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Abstract: Inorganic nitrate (NOj3") has been proposed to be of therapeutic use as a dietary supplement in
obesity and related conditions including the Metabolic Syndrome (MetS), type-1I diabetes and metabolic
dysfunction associated steatotic liver disease (MASLD). Administration of NOs to endothelial nitric oxide
synthase-deficient mice reversed aspects of MetS, however the impact of NO3™ supplementation in diet-
induced obesity is not well understood. Here we investigated the whole-body metabolic phenotype and
cardiac and hepatic metabolism in mice fed a high-fat high-sucrose (HFHS) diet for up to 12-months of
age, supplemented with 1 mM NaNOj3 (or NaCl) in their drinking water. HFHS-feeding was associated with
a progressive obesogenic and diabetogenic phenotype, which was not ameliorated by NO3". Furthermore,
HFHS-fed mice supplemented with NO3; showed elevated levels of cardiac fibrosis, and accelerated
progression of MASLD including development of hepatocellular carcinoma in comparison with NaCl-
supplemented mice. NO;™ did not enhance mitochondrial $-oxidation capacity in any tissue assayed and did
not suppress hepatic lipid accumulation, suggesting it does not prevent lipotoxicity. We conclude that NO3
is ineffective in preventing the metabolic consequences of an obesogenic diet and may instead be
detrimental to metabolic health against the background of HFHS-feeding. This is the first report of an
unfavorable effect of long-term nitrate supplementation in the context of the metabolic challenges of

overfeeding, warranting urgent further investigation into the mechanism of this interaction.

New & Noteworthy: Inorganic nitrate has been suggested to be of therapeutic benefit in obesity-related
conditions as it increases nitric oxide bioavailability, enhances mitochondrial B-oxidation and reverses
Metabolic Syndrome in eNOS” mice. However, we here show that over 12 months, nitrate was ineffective

in preventing metabolic consequences in high-fat high-sucrose fed mice, and worsened aspects of metabolic
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health, impairing cholesterol handling, increasing cardiac fibrosis, and exacerbating steatotic liver disease

progression, with acceleration to hepatocellular carcinoma.

Keywords: Inorganic nitrate; Metabolism; Mitochondria; Metabolic dysfunction associated steatotic liver

disease; Obesity.

Introduction

The obesity epidemic remains a global health concern, and its prevalence continues to increase
worldwide (1). Obesity is associated with high morbidity and mortality (2), largely due to the
elevated risk of comorbidities such as type-II diabetes mellitus (T2DM), cardiovascular disease
(CVD) and metabolic dysfunction associated steatotic liver disease (MASLD), a condition
previously known as non-alcoholic fatty liver disease (NAFLD) (3-7).

Obesity and diabetes are associated with hypertension (8), which is in turn associated with
endothelial dysfunction and reduced nitric oxide (NO) bioavailability. Mice lacking endothelial
NO synthase (eNOS”~ mice) are hypertensive (9), but also develop symptoms of the Metabolic
Syndrome (MetS) including glucose intolerance and dyslipidemia, alongside hyperleptinemia (10,
11) and defective mitochondrial B-oxidation and biogenesis (12, 13). In humans, eNOS
polymorphisms have been associated with T2DM and MetS (14, 15), whilst patients with T2DM
generate less NO from L-arginine than healthy controls (16). NO production and metabolism,
particularly decreased NO bioavailability, is therefore considered central to the etiology of

MetS/T2DM.

Canonical formation of NO occurs via oxidation of a guanidino nitrogen of L-arginine by one of
3 isoforms of NOS. However, it is now recognized that NO can also be produced via reduction of
endogenously produced or dietary inorganic nitrate (NOs37; [17]). In the circulation, NO generated
by the vascular endothelium is oxidized to nitrite (NO2") and nitrate. The latter is taken up from
the blood and secreted into saliva where it is reduced to nitrite by commensal bacterial flora of the
mouth (18). Upon swallowing of saliva, NOz" is rapidly protonated in the stomach forming nitrous
acid (HNO2), which spontaneously decomposes to form NO (19, 20). Remaining nitrate or nitrite
can be absorbed in the intestine, where nitrite can be reduced to NO by enzymes including xanthine

oxidoreductase, deoxyhemoglobin, and myoglobin (21-23). Circulating NOs™ is eventually
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excreted by the kidneys, although ~25% is actively taken up by the salivary glands allowing for it
to be concentrated in saliva and recirculated (17, 20). Thus, inorganic nitrate, once considered an
end product of NO metabolism (24) and, along with nitrite, a potentially toxic residue of food
preservation (25), is now recognized as a potentially important source of NO under hypoxic and
acidotic conditions (20, 26) and a route to modulate NO bioavailability via dietary manipulation
(20). Both nitrite and nitrate were used medicinally long before any of these mechanisms had been

discovered (27).

Dietary supplementation with inorganic nitrate for 8-10 weeks reverses features of MetS in eNOS
~mice, improving glucose handling, hypertension, and dyslipidemia (28). It is not established
whether reduced NO bioavailability is a universal feature of MetS and/or T2DM, however nitrite
improved glycaemia in db/db mice (one month treatment; [29]) and ob'® mice (one week
treatment; [30]), whilst nitrate improved insulin sensitivity in high-fructose-fed rats over 10 weeks
(31), high-fat diet low-dose streptozotocin T2DM rats over two months (32) and high-fat-high-
fructose-fed mice over one month (33). At a tissue level, dietary nitrate increased mitochondrial
B-oxidation in the heart and skeletal muscle of rats and mice (34-36), and was associated with
increased voluntary wheel running in mice (37). Dietary inorganic nitrate enhanced white adipose
tissue browning in rats (38), and increased mitochondrial oxygen consumption (39) and glucose
oxidation (40) in white adipocytes. In liver, NO (generated by eNOS) inhibits activation of pro-
inflammatory Kupffer cells, a response characteristic of MASLD pathogenesis (41). Although,
long-term (17 months) nitrate supplementation did not result in adverse health effects in healthy
mice and was associated with improved insulin sensitivity (42), the long-term implications of
nitrate supplementation in obese animals remain unknown. This could be of particular importance
in light of the effects of overfeeding with lipids and carbohydrates on mitochondrial function and
reactive oxygen species (ROS) production against the complex interaction with tissue and whole-
body redox regulation vis-a-vis aging-related alterations in metabolic regulation by liver and

skeletal muscle.

We therefore sought to investigate whether dietary supplementation with a moderate dose of
inorganic nitrate (similar to that achievable with a human diet rich in leafy vegetables) ameliorates
the progression of metabolic comorbidities associated with diet-induced obesity in mice. We

hypothesized that inorganic nitrate would delay the development of metabolic and mitochondrial
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dysregulation in high-fat high-sucrose-fed mice via enhanced NO bioavailability and modulation

of tissue mitochondrial function.

Materials and Methods

Chemicals
Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (Merck Life Science

UK, Gillingham, UK).

Ethical Approval

All studies were carried out in accordance with United Kingdom Home Office legislation under
the Animals in Scientific Procedures (1986) Act and received prior approval from the University
of Cambridge Animal Welfare and Ethical Review Board. All procedures were carried out by a

personal license holder in accordance with these regulations.

Study Design

Male C57BI1/6J mice (n = 95; RRID: MGI:3028467) were purchased from a commercial breeder
(Charles River Laboratories, Margate, UK) at 3 weeks of age. Unless otherwise stated, all mice
were group-housed in conventional cages under controlled environmental conditions (21°C, 54%
humidity, 12 h photoperiod) and were allowed ad /ibitum access to food and water for the duration

of the study.

In the first week of vivarium acclimatization, mice received a standard laboratory rodent chow diet
(RM3(E), Special Diet Services, Essex, UK; 3.6 kcal.g”!, 39.7% carbohydrate, 22.4% crude
protein, 4.3% crude fat, forthwith referred to as ‘chow’) and distilled water ad libitum. From 4
weeks of age, mice were randomized into four experimental groups (n=23-24/group); two groups
continued to receive chow, whilst the others received a high-saturated fat, high-sucrose (HFHS)
diet (TD.88137, Envigo Teklad Diets, Madison, W1, USA; 4.5 kcal.g”!, 48.5% carbohydrate,
17.3% crude protein, 21.2% crude fat). Within each diet group, one experimental group received
drinking water supplemented with 1 mM sodium nitrate (NaNO3; TraceSELECT™, #71752,
Fluka; Honeywell Specialty Chemicals, Seelze, Germany) whilst the other received water

supplemented with 1 mM sodium chloride (NaCl; TraceSELECT™, #38979, Fluka) to control for
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sodium intake. Mice were maintained on their respective diets/treatments until they reached 4-, 8-
or 12-months of age (n=7-8/group, Fig. 1A). Body mass, food and water intake were measured

weekly.

Five (& 2) days prior to the end of the treatment period, mice were fasted overnight, before blood
was sampled from the lateral tail vein for determination of fasting blood glucose and clinical
chemistry analyses (Suppl. Methods). At 4-, 8- or 12-months of age (+2 days) mice were
terminally anaesthetized via an intraperitoneal injection of sodium pentobarbital (500 mg.kg!;
Euthatal Solution, Merial Animal Health Ltd., Bracknell, UK). A terminal (fed-state) blood sample
was collected via cardiac puncture, and the plasma separated (4000 x g, 10 min, 4°C; KsEDTA
anticoagulant) and snap frozen for later analyses. The heart, liver, soleus and gastrocnemius
muscles were rapidly collected (Suppl. Methods). Body composition was determined by dual
energy x-ray absorptiometry (DEXA; Suppl. Methods; Lunar PIXImus II, GE Medical Systems
Ltd., Chalfont St. Giles, UK). The left tibia was dissected and boiled for >5 hr to remove all soft

tissue, then precisely measured from the tibial plateau to the tip of the medial malleolus.

