD. Food intake and body mass were 
measured weekly. Body composition was acquired by NMR every two weeks. Metabolic cages experiments were 
conducted between weeks 23–24. Glucose and insulin tolerance testing was performed between weeks 24–25 
and 25–26, respectively. Some mice were removed from the protocol due to sudden death, which is common 
in this strain, or skin lesions that required treatment and removal from the protocol. Mice were euthanized 
by isoflurane administration with cardiac puncture. The Pennington Biomedical Research Center Institution 
Animal Care and Use Committee approved all experiments. All methods were performed in accordance with the 
relevant guidelines and regulations. The study is reported in accordance with ARRIVE guidelines.
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Metabolic cages
One week before metabolic cage experiments, mice were acclimated to single-housed training cages. Mice were 
placed in metabolic cages (Sable Systems, Promethion, Las Vegas, NV) for seven days. Oxygen consumption 
(VO2) and carbon dioxide production (VCO2) were monitored constantly. Standard equations were used to 
calculate fat oxidation49. Physical activity, food, and water uptake behaviors were monitored and recorded in 
5-minute intervals. Physical and behavioral activity (eating, drinking, resting) were continuously monitored by 
beam breaks (x, y, and z-axes). Behavioral analysis was performed using Sables Systems Ethoscan.

Metabolic tolerance tests and cardiometabolic biomarkers
Glucose tolerance testing was conducted after a 4-hour fast, during which baseline blood was collected by tail vein 
nick and measured with a handheld glucometer (Breeze2 glucometer, Leverkusen, Germany). Interperotineal 
injection of glucose (3.5 g/kg lean body mass) was performed, and blood was collected (tail vein) 15, 30, 60, 
45, 90, and 120 min thereafter. On a separate week, mice were fasted for 2 h, and baseline blood was measured. 
Interperotineal injection of insulin (1.5 units/kg, Humulin; Eli Lilly, Indianapolis, IN) was injected, and blood 
was collected 10, 20, 40, 60, and 120 min thereafter. The area of the curve was calculated using the trapezoidal 
method. Fasting insulin (Crystal Chem, 90080) and leptin were analyzed by ELISA (Invitrogen, 900-K76K) 
according to the manufacturer’s instructions. Circulating nitrite concentrations were determined as previously 
described50. Briefly, plasma samples were incubated with an equal volume of methanol for 2  min and then 
centrifuged at 21,000 g for 15 min. The supernatant then was analyzed with a specialized HPLC-based NOx 
analyzer (ENO-30, Amuza Inc., San Diego, US) using Griess Reaction as the principle.

High-Resolution Respirometry.
Following euthanasia, the hypothalami were carefully dissected and placed in an ice-cold biopsy preservation 

buffer (BIOPS, 10 mM Ca-EGTA buffer, 0.1 µM free calcium, 20 mM imidazole, 20 mM taurine, 50 mM K-MES, 
0.5 mM DTT, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM phosphocreatine, pH 7.1). Subsequently, the hypothalami 
were homogenized in an ice-cold mitochondrial respiration buffer (MiR05 kit, Oroboros, Austria, 0.5 mM EGTA, 
3 mM MgCl2, 60 mM Lactobionic Acid, 20 mM Taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM Sucrose, 
1 g/L Fatty Acid-Free bovine serum albumin, pH 7.1) at 150 revolutions per minute for 60 s in plastic-coated 
glass tubes on ice using glass pestles with a clearance of 0.10–0.15 mm. After homogenization, the hypothalamic 
homogenates were transferred to two 2 mL high-resolution respirometry chambers (HRR, Oroboros O2k, Austria) 
with MiR05 for duplicate measurements (~ 0.5–1.5 mg per chamber). HRR coupled with a standardized substrate-
uncoupler-inhibitor-titration (SUIT) protocol was used to measure respiration rates in the following coupling 
control states (State 4), OXPHOS capacity (≥ State 3), and electron transfer (ET) capacity. All measurements 
were made at 37  °C and O2 concentrations between ~ 450 µM and ~ 150 µM in MiR05 supplemented with 
α-chaconine (40 µM) to chemically permeabilize the plasma membranes and synaptosomes51. NADH-linked 
LEAK respiration (NL) was measured in the presence of 5 mM pyruvate, 2 mM malate, and 10 mM glutamate 
without ADP. NADH-Linked OXPHOS (NP) was measured after adding 5 mM ADP-Mg++. Mitochondrial 
membrane integrity was assessed after adding 10 µM cytochrome c. NADH&Succinate-linked OXPHOS (NSP) 
respiration was measured after adding 10 mM succinate. Next, carbonyl cyanide m-chlorophenyl hydrazine 
(CCCP) was titrated using 0.5 µM/step to measure NADH&Succinate-linked ET capacity (NSE) respiration. 
Next, 0.5 µM rotenone was added to measure Succinate-linked ET capacity (SE) respiration, followed by the 
titration of 15 mM glycerol-3-phosphate (Gp) to measure Succinate&Gp-linked ET capacity (SGpE) respiration. 
Finally, 2.5 µM antimycin A was added to measure residual oxygen consumption (Rox). The respiration rates 
were normalized per mg mass [pmol·s−1·mg−1] after correcting for Rox, referred to as oxygen flux (JO2). HRR 
measurements were corrected for daily room air calibration, routine background, and zero calibrations. All HRR 
measurements and analyses were made in a blinded fashion.

Statistical analysis
The normality of data were assessed by the D’Agostino and Pearson test. One-way ANOVA was used to 
determine group differences with Tukey’s tests for multiple comparisons. ANCOVA was performed to determine 
differences in energy expenditure with total body factored as a co-variate. Simple linear regression was used 
to determine correlations. Statistical analysis was performed with GraphPad (Prism version 10.2.0, GraphPad 
Software, Boston, Massachusetts, USA) and JMP® PRO software (Version 16, Cary, NC). All values are reported 
as mean ± standard deviation (SD). Significance was determined a P < 0.05.

Data availability
Data will be available upon a reasonable request to Dr. Timothy Allerton (timothy.allerton@pbrc.edu).
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