Metabolic Cages

For the 12—month cohort, mice underwent a 48—hour metabolic cage (Promethion®, Sable
Systems, Germany) protocol at 10 months (= 6 days) of age (Suppl. Methods). Data were
collected with a 1 Hz sampling rate and acquired and coordinated by the IM3 Interface Module
(v20.0.6, Sable Systems), with real-time measurement of respiratory exchange ratio (RER) and
calculation of energy expenditure (EE, via the Weir equation; [43]). Data were processed using
ExpeData (v1.9.27, Sable Systems) with Macro Interpreter (v2.32 Sable Systems) to process raw
data into 5 min bins. Metabolic cage data was corrected to body mass, lean mass or fat mass
covariates, as appropriate (44), determined by time domain nuclear magnetic resonance (TD-
NMR; Suppl. Methods). Data were analyzed using the CalR framework (45), adapted for a 2x2
factorial design, in R (46).

Blood Analyses

Insulin, FFAs, TAGs, total cholesterol, and HDL-cholesterol were measured in fasted blood
samples by the Core Biochemical Assay Laboratory (Cambridge University Hospitals, NHS
Foundation Trust, Cambridge, UK). LDL-cholesterol was calculated using the Friedewald
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equation (47). Fasted glucose and insulin measurements were used to calculate the homeostatic
model assessment (48) as a measurement of insulin resistance (HOMA-IR) adapted for murine

models, as previously described (49).

Plasma nitrate and nitrite concentrations were determined in the fed state using a dedicated high-
performance liquid chromatography analysis system (Eicom ENO-30, coupled to an AS-700
INSIGHT autosampler; Amuza Inc.), following methanol deproteinization as previously described
(50). Plasma concentrations of the liver enzymes alanine transaminase (ALT) and aspartate
transaminase (AST) were quantified via commercial ELISAs (#ab28282 and #ab263882, Abcam,
Cambridge, UK). The antioxidant capacity of plasma was determined via the ferric reducing
ability of plasma (FRAP) assay, as previously described (51). Lipid peroxidation was used as a
marker of oxidative stress and quantified in plasma by measurement of thiobarbituric acid reactive

substances (TBARS), as described (51).

Intestinal Morphology

For investigation of intestinal morphology, an additional cohort of male C57BI1/6J mice (aged 8
weeks, n=7) was purchased from the same commercial breeder and randomized to receive either
standard laboratory chow (RM3(E)) or HFHS diet (TD.88137). After 14 weeks, mice were
terminally anaesthetized, and the gastrointestinal tract dissected from the pyloric sphincter to the
rectum. After the caeccum was removed, the intestinal tract was cut into 4 sections (colon, plus
proximal, mid, and distal small intestine approximately equivalent to the duodenum, jejunum and

ileum), and prepared for histological processing, as previously described (52).

Hepatic Lipid Content
Hepatic lipid content was quantified using an optimized Folch extraction protocol for

quantification of liver-fat (53).

High-Resolution Respirometry

High-resolution respirometry was performed using an Oxygraph-2k (Oroboros Instruments,
Innsbruck, Austria) on saponin-permeabilized muscle fiber bundles from the cardiac apex, soleus
and gastrocnemius muscles and on liver left lateral lobe (LLL) homogenate, prepared as previously
described (54, 55). A substrate-uncoupler-inhibitor titration was carried out to assess

mitochondrial capacity as described in Table 1.
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Flux control ratios were calculated to determine the proportion of maximal oxidative
phosphorylation (OXPHOS) that could be supported by the F-pathway via -oxidation (FCRE; [1])
and by the N-pathway via complex I (FCRx; [2]), as well as the relative capacity to support
OXPHOS using octanoyl-carnitine and malate as substrates compared with pyruvate and malate
(FCRra/p; [3]). Mitochondrial OXPHOS coupling efficiency (OCE; [4]) was also calculated as a
measure of the proportion of OXPHOS not limited by LEAK-state respiration.

FCRy= g;;“g;’ [1]
FCRy= ;\f; 2]
FCRppp= % [3]
ocs- 20 gy

Liquid Chromatography-Mass Spectrometry Based Metabolite Analyses
Aqueous and organic metabolites were extracted from ~25 mg liver LLL or cardiac left ventricle
using a modified Bligh and Dyer method (56), as previously described (57), dried under nitrogen

and stored at -80°C until analysis.

For analysis of cardiac glycogenesis intermediates, half the aqueous fraction was reconstituted for
hydrophobic interaction liquid chromatography (HILIC), which was performed as previously
described (58) using Vanquish UHPLC" series coupled to a TSQ Quantiva Triple quadrupole Mass
Spectrometer (both Thermo Scientific). Identification of detected metabolites was performed using
targeted analysis of parent/daughter ion m/z and retention times from chemical standards: glucose:
+179.000—+89.000, 2.6 min; glucose-6-phosphate: +259.000—+97.077, 4.0 min; glucose-1-
phosphate: +259.000—+97.077, 3.9 min; UDP-glucose: +565.078—>+323.000, 3.88 min.

Analysis of acyl-carnitines in liver and heart, was carried out using a reconstituted mix of half of
each of the aqueous and organic phases, as previously described (55). Acylcarnitine analysis was
carried out on the same instrumentation as HILIC analysis, with data collection and processing in

both cases carried out using Xcalibur software (v.2.2, Thermo Scientific).
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Open-profiling lipidomics was carried out as previously described (57) with lipid data collected
using the Fourier transform mass spectrometer analyzer set in profile mode with a resolution of
60,000 (Ultimate 3000 UHPLC system) coupled to an LTQ Orbitrap Elite Mass Spectrometer
[both Thermo Fisher Scientific]). A full scan was performed across an m/z range of 110-2000.
Lipid metabolites were processed as previously described (57) with peaks identified by XCMS
software (59) based on an approximate chromatographic peak detection (FWHM) of 5 seconds
and a signal to noise threshold ratio of 5. Peaks were annotated by accurate mass, using an

automated in—house R script and by comparison to the LipidMaps database (60).

All data were normalized to the intensity of appropriate internal standards and to sample protein

concentration (Pierce BCA Assay, Thermo Scientific) to account for differences in sample size.

Reverse Transcription-Quantitative PCR

Total RNA was extracted from ~30 mg liver LLL or ~25 mg cardiac left ventricle using an RNeasy
Fibrous Tissue Mini kit (QIAGEN Ltd., Manchester, UK) according to the manufacturer’s
instructions. RNA (1 pg, quantified via Nanodrop-2000 spectrophotometer) was transcribed to
cDNA using the QuantiTect Reverse Transcription kit (QIAGEN) and stored at -20°C prior to
analysis. Real time qPCR was carried out using a LightCycler® 480 System (Roche) fitted with a
384-well block, using the QuantiNova SYBR Green PCR kit (QIAGEN) and QuantiTect primer
assays (QIAGEN; Suppl. Table 1). Expression was determined in triplicate from each biological
replicate. Fold-change in gene expression was determined using the relative standard curve
method, with expression of all genes normalized to the geometric mean of three housekeeping

genes: Rnl8s, Srsf4 and Hmbs in liver, and Actb, Ywhaz and Rn18s in heart.

Histology

Sections were fixed in PFA (cardiac mid-sections) or formalin (LLL and intestinal sections) and
embedded into paraffin blocks using standard laboratory methods. For LLL sections, tissue was
processed at the Histopathology Core (MRC Metabolic Diseases Unit, Cambridge). All tissue was

sectioned at 7 pm using an RM2235 Microtome (Leica Biosystems).

Liver and intestinal morphology was determined via hematoxylin (#ab220365, Abcam) and eosin
staining (H&E) using standard laboratory protocols. Cardiac and hepatic fibrosis was determined

by staining for collagen using picrosirius red (PSR, Suppl. Methods) whilst cardiac glycogen was
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stained using Periodic Acid Schiff (PAS, Suppl. Methods). Following staining, slides were
dehydrated in ethanol, cleared in xylene and mounted using DPX. Fix-frozen right lateral lobe was
used to histologically assess hepatic steatosis following cryosectioning at 10 pm; neutral lipid was

stained with oil red O (ORO) and slides mounted in glycerin gelatin (Suppl. Methods).

Slides were imaged with a NanoZoomer 2.0-RS with images collect using NDP.view2 (v2.9.25,
Hamamatsu Photonics, Japan). At least 3 independent sections per biological replicate were
examined and analyzed. To determine the level of hepatic pathology, a MASLD activity score
(MAS) was generated for each section using sections blinded for experimental condition (Suppl.
Table 2; [61]). Quantification of villus length was carried out manually in NDP.view2, with 10
intact villi measured per quadrant per intestinal section (62). Quantification of PSR and PAS in
cardiac sections were determined following color deconvolution in ImageJ (63). PAS staining was
corrected for that in control sections treated with a-amylase to account for any non-glycogen PAS

staining.

Statistics

All data are presented as mean =+ standard error, unless otherwise stated, with differences accepted
as statistically significant when p < 0.05. All univariate statistical tests were carried out in R (45)
with graphs produced in Prism (v.10.0.3, GraphPad Software LLC., Boston, MA, USA).
Multivariate statistical analysis was carried out using SIMCA-17 (Umetrics, Sartorius Stedim Data
Analytics AB, Umed, Sweden). Unless otherwise stated, statistical analysis was carried out in line
with two a priori questions outlined before commencing the study: (a) at each time point, is there
an effect of diet or nitrate supplementation? (b) is there an effect of diet or nitrate supplementation
on age-related and/or disease progression? For each question, 2-way ANOVAs were carried out
on the relevant experimental cohorts as appropriate, with correction for false discovery rates as
required (Suppl. Fig. 1). When significant interactions were found, Tukey’s post hoc honest

significance difference (HSD) test was used to consider relevant interactions (Suppl. Fig. 1).
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Results

Whole-body metabolic phenotype.

Mice fed a HFHS diet developed obesity that persisted throughout the 44 weeks of the study (Fig.
1B). After 3 weeks on the respective diets, HFHS-fed mice were 4.6% heavier than chow-fed mice
(p<0.01) and by 12-months of age, HFHS-fed mice were 37.6% heavier than their counterparts on
the control chow diet (p<0.0001; Fig. 1B). There was no effect of nitrate supplementation on body
mass (Fig. 1B).

Food intake remained constant throughout the study, with chow-fed mice consuming 4.0 + 0.03
g.mouse™!.day"! and HFHS-fed mice eating 3.1 + 0.05 g.mouse'.day"!. However, as the HFHS-diet
was more calorie-dense, there was no significant difference in energy intake between the
experimental groups throughout the study (Table 2). HFHS-fed mice drank 27.9% less water per
day (p<0.01; Table 2) compared with chow-fed controls, likely due to the higher sodium content
of latter (0.3% in HFHS vs. 10% in chow diet). Despite this, mice receiving drinking water
supplemented with 1 mM NaNOs had a 5-fold higher intake of nitrate compared with NaCl-
supplemented controls (p<0.0001; Table 2). This resulted in a plasma nitrate concentration that
was 1.9-fold higher than in NaCl-supplemented controls at 4 and 8-months of age (p<0.05; Table
3). Circulating nitrite concentrations were significantly elevated only in 4-month-old mice fed
standard rodent chow (Table 3). At 12-months there were no differences in plasma nitrate levels

between any of the experimental groups (Table 3).

The greater body mass observed in HFHS-fed mice compared with chow-fed mice was reflected
in a greater body fat percentage, and correspondingly, a lower lean body mass percentage
(p<0.0001; Fig. 1C, D). Body fat was ~2-2.5-fold greater, whilst lean mass was approximately
one third less in mice fed a HFHS diet, compared with chow-fed controls. In the 8-month cohort,
HFHS-fed mice also receiving NaNO3 had 31.3% more body fat and 13.3% less lean mass
compared with chloride-supplemented counterparts on the HFHS diet (p<0.05), although this

exacerbation of obesity in nitrate-fed mice was not seen at 12-months (Fig. 1C, D).

Mice fed a HFHS diet had a fasted blood glucose concentration that was 36.7% higher than that

of chow-fed mice across all ages assessed (p<0.01), with no difference in fasted plasma insulin

10
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concentration (Table 3). Accordingly, HFHS-fed mice had ~2-fold higher HOMA-IR scores
indicating evidence of insulin resistance, which reached statistical significance in mice
supplemented with NOs™ from 8-months of age compared with their chow-fed counterparts
(p<0.05; Fig. 1E). Total, HDL and LDL cholesterol were elevated in mice fed a HFHS diet across
all ages compared with chow-fed controls (2.6-fold, 2.1-fold and 3.7-fold higher respectively;
p<0.05; Table 3). Total and LDL cholesterol were also elevated in the 12-month HFHS-NO3
cohort, compared with both the same group at 4-months of age (69.1% total, 2.1-fold LDL; p<0.01;
Table 3), and with the 12-month HFHS-CI group (30.9% total, 1.5-fold LDL; p<0.05; Table 3),
suggesting an exacerbation of dyslipidemia with longer-term nitrate supplementation. Cholesterol
ratio (total/HDL cholesterol, [64]) was also elevated in HFHS-NO3s mice at 8-months and 12-
months of age, compared with chow-fed controls (23.1%; p<0.05; Fig. 1F) and raised at both of
these time-points in comparison with 4-month-old HFHS-NOs-fed mice (20.2%, p<0.05; Fig. 1F).
There were, however, few clear differences in the plasma free fatty acids or triacylglycerol (TAG)

concentrations as a result of age, diet or nitrate treatment (Table 3).

We also detected elevations in plasma levels of the liver enzymes ALT and AST indicative of liver
damage (65). In chloride-supplemented HFHS-fed mice, plasma ALT concentration was 92.4%
higher at 8-months (p<0.05) and 96.4% higher at 12-months (p<0.01) in comparison with chow-
fed controls, whilst in those receiving nitrate, plasma ALT concentration was 2.9-fold greater at
8-months (p<0.01) and 4.8-fold greater at 12-months (p<<0.0001) compared with chow-matched
controls (Table 3). Plasma AST concentration was also elevated in HFHS-fed mice: in the 8-
month cohort, plasma AST was 64.3% higher than in chow fed mice (p<0.01) whilst at 12-months,
HFHS-NOs3 fed mice showed a plasma AST concentration 3.5-fold higher than chow-NO3 mice
(p<0.001; Table 3).

Quantification of TBARS in plasma showed that, at every time point, lipid peroxidation was higher
in HFHS-fed mice compared with chow-fed controls (2.6-fold; p<0.05; Fig 1G), with no effect of
nitrate supplementation. This increase in lipid peroxidation was not associated with any differences
in plasma antioxidant capacity, as shown by similar FRAP concentrations across all cohorts (Fig.

1H).
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Taken together, this data does not support a protective effect of nitrate supplementation for

metabolic health during diet-induced obesity.

Whole-body energy balance.

Next, we sought to determine whether HFHS-feeding or nitrate administration altered whole body
energy balance, as has been previously reported (66, 67). We used indirect calorimetry and activity
measurements to investigate energy utilization in the 12-month cohort whilst mice were 10 months

of age (Fig. 2A-E).

Throughout the 48-hour metabolic cage protocol, chow-fed mice had a higher respiratory exchange
ratio (RER) than HFHS-fed mice (0.84 + 0.005 vs. 0.76 + 0.002; p<0.001) that was independent
of nitrate supplementation (Fig. 2A, B), indicating that HFHS-fed mice were more reliant on fat-
oxidation than their chow-fed counterparts (68). Chow-fed mice also showed a greater difference
in RER between the peaks and troughs recorded during light and dark periods compared with
HFHS-fed mice (Fig. 2A-C), indicating greater metabolic flexibility to switch between the fed and
fasted states, and this reached statistical significance in NaCl-supplemented mice (47.0% lower in

HFHS-CI mice, p<0.05; Fig. 2C).

HFHS-fed mice had a total energy expenditure (EE) that was 20.3% greater than mice maintained
on the chow diet (p<0.0001; Fig. 2D), with no effect of nitrate supplementation. When normalized
to body mass, however, EE was 11.2% lower in HFHS-fed mice, compared with chow-fed mice
(p<0.05; Fig. 2E). Again, there was no apparent effect of nitrate supplementation, although mass-
corrected EE was 13.5% lower in the inactive light period in HFHS-NO3; mice compared with
chow-fed controls (p<0.05; Fig. 2E). Regression analysis demonstrated that EE varied consistently
with total body mass across all experimental groups (Suppl. Fig. 2A).

Given the relationship between EE and body mass, we investigated how the HFHS-diet might
exert an obesogenic effect despite similar caloric intake and EE compared with chow-fed controls.
First, we investigated mitochondrial respiratory capacity in the skeletal muscle, since this is the
largest insulin-sensitive tissue in the body (69) and largely dominates the measurement of whole-

body RER (70). We found very little difference in mitochondrial respiration between cohorts in
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either soleus (oxidative type-I muscle) or gastrocnemius (a more glycolytic type-II muscle, [71];
Suppl. Fig 2B, C), with similar OXPHOS coupling efficiencies across treatment groups, within
given muscle types (Suppl. Fig. 2D).

However, contribution to maximal OXPHOS through the F-pathway via -oxidation (FCRFr) was
38.8% higher in gastrocnemius from 8-month-old HFHS-NO3; mice compared with chow-fed
controls (p<0.05; Fig. 2F) and the relative capacity for fatty acid oxidation (FCRra/r) was also
higher in gastrocnemius from HFHS-fed mice compared with chow-fed controls (26.0% higher in
8-month-old HFHS-NO3 mice; 32.6% higher in 12-month HFHS-Cl mice; p<0.05; Fig. 2G). These

differences were not apparent in soleus (Fig. 2F, G).

These findings support a shift in mitochondrial substrate preference in the gastrocnemius of HFHS-
fed mice, but did not indicate a reduction in overall muscle oxidative capacity or altered

mitochondrial efficiency.

Next, we investigated whether the HFHS diet resulted in similar changes in intestinal morphology
to those previously reported to result from dietary fructose (62). Accordingly, a cohort of mice fed
the HFHS diet for 8-weeks showed longer villi across the small intestine and deeper colonic crypts
than chow-fed controls (62.8%, p<0.0001; Fig. 2H, Suppl. Fig. 2E). This suggests that obesity in
the HFHS-fed mice resulted from increased nutrient absorption rather than increased intake or

reduced expenditure.

Cardiac metabolism and fibrosis.

As ~65% of diabetes-related mortality arises from cardiovascular diseases (72), with alterations in
myocardial metabolism considered central to the etiology (73), we sought to investigate whether
inorganic nitrate supplementation altered cardiac metabolic function in HFHS-fed mice. There was
no difference in either heart mass (Suppl. Fig. 3A) or heart mass normalized to tibia length (a

proxy for body size [74]) as a result of age, diet or nitrate supplementation (Fig. 3A).

Cardiac glycogen content was assessed in sections of cardiac midsection using PAS staining (Fig.
3B, C). When corrected for staining in the presence of a-amylase, the hearts of 12-month-old

HFHS-fed mice showed 3.0-fold higher PAS staining than those of age-matched chow-fed controls
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(p<0.0001), indicative of increased glycogen content (Fig. 3C). The area staining positively for
PAS was also 82.5% higher in the HFHS-CI cohort than the HFHS-NOs3 cohort at 12-months of
age (p<0.01, Fig. 3C), indicating that glycogen accumulation was prevented when mice were

supplemented with nitrate.

Using HILIC-mass spectrometry, we quantified metabolites involved in glycogen synthesis in the
left ventricle (Fig. 3D-G). HFHS-fed mice had 59.6% higher cardiac glucose levels compared with
chow-fed controls across all cohorts (Fig. 3D), which may be due to the high sucrose content of
the diet. HFHS-Cl-fed mice had 87.5% higher cardiac glucose at 4-months (p<0.05) and 3.5-fold
higher cardiac glucose at 8-months (p<0.01) compared with chow-Cl mice, whilst HFHS-NOs-fed
mice showed a 2.5-fold higher cardiac glucose than chow-fed controls at 12-months of age
(p<0.05, Fig. 3D). Cardiac glucose-6-phosphate showed no difference across age, diet or nitrate
supplementation (Fig. 3E), however glucose-1-phosphate levels were 60.3% lower in hearts from
HFHS-NO3 mice compared with HFHS-CI mice at 4-months of age (p<0.05; Fig. 3F). Glucose-
I-phosphate levels in HFHS-CI fed mice, however, showed decreasing levels with age (Fig. 3F),
being 33.2% lower in 8-month-old mice compared to 4-month-old mice, and 73.5% lower in 12-
month-old mice fed HFHS-CI (p<0.05; Fig. 3F). There was no difference in cardiac levels of UDP-
glucose as a result of diet or nitrate supplementation (Fig. 3G). However, compared with 8-month-
old mice, hearts from 12-month-old mice fed a HFHS diet showed a lower level of UDP-glucose,
with detected levels being 43.0% lower in the hearts of HFHS-fed mice (p<0.05) at 12-months
compared with those at 8-months of age (Fig. 3G).

The expression of genes involved in glycogen synthesis was unaffected by diet or nitrate
supplementation (Fig. 3H-J), however, both glycogen synthase 1 (Gys/) and PppIca (one of the
catalytic subunits of protein phosphatase 1) showed lower expression in the hearts of older HFHS-
fed mice. In HFHS-fed mice receiving NaCl, Gys I expression was 50.2% lower (p<0.05; Fig. 3H)
and Ppplca was 51.8% lower (p<0.01; Fig. 3I) at 12-months than at 4-months. However, in
HFHS-NOs-fed mice, lower expression was detectable in the 8-month cohort, with Gys/
expression 54.5% lower at 8-months (p<0.001) and 61.8% lower expression at 12-months
(p<0.0001) compared with hearts from 4-month-old mice (Fig. 3H), and Ppp ca expression 42.8%
lower at 8-months (p<0.05) and 56.5% lower at 12-months (p<0.001) compared with that at 4-
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months (Fig. 3I). There were no differences in cardiac expression of Gsk3a as a result of age or

disease progression (Fig. 3J).

Taken together, these findings suggest that nitrate supplementation minimizes glycogen
accumulation as a result of long-term HFHS feeding. Glycogen accumulation, which can occur in

the diabetic heart (75) has been linked to the cardiometabolic stress response (76).

We next investigated myocardial fat metabolism, given that fatty acids are the predominant source
of ATP in the healthy heart (77) and alterations in substrate usage are canonical markers of both
the diabetic and failing heart (73, 78). Total TAG content of the left ventricle (as determined by
LC-MS peak intensity) was 61.1% higher at 4-months (p<0.05) and 2.4-fold higher at 8-months
(p<0.01) in HFHS-fed mice compared with chow-fed controls (Fig. 4A). However, in nitrate-
supplemented HFHS-fed mice, cardiac TAGs were not greater than in chow-fed mice (Fig. 4A).
Similarly, total cardiac diacylglycerol (DAG) was 53.1% higher in HFHS-CI mice at 4-months
(p<0.0001) and 79.8% higher at 8-months (p<0.0001) compared with chow-fed controls (Fig. 4B),
whilst HFHS-NOs fed mice showed no differences in cardiac DAG levels compared with chow-
fed mice. However, chow-NOs-fed mice showed higher cardiac levels of DAGs at 4-months
(+29.6%, p<0.05) and at 8-months (+31.3%, p<0.05) compared with aged-matched chow-Cl mice
(Fig. 4B). Inorganic nitrate supplementation therefore limited lipid accumulation in the heart, as a

result of HFHS-feeding.

Moreover, combined HFHS-NOs3 feeding prevented a reduction in the total acyl-carnitine pool that
was observed in hearts from mice fed HFHS-CI at 4-months (-21.2%, p<0.05) and 12-months (-
35.2%, p<0.01) compared with chow-fed controls (Suppl. Fig. 3B). However, HFHS-feeding
resulted in alterations to the composition of the cardiac acyl-carnitine pool, independent of nitrate
supplementation (Fig. 4C, D; Suppl. Fig. 3C). There was a relative depletion in the contribution
of short-chain (total carbons C2—C5) acyl-carnitines to the total cardiac carnitine pool in mice fed
a HFHS diet (Fig. 4C), reaching significance in the 4-month-old HFHS-CI] mice (11.0% lower
than chow-Cl hearts, p<0.01) and 8-month-old HFHS-NO3 mice (6.6% lower than chow-NO3
hearts, p<0.05), whilst long-chain acyl-carnitines (total carbons *C13) showed a 3.3-fold higher
contribution to the total cardiac carnitine pool in 4-month-old HFHS-CI fed mice (p<0.05) and
2.3-fold higher in HFHS-fed mice, independent of nitrate supplementation at 8-months (p<0.05;
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Fig. 4C). Medium-chain acyl-carnitines (total carbons C6-C12) were higher in HFHS-fed mice,
regardless of age or nitrate supplementation (p<0.01; Fig. 4C, D).

To investigate whether these changes in metabolites were reflected in mitochondrial capacity, we
investigated cardiac mitochondrial respiratory function in saponin-permeabilized fiber bundles.
We found no differences in mass-specific respiration in any state assayed, due to diet, nitrate nor
age (Suppl. Fig. 3D). However, at 12 months, relative contribution of fatty acid oxidation (FCRF)
was 13.9% higher in the hearts of HFHS-fed mice than those of chow-fed mice regardless of nitrate
supplementation (p<0.01, Fig. 4E). The capacity for fatty acid oxidation relative to pyruvate
oxidation (FCRra/p) was also higher in the hearts of 12-month-old HFHS-fed mice: HFHS-CI fed
mouse hearts had 11.8% higher FCRra» compared with chow-Cl mouse hearts (p<0.05), whilst
HFHS-NO3 mice had a 20.9% higher cardiac FCRra/» than chow-NO3 mice (p<0.05, Fig. 4F).

We also investigated cardiac fibrosis histologically in cardiac midsections using picrosirius red
(PSR) staining for collagen (Fig. 4G). Analysis of the area staining positive for collagen showed
that, at all ages, HFHS-NO3 fed mice had a 71.7% higher cardiac collagen content than chow-fed
controls (p<0.01, Fig. 4H). At 8-months, hearts from HFHS-NO3 mice also showed a collagen
content that was 45.4% higher than that of hearts from HFHS-CI mice (p<0.05). This trend of
higher collagen content in HFHS-NO3 mouse hearts compared with HFHS-CI mice was also seen

at 4-months (40.9% higher; p = 0.0624) and 12-months (23.8% higher; p = 0.107; Fig. 4H).

In summary, inorganic nitrate supplementation exerted a metabolic benefit in the HFHS-fed mouse
heart, through minimizing cardiac lipid accumulation and delaying glycogen accumulation, but
did not affect mitochondrial respiratory capacity, and resulted in increased cardiac fibrosis from 4

months.

Inorganic nitrate and MASLD progression.

A common, silent comorbidity of obesity is MASLD (79). We therefore investigated the effect of
inorganic nitrate supplementation on liver metabolism and MASLD progression in HFHS-fed

mice.
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At 12-months, mice fed a HFHS-diet had livers that were 1.8-fold larger (relative to body mass)
than chow-fed controls (p<0.0001; Fig. SA). Interestingly, HFHS-NO3 fed mice showed greater
hepatomegaly than HFHS-CI fed mice (total liver mass being 1% heavier relative to body weight,
p<0.05; Fig. SA). HFHS-NOs3 mice also had a greater prevalence of tumors, with 50% of this group
having visible tumors on the liver surface, compared to only one mouse in the HFHS-CI group and

none in chow-fed mice (¥*(df = 3, N = 32) = 10.2, p<0.05; Fig. 5B).

As hepatocellular carcinoma (HCC) is a known consequence of MASLD, we investigated
transcriptional markers of HCC (80, 81) in livers across all cohorts (Fig. 5C-E). Akr1b10, a marker
positively associated with HCC progression, was elevated in 12-month-old HFHS-fed mice,
compared with chow-fed controls, irrespective of nitrate supplementation (4.7-fold, p<0.01; Fig.
5C). Moreover, HFHS-NOs-fed mice showed specific elevation of the HCC marker Spp/, which
was 3.2-fold higher than chow-fed mice at 8-months-of age (p<0.01) and by 12-months, showed
expression that was 11.1-fold higher than in chow-fed controls (p<0.0001) and 2.4-fold higher
than HFHS-CI fed mice (p<0.01; Fig. SD). Hepatic Spp! expression also showed a progressive
increase in HFHS-NOs-fed mice, with an 8.6-fold higher (p<0.0001) and 3.3-fold higher (p<0.001)
expression at 12-months compared with 4- and 8-months respectively (Fig. 5D). Furthermore, Hrg
(a marker negatively associated with HCC) was lower in livers of HFHS-NOs-fed mice from 8-
months of age, reaching significance in the 12-month cohort compared with chow-fed controls
(61.7%, p<0.05; Fig. SE). Hrg expression was also 64.7% lower in 8-month-old mice (p<0.01)
and 77.2% lower in 12-month-old mice (p<0.0001) fed a HFHS-NO3 diet, compared with the same
cohort at 4-months-old (Fig. SE).

We further undertook blind histological scoring of MASLD activity (MAS) in livers from mice of
all cohorts (Fig. SF-I). Representative histological images are shown in Fig. SF-H. Mice fed a
HFHS diet had livers with MAS that were, on average, 4.46 points higher than those maintained
on chow (p<0.001), independent of nitrate supplementation (Fig. SI).

As the steatotic component of MAS was graded 2.1 points higher in HFHS-fed mice compared
with chow-fed controls at every time point (p<0.0001, Suppl. Fig. 4A), hepatic lipid content was
quantified to more accurately examine differences in hepatic lipid load across the experimental

cohorts (Fig. 5J). Whilst HFHS-fed mice showed clear steatosis with 4.4-fold more fat per gram
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liver tissue compared with chow-fed controls (p<0.01, Fig. 5J), inorganic nitrate supplementation

did not alter the steatotic component of MASLD.

In contrast, expression of the fibrotic markers Serpinel and Pdgfb indicated that fibrosis may be
elevated at an earlier stage in HFHS-NO3-fed mice compared with HFHS-CI mice (Fig. 5K, L).
Whilst Serpinel expression was elevated 20.0-fold in livers from HFHS-Cl-fed mice at 12-months
compared with chow-fed controls, there was no difference in expression of Serpinel in HFHS-CI
and chow-Cl livers from younger mice (Fig. SK). In HFHS-fed mice supplemented with NOs,
however, Serpinel showed a 6.7-fold higher expression at 8-months (p<0.05) and 8.5-fold higher
expression at 12-months (p = 0.0532) compared with chow-fed controls (Fig. SK). Likewise,
Pdgfb expression was 3.1-fold higher at 8-months (p<0.01) and 13.3-fold higher (p<0.05) at 12-
months in the livers of HFHS-CI mice compared with those of chow-Cl mice, whilst in HFHS-
NOs3 supplemented mice Pdgfb showed a 3.6-fold higher expression at 8-months (p<0.0001) and
13.2-fold higher expression at 12-months (p<0.01) compared with chow-fed controls (Fig. SL).

Taken together, this data suggests that nitrate supplementation accelerates MASLD progression in
HFHS-fed mice, including greater incidence of hepatocellular carcinoma. Whilst nitrate did not

alter steatosis, fibrosis was initiated earlier in HFHS-NOs livers than those of HFHS-CI mice.

Hepatic lipid metabolism and mitochondrial function.

Finally, given the changes in steatosis in HFHS-fed mice, we sought to investigate whether the
lipidome and, subsequently, fat metabolism, were altered in mice fed a HFHS diet or inorganic
nitrate. Open-profiling lipidomics identified over 900 lipid species present in the livers of mice
across all experimental conditions and time points. Principal component analysis (PCA) revealed
that the hepatic lipidomes of HFHS-fed mice were distinct from those of chow-fed mice (R2X(cum)
= 88.3%, Q?%cum) = 82.2%), irrespective of nitrate (Suppl. Fig. 4B). Plotting all lipids by species
indicated clear differences due to diet in the phosphatidylserine (PS) and TAG complement of the
lipidome (Suppl. Fig. 4C) with more subtle changes due to age and nitrate supplementation also

appearing in these classes.
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We therefore investigated the changes occurring in the PS and TAG complement in more depth.
Partial least square-discriminant analysis (PLS-DA) of the PS (R”X(um) = 95.3%, R*Y(cum) =
40.2%, Q?cum) = 24.1%, p<0.05; Suppl. Fig. 4D) and TAG (R?X(cum) = 84.6%, R?Y (cum) = 28.5%,
Q%(cum) = 26%, p<0.0001; Suppl. Fig. 4E) complements, respectively, in chloride-supplemented
mice, revealed that these lipid classes alone were sufficient to discriminate between livers of chow
and HFHS-fed mice. PS species were depleted across the board in livers of mice fed a HFHS diet,
independent of nitrate supplementation (Fig. 6A), and, whilst TAGs were generally increased in
HFHS-fed mice livers, there was greatest accumulation of species associated with de novo
lipogenesis (total carbons 44 to 48, [82]; Fig. 6B). Interestingly, the top 5 species differentiating
HFHS from chow-fed livers (by variable importance parameter (VIP) score) for both PS and TAGs
were highly correlated with the score given for steatosis in MAS (all p<0.0001; Pearson’s
correlation). The most highly correlated PS (PS[34:2]; R> = 0.7733) and TAG (TG[46:1]; R? =
0.8211) were 99.9% lower (p<0.0001; Suppl. Fig. 4F) and 42.3-fold higher (p<0.0001; Suppl.
Fig. 4F) respectively in livers with histologically classified steatosis (MAS steatosis score 2 or 3)
compared with those without steatosis (MAS steatosis score 0 or 1), suggesting these lipidomic

differences are associated with MASLD not just increased dietary intake of lipid.

We next considered the expression of genes involved in hepatic lipid catabolism and anabolism.
Lipogenesis genes were found to be generally upregulated in HFHS-fed mice (Fig. 6C-E). Fatty
acid synthase (Fasn) showed a 7.4-fold higher expression at 4-months and 5.0-fold higher
expression at 8-months in HFHS-CI mice compared with chow-fed controls (p<0.01; Fig. 6C) with
no impact of inorganic nitrate supplementation. Stearoyl-coA desaturase 1 (Scdl) was expressed
8.1-fold higher in livers from 4- and 8-month-old HFHS-fed mice regardless of nitrate-
supplementation (p<0.05; Fig. 6D). Similarly, acetyl-coA carboxylase (Accl) was expressed 2.9-
fold higher in 4- and 8-month-old HFHS-fed mice (p£0.05; Fig. 6E), but remained elevated in 12-
month-old HFHS-NO3 mice, where expression was 3.6-fold higher than in chow-fed controls
(p<0.05; Fig. 6E). Interestingly, the genes encoding the B-oxidation enzymes 3-hydroxyacyl-CoA
dehydrogenase (Hadh) and long-chain acyl-coA dehydrogenase (Acadl) showed an age-dependent
expression profile (Fig. 6F, G). In 4-month-old HFHS-CI mice, Hadh expression was 4.7-fold
higher (p<0.0001; Fig. 6F) and Acadl expression was 2.2-fold higher (p<0.01; Fig. 6G) compared

with chow-fed controls. However, there was no difference due to diet nor nitrate-supplementation
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in 8-month-old mice, and by 12-months-old, Hadh expression was 60.3% lower in HFHS-NO3
mice (p<0.05; Fig. 6F) and Acadl expression was 45.4% lower in HFHS-CI mice (p<0.05, Fig.
6G) compared with chow-fed controls. Chow-NOs-fed mice also showed 44.0% lower Acadl
expression at 12-months compared with chow-Cl-fed mice (p<0.05; Fig. 6G).

We next investigated the acyl-carnitine profile of the liver. The total acyl-carnitine pool was 40.7%
lower in HFHS-fed mice compared with chow-fed mice (Suppl. Fig. SA). However, as in the
heart, there were alterations to the composition of the hepatic acyl-carnitine pool independent of
nitrate supplementation (Fig. 6H, I; Suppl. Fig. 5B). At all time-points, relative levels of long-
chain (*C13) acyl-carnitines were 3.4-fold higher in HFHS-fed mice (p<0.05), whilst 8- and 12-
month-old HFHS-fed mice showed 22.8% lower contribution of free carnitine to the total carnitine
pool (Fig. 6H). Surprisingly, there was no concurrent suppression in the relative level of short-
chain (C2-C5) acyl-carnitines with the accumulation in long-chain acyl-carnitines, except in 12-
month-old HFHS-NO3 mice, where the relative contribution of short-chain acyl-carnitines to the
total carnitine pool was 18.2% lower than chow-fed controls (p<0.01; Fig. 6H). There were no

differences in relative levels of medium-chain acyl-carnitines (Fig. 6H, I).

Finally, we assessed whether changes measured in the liver during MASLD progression were
associated with alterations in mitochondrial respiratory function. Generally, mice fed a HFHS-diet
tended to have a lower mass-corrected respiratory capacity in all states at all ages, independent of
nitrate supplementation. This was especially evident with B-oxidation supported respiration
(OctM; and OctMp) and following stimulation of complex II with succinate (GMSp, GMSE and
Se; Suppl. Fig. 5C). In-line with this, the capacity for fatty acid oxidation relative to pyruvate
oxidation (FCRrar) was 23.7% lower in the livers of 4-month-old HFHS-fed mice (p<0.05) and
30.3% lower in the livers of 8-month-old HFHS-NO3 mice (p<0.01), compared with chow-fed
controls (Fig. 6J). However, the contribution of the N-pathway to maximal OXPHOS (FCR~) was
34.6% higher in 4-month-old HFHS-fed mice regardless of nitrate supplementation (p<0.05) and
42.1% higher in 4-month-old HFHS-NO3 mice (p<0.01) compared with chow-fed controls (Fig.
6K).

Taken together, these results highlight that hepatic lipid metabolism is impacted by HFHS-feeding,

with metabolic changes occurring early and persisting throughout life in mice fed a HFHS-diet.
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Discussion

Inorganic nitrate has been suggested as a possible treatment for obesity-related metabolic disease
owing to the relative ease of modifying intake through the diet (83) and favorable effects upon
acute administration including increased bioavailability of NO (20), improvement of
mitochondrial efficiency (66) and enhanced mitochondrial B-oxidation (35). Collectively, these
have been proposed to be beneficial in treating metabolic diseases by ameliorating any effects of
mitochondrial dysfunction and providing a mechanism for dissipating excess FFA. However, here
we show that dietary supplementation with a moderate dose of inorganic nitrate supplementation
(achievable in humans via a modest increase in leafy green vegetable consumption [84]) was not
effective as a therapeutic intervention in mice with diet-induced obesity, and was instead
associated with adverse effects in HFHS-fed mice (Fig. 7). Most notably, dietary supplementation
with inorganic nitrate resulted in an elevated plasma LDL cholesterol, increased cardiac fibrosis
and accelerated MASLD severity in HFHS-fed mice, including a significant, detectable tumor
burden in 12-month-old HFHS-NOs3 fed mice.

A major strength of this study is that we have investigated the metabolic phenotype at multiple
timepoints over a sustained timeframe. Many studies investigating metabolic alterations bought
about by obesity or diabetes consider a single time point in comparison with a healthy control.
However, type-II diabetes is a progressive disease that exists on a spectrum from mild insulin
resistance to overt glucose intolerance with b-cell impairment and it is therefore important to
consider when and where adverse metabolic remodeling occurs as the disease progresses. This
temporal analysis has also allowed us to consider some of the longer-term effects associated with
nitrate-supplementation, which are not apparent over a shorter time frame. Furthermore, we have
utilized a range of gold-standard techniques allowing an in-depth dissection of the progressive
obesity phenotype alongside changes in mitochondrial function, tissue metabolism and

morphology.

Our findings add clarity to the time course of metabolic derailment occurring over the development
of obesity and related comorbidities. This is evident, for instance, in the liver where our in-depth
analysis of the MASLD phenotype, accompanied with whole lipidome analysis and mitochondrial
functional measurements has allowed a comprehensive assessment of the metabolic changes

occurring from a healthy tissue all the way to severe disease. For instance, whilst PS depletion has
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previously been shown to occur in MASH patients (85), our data highlights that PS depletion
occurs from the very earliest time points of metabolic derailment, prior to progression to MASH.
Furthermore, combined suppression of PSS1 and PSS2 (enzymes involved in the synthesis of PS)
lowered hepatic PS in mice and concurrently increased hepatic TAG (86), in agreement with the
changes reported here. However, we additionally show that these changes are accompanied by
alterations in the balance between hepatic lipid catabolism and anabolism, alongside changes in

mitochondrial respiratory function.

Our finding of detrimental consequences of inorganic nitrate in HFHS-diet fed mice (Fig. 7) can
be considered alongside previously published benefits of nitrate supplementation in healthy
rodents. For instance, up to 17-months of inorganic nitrate supplementation at an equivalent dose
was shown to have no adverse effects in male C57Bl/6 mice, and improved fasting insulin in these
mice (42), however, these mice were maintained on a standard laboratory chow (with depleted
nitrate, [42]). The adverse effects observed in the HFHS-NO3 mice here are likely to result from
an interaction between the obesogenic diet and the nitrate itself; indeed, we also observed no
adverse effects in nitrate supplemented mice fed a standard laboratory chow diet. Of note,
however, nitrate-supplementation did not result in any improvement in fasting insulin in chow-fed

mice in our study, contrary to that previously observed (42).

Furthermore, inorganic nitrate has been shown to increase mitochondrial -oxidation capacity in
rat skeletal muscle (35, 87), a finding which gave rise to some of the hypothesized benefits of
inorganic nitrate supplementation in obesity-related comorbidities. However, this effect was not
observed in NOs-supplemented mice here, regardless of whether they received standard chow or
HFHS diet, or whether soleus or gastrocnemius muscle was analyzed. This apparent discrepancy
is likely due to the lower baseline nitrate levels of rats in comparison to mice (88) resulting in
reduced elevations in plasma nitrate levels achievable in mice, as used in this study, through dietary
supplementation with NaNOs. Whilst plasma levels of nitrate in rats are more similar to those in
humans (88, 89), one of the significant advantages of this work was that by using mice rather than
rats, a long-term study could be carried out (90), allowing us to observe the metabolic alterations

over the entire course of obesity progression.
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Additionally, our finding of increased cardiac fibrosis in HFHS-NO3 mice contrasts with previous
studies which have shown a nitrate driven amelioration of fibrosis in the kidney and heart as a
result of obesity or hypertension in rodent models (91-94). This apparent discrepancy may be
attributable to the significantly longer timescale investigated here, compared with a maximum of
10-weeks in previous studies. Alternatively, an endothelial-to-mesenchymal transition due to
inflammation or a perturbation in redox homeostasis, along with the known reduced effectiveness
of the Nrf2 system (and thus fibrosis resolution) with aging (95, 96) may account for the increased
cardiac fibrosis seen here. This elevation in cardiac fibrosis was particularly surprising to find in
HFHS-NOs3 mice, given the anti-inflammatory effects purported to nitro-fatty acids (nitro-FAs);
endogenously produced electrophilic metabolites resulting from the non-enzymatic reaction
between unsaturated fatty acids and NO/NO2" oxidation products (97, 98). Whilst the HFHS diet
given to these mice was predominantly high in saturated fats, the unsaturated fat content was thrice
that of the standard laboratory chow (6.6% vs. 2.2% w/w, according to manufacturer analyses),
which would be suspected to result in increased nitro-FAs concomitantly. However, as the anti-
inflammatory effects of nitro-FAs occur, at least partially, through activation of the Nrf2 system
(98, 99), perhaps the age-related decline in effectiveness also accounts for the surprising increase
in fibrosis. If not, there may perhaps be an alteration of the balance of nitro-FA formation and the
relationship with Nrf2 mediated processes that leads to an unfavorable shift in the wrong direction

in HFHS-NOj3 fed mice.

An unexpected finding in this study was the increased incidence of liver tumors in 12-month
HFHS-NOs fed mice with gene expression analysis suggesting that concurrent HFHS-NO3 feeding
accelerated progression from MASLD to HCC. The pathogenesis of MASLD-associated HCC is
incompletely understood, as, despite MASLD being the most common underlying risk factor for
HCC (100), only a minority of MASLD patients go on to develop HCC (101). The current
hypothesized factors underlying the increased HCC risk in MASLD include compensatory
hyperproliferation to counter hepatocyte cell death (as a result of lipotoxicity or DNA damage
from oxidative damage), activation of hepatic stellate cells resulting in increased fibrosis, and
elevated inflammatory factors (101). Whilst inorganic nitrate was administered to mice at a low
dose, it was expected to increase NO bioavailability, which, whilst not considered to be damaging

to DNA alone, can produce reactive nitrogen species (RNS) upon reacting with reactive oxygen
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species (ROS) that can damage DNA through both base mutations and strand breaks (102).
MASLD has been associated with increased ROS production as a result of fatty acid overload,
which may reduce mitochondrial coupling and increase inner mitochondrial membrane electron
leak (103). The combined increase of ROS (as a result of the HFHS diet) and NO (as a result of
dietary nitrate) may therefore be a key event precipitating the increased incidence of apparent HCC
with HFHS-NOs feeding. Although the reduction of nitrate to nitrite is likely slow and
quantitatively moderate, tissue nitrite may exceed levels in the circulation (88); thus we cannot
exclude the possibility that liver tumors may be induced as a result of enhanced nitrosamine

formation.

Several studies have highlighted the potential benefits of nitrate supplementation in obesity-related
metabolic diseases (28, 31-33, 104). Much of this work stems from the initial observation that
dietary inorganic nitrate increased NO bioavailability, offsetting the fall in endogenous NO
production, which may be a key pathological event in the development of MetS (28). However,
these experiments were carried out on eNOS-deficient mice (28), raising the possibility that nitrate
may only be beneficial against the background of reduced endogenous NO production. Inorganic
nitrate supplementation may be less effective in cases of MetS or T2DM where endogenous NOS
enzymes are functional, as, although there can be impaired eNOS activity in MetS and T2DM (105,
106), there is a more subtle endogenous NO-depletion than that seen in eNOS-deficient mice.
Support for this arises from the observation that 12-week nitrate supplementation did not
ameliorate MetS development in high-fat diet-fed mice (107), much like nitrate supplementation

did not improve adiposity or HOMA-IR in the HFHS-fed mice in this study.

Despite these negative findings, nitrate may yet hold benefit as a therapeutic agent in certain
individuals with obesity-related metabolic disease. eNOS polymorphisms have been associated
with T2DM and MetS (14, 15), highlighting a group of patients in which nitrate supplementation
may prove to be a beneficial treatment strategy. Furthermore, a higher intake of leafy green
vegetables (the largest dietary source of inorganic nitrate [(108)]) is associated with a 14% reduced
risk of T2DM development (103). Whilst this may be a result of general dietary habits (i.e.,

individuals who consume more leafy vegetables may consume less processed foods) it highlights
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the possibility of a preventative role of nitrate in T2DM development as opposed to using it as a

therapeutic agent for the treatment of the condition.

Nevertheless, our work highlights that nitrate supplementation is largely ineffective in protecting
against the significant consequences of long-term HFHS-feeding. Further, we have uncovered that
negative consequences of nitrate can emerge against the background of an obesogenic diet. Thus,
nitrate supplementation is unlikely to be an effective approach to improve metabolic health in
obesity, without wider alterations to the diet. Given the recent change in public perception of
nitrate as being beneficial rather than detrimental, there is an urgent need to reproduce our findings
in other laboratories and animal models and to investigate the mechanisms of enhanced cardiac
fibrosis and hepatic malignancy. This is especially important since epidemiological evidence is
emerging that the effects of enhanced nitrate intake on cardiovascular health may be source-

specific (109).
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Figure 1. Mice fed a high-fat high-sucrose diet show progressive diet-induced obesity.

(A) Experimental design. Male C57Bl/6]J mice were randomly allocated to receive either standard
laboratory chow (‘Chow’; Special Diet Services RM3 (E)) or a high-fat high-sucrose diet (‘HFHS’;
Teklad TD.88137) from 4-weeks of age. Simultaneously, mice were randomized to receive either
sodium chloride (NaCl; 1 mM) or sodium nitrate (NaNOs; 1 mM) via their drinking water. Mice
continued to receive these dietary interventions ad libitum until they reached 4-, 8- or 12-months of
age, where tissues were collected for subsequent metabolic analyses (n=7-8/group). Created with
BioRender.com.

(B) Mouse body mass over the course of the study. Individual mouse body mass was measured once per
week. “p<0.01; HFHS compared with chow-fed groups supplemented with the same water treatment,
for each week (two-way ANOVA with Benjamini-Hochberg FDR correction and Tukeys’ post hoc
HSD test).

(C) Percentage (%) of the body carcass (following removal of the heart and liver) that represents lean mass
determined via dual-energy x-ray absorptiometry. N=7-8 / group.

(D) Percentage (%) of the body carcass (following removal of the heart and liver) that represents fat mass
determined via dual-energy x-ray absorptiometry. N=7-8 / group.

(E) Homeostatic model of insulin resistance calculated according to (48) using measurements of fasted
blood glucose and insulin. N=4-8 / group.

(F) Cholesterol ratio (total cholesterol / HDL cholesterol), used clinically as a predictor of cardiovascular
disease (62), calculated from clinical biochemistry measurements. N=3-7 / group.

(G) Concentration of thiobarbituric acid reactive substances (TBARS) in plasma indication levels of lipid
peroxidation. N=5-8/group.

(H) Ferric reducing ability of plasma (FRAP), as an indication of the antioxidant capacity of plasma. (N
6-8 / group).

For (C)-(H) data represent mean = SEM, “p<0.05, “*p<0.01, "**p<0.0001; two-way ANOVA with Tukey’s
post hoc HSD test for multiple comparisons.
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Inorganic nitrate and diet-induced obesity.

Figure 2. Whole body energy expenditure and skeletal muscle mitochondrial metabolism differences

do not account for development of obesity in high-fat high-sucrose fed mice.

(A) Changes in respiratory exchange ratio, determined from /O, and ¥CO,. Shaded areas represent the
dark period.

(B) Average respiratory exchange ratio during the dark period, light period and across a full day,
determined from 7O, and /'CO; in 10-month-old mice during the 48-hour metabolic cage protocol.

(C) Difference in average respiratory exchange ratio between the active dark period, and the quiet light
period.

(D) Energy expenditure across the dark period, light period and full day.

(E) Mass normalised energy expenditure (normalised to total body mass) across the dark period, light
period and full day.

For (B)-(E) N=8/group; *p<0.05, **p<0.01, ***p<0.0001, ****p<0.0001; analyzed according to the CalR
framework (44) adapted for a 2x2 design.

(F) Contribution of the F-pathway via B-oxidation to maximal OXPHOS in saponin-permeabilized
skeletal muscle fibers.

(G) Capacity for OXPHOS supported by octanoyl-carnitine and malate relative to pyruvate and malate, in
saponin-permeabilized skeletal muscle fibers.

For (F)-(G) N=7-8/group; *p<0.05; two-way ANOVA with Tukey’s post hoc HSD test for multiple
comparisons.

(H) Villus length (or colonic crypt depth) across regions of the intestine measured in histological sections
(Suppl. Fig. 2D) from mice fed chow or HFHS-diet for 8-weeks. N=3-4/group; ****p<0.0001;
unpaired two-tailed t-test with Welch’s correction.

All data represent mean = SEM.
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Inorganic nitrate and diet-induced obesity.

Figure 3. Inorganic nitrate supplementation prevents glycogen accumulation in HFHS-fed mouse
heart.

(A) Heart mass, normalised to tibial length, as a proxy for body size.

(B) Representative cardiac midsections stained with Periodic Acid Schiff (PAS) stain at 20x magnification.
Scale bars represent 150 mm. Glycogen deposits are stained magenta and marked with arrows
(maximum 3 per slide shown).

(C) Quantification of area staining positive for PAS. Percentages were corrected for the staining present
in control sides pre-treated with a-amylase, thereby excluding any staining resulting from other glycans
and mucins.

(D) Relative cardiac concentration of glucose, determined by hydrophobic interaction liquid
chromatography (HILIC)-mass spectrometry (MS).

(E) Relative cardiac concentration of glucose-6-phosphate, determined by HILIC-MS.

(F) Relative cardiac concentration of glucose-1-phosphate, determined by HILIC-MS.

(G) Relative cardiac concentration of UDP-glucose, determined by HILIC-MS.

(H) Relative cardiac expression of Gys/, determined by RT-qPCR.

() Relative cardiac expression of Ppplca, determined by RT-qPCR.

(J) Relative cardiac expression of Gsk3a, determined by RT-qPCR.

Data represent mean + SEM; N=6-8 / group; data in (D)-(G) are normalised to an appropriate internal
standard and sample protein concentration; For (H)-(J) horizontal line indicates relative expression in 4-
month-chow/chloride mice. “p<0.05, **p<0.01, **p<0.001, ***p<0.0001; two-way ANOVA with Tukey’s
post hoc HSD test for multiple comparisons.
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Inorganic nitrate and diet-induced obesity.

Figure 4. Inorganic nitrate supplementation offers minor benefits to cardiac fat metabolism in
HFHS-fed mice, but worsens cardiac fibrosis.

(A) Total cardiac triacylglycerol content, determined by liquid chromatography-mass spectrometry,
measured as total peak area ratio, normalised to an appropriate internal standard and sample protein
concentration.

(B) Total cardiac diacylglycerol content, determined by liquid chromatography-mass spectrometry,
measured as total peak area ratio, normalised to an appropriate internal standard and sample protein
concentration.

(C) Relative levels of free (no associated acyl chain), short-chain (C2-C5), medium-chain (C6-C12) and
long-chain (=C13) acyl-carnitines to the total carnitine pool as measured by liquid chromatography-
mass spectrometry (LC-MS) from cardiac tissue.

(D) Relative levels of medium-chain acyl-carnitines to the total carnitine pool (from (H)) shown as an
expanded inset.

(E) Contribution of the F-pathway via -oxidation to maximal OXPHOS in saponin-permeabilized cardiac
fibers.

(F) Capacity for OXPHOS supported by octanoyl-carnitine and malate relative to pyruvate and malate, in
saponin-permeabilized cardiac fibers.

(G) Representative cardiac midsections stained with picrosirius red (PSR) at 10x magnification. Scale bars
represent 250 mm. Collagen fibers are stained red, identifying regions of fibrosis.

(H) Quantification of area staining position for picrosirius red, as an indicator of cardiac fibrosis.

Data represent mean + SEM; N=6-8 / group. "p<0.05, “p<0.01, **p<0.001, “*p<0.0001; two-way
ANOVA with Tukey’s post hoc HSD test for multiple comparisons.
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Inorganic nitrate and diet-induced obesity.

Figure S. Inorganic nitrate supplementation accelerates the severity of metabolic dysfunction
associated steatotic liver disease in mice.

(A) Liver mass, normalised to total body mass, in 12-month-old mice.

(B) Prevalence of tumors, visible with the naked eye, in livers from 12-month-old-mice.

(C) Relative hepatic expression of Akrlb10, a marker known to positively associate with hepatocellular
carcinoma (HCC) progression, determined by RT-qPCR. Horizontal line indicates relative expression
in 4-month-chow/chloride mice.

(D) Relative hepatic expression of Sppl, a marker known to positively associate with HCC progression,
determined by RT-qPCR. Horizontal line indicates relative expression in 4-month-chow/chloride
mice.

(E) Relative hepatic expression of Hrg, a marker known to negatively associate with HCC progression,
determined by RT-qPCR. Horizontal line indicates relative expression in 4-month-chow/chloride
mice.

(F) Representative liver sections stained with hematoxylin and eosin (H&E) at 20x magnification. Scale
bars represent 150 mm. Open arrows highlight examples of hepatocyte ballooning; closed arrowheads
highlight examples of immune invasion foci.

(G) Representative liver sections stained with oil red O (ORO) at 20x magnification. Scale bars represent
150 mm. Neutral lipids and triglycerides are stained red.

(H) Representative liver sections stained with picrosirius red (PSR) at 10x magnification. Scale bars
represent 250 mm. Collagen fibers are stained red, identifying regions of fibrosis.

(D MASLD activity score (MAS) determined from blinded histological scoring (Suppl. Table 2).

(J) Hepatic lipid content determined by modified Folch extraction of lipids.

(K) Relative hepatic expression of Serpinel, a marker of fibrosis, determined by RT-qPCR. Horizontal
line indicates relative expression in 4-month-chow/chloride mice.

(L) Relative hepatic expression of Pdgfb, a marker of fibrosis, determined by RT-qPCR. Horizontal line
indicates relative expression in 4-month-chow/chloride mice.

Data represent mean = SEM; N=7-8 / group. "p<0.05, “p<0.01, *“p<0.001,
ANOVA with Tukey’s post hoc HSD test for multiple comparisons.

EEEEY

p<0.0001; two-way
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Inorganic nitrate and diet-induced obesity.

Figure 6. HFHS-feeding is associated with remodeling of the hepatic lipidome and rewiring of lipid
metabolism in an age-dependent manner.

(A) Hepatic phosphatidylserine (PS) species found to be differentially affected by HFHS-feeding in mice
(determined by variable importance parameter (VIP) score from partial least square-discriminant
analysis (PLS-DA; Suppl. Fig. 4D) greater than 1), plotted by total number of carbons and double
bonds in the acyl chains.

(B) Hepatic phosphatidylserine (PS) species found to be differentially affected by HFHS-feeding in mice
(VIP score from PLS-DA (Suppl. Fig. 4E) greater than 1), plotted by total number of carbons and
double bonds in the acyl chains.

For (A) and (B), size of the point represents the VIP score for the PLS-DA model and color represents
relative fold change in livers from HFHS-fed mice compared to chow-fed mice.

(C) Relative hepatic expression of Fasn, determined by RT-qPCR. Horizontal line indicates relative
expression in 4-month-chow/chloride mice.

(D) Relative hepatic expression of Scdl, determined by RT-qPCR. Horizontal line indicates relative
expression in 4-month-chow/chloride mice.

(E) Relative hepatic expression of Accl, determined by RT-qPCR. Horizontal line indicates relative
expression in 4-month-chow/chloride mice.

(F) Relative hepatic expression of Hadh, determined by RT-qPCR. Horizontal line indicates relative
expression in 4-month-chow/chloride mice.

(G) Relative hepatic expression of Acadl, determined by RT-qPCR. Horizontal line indicates relative
expression in 4-month-chow/chloride mice.

(H) Relative levels of free (no associated acyl chain), short-chain (C2-C5), medium-chain (C6-C12) and
long-chain (>C13) acyl-carnitines to the total carnitine pool as measured by liquid chromatography-
mass spectrometry (LC-MS) from liver tissue.

(D Relative levels of medium-chain acyl-carnitines to the total carnitine pool (from (H)) shown as an
expanded inset.

(J) Capacity for OXPHOS supported by octanoyl-carnitine and malate relative to pyruvate and malate,
in liver homogenate.

(K) Contribution of the N-pathway via Complex I to maximal OXPHOS in liver homogenate.

For (C)-(K) data represent mean + SEM; N=7-8 / group. “p<0.05, “p<0.01, **p<0.001, ***p<0.0001; two-
way ANOVA with Tukey’s post hoc HSD test for multiple comparisons.
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Inorganic nitrate and diet-induced obesity.

Figure 7. Summary of diet-induced obesity effects determined in this study as a result of HFHS-

feeding (independent of nitrate supplementation) or as a result of inorganic nitrate supplementation

in combination with HFHS-diet.
7T indicates higher in HFHS (compared with chow) or HFHS-NO; (compared with HFHS-CI) respectively;
{ indicates lower in HFHS (compared with chow) or HFHS-NO; (compared with HFHS-CI) respectively.
ALT — alanine transaminase,; AST — aspartate transaminase; HCC — hepatocellular carcinoma;, HOMA-
IR — homeostatic model assessment of insulin resistance; LDLc — low density lipoprotein cholesterol;
MASLD — metabolic-dysfunction associated steatotic liver disease; RER — respiratory exchange ratio;
TBARS — thiobarbituric acid reactive substances. Created with BioRender.com.
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Inorganic nitrate and diet-induced obesity.

Table 1. Substrate-uncoupler-inhibitor titration used to investigate mitochondrial capacity in permeabilized
heart fibers, skeletal muscle fibers, and liver homogenate.

Substrate Concentration / mM Respiratory
Heart Liver Skeletal Muscle State
Malate 1 1 1
Octanoyl-carnitine 0.5 0.2 0.2 OctM,
ADP 10 10 10 OctMp
Pyruvate 25 25 25 OctPMp
Glutamate 10 10 10 GMp
Cytochrome ¢ 0.01 10 0.01 --
Succinate 10 10 10 GMSp
FCCP* -- 0.0005 titers ~ 0.00025 titers GMSg
Rotenone 0.0005  0.0005 0.0005 S/ Sp”

Two types of skeletal muscle (gastrocnemius and soleus) were assayed, using the same titration protocol.
Cytochrome ¢ was added as a quality control to check outer mitochondrial membrane integrity. “Carbonyl
cyanide-p-trufluoromethoxyphenylhydrazone (FCCP) was titrated in the indicated quantities until the
maximum rate was reached. No FCCP was added in the heart as there was no reserve capacity measurable
above maximal OXPHOS stimulated following saturation of the electron transport system (ETS) with
glutamate and succinate. “~“In the heart assay, due to the absence of the uncoupler FCCP, addition of the
complex I inhibitor rotenone led to measurement of OXPHOS supported by succinate via ETS complex 11
alone (state Sp), whilst in liver and muscle the uncoupling of the ETS from ATP synthase meant the oxygen
consumption rate measured reflected capacity of ETS complex II (state Sg).
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Inorganic nitrate and diet-induced obesity.

Table 2. Food, water and NO;™ intake across the experimental groups.

Food Intake / Water Intake / NO; Intake /
kcal.mouse!.day! ml.mouse'.day! mgkg!.day!
Chow / Chloride 14.5+0.1 5.8+£0.1 1.4+£0.0
Chow / Nitrate 14.1+0.1 53+0.1 12.4 + 0.2t
HFHS / Chloride 13.8+0.2 41+0.1" 1.9+0.1
HFHS / Nitrate  14.9+0.2 3.9+0.1" 8.2+ (2"

Values were calculated based on individual cage measurements (n=3-4 mice/cage; 6 cages/group). Nitrate
intake represents combined intake from supplemented water and food (using values provided from the diet
suppliers). Data show mean + SEM. “p<0.01, “**p<0.0001, compared with chow-fed mice receiving the

two-way ANOVA with Tukey’s HSD post hoc test for multiple comparisons.
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Inorganic nitrate and diet-induced obesity.

Table 3. Clinical biochemistry measurements and other plasma parameters.
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Mouse Chow-Cl Chow-NO;  HFHS-CI HFHS-NO;

Age / mo
Glucose 4 57403 6.2+0.2 83+0.4" 87+0.7"
/ mmol.L"! 8 6.8+ 1.1 58+0.4 79+1.7 8.9 +1.5"
(n=7-8) 12 6.5+12 56405 85+1.1" 78406
Insulin 4 0.19+0.07 037+0.07  0.53+0.11 0.77 +0.14
/ mg.L"! 8 0.39 + 0.07 0.14+0.03  0.59+0.12 0.59+0.12
(n=4-8) 12 0.48 +0.16 029+0.08  0.76+0.18 0.81+0.13
FFA 4 1.8+0.10 1.1£0.10" 1.1+0.10° 1.4+ 0.08
/ mmol.L"! 8 1.6+ 0.07 1.4+0.10 1.1+0.10° 1.2+0.06
(n=2-8) 12 09+0.061%5  14+0.100  0.8+0.05 0.8 +0.10*"1
TAG 4 0.80 +0.01 0.93+0.01  0.84+0.05 0.83 + 0.08
/ mmol.L" 8 0.99 + 0.04 1.10£0.07  0.87+0.04 0.88 +0.02"
(n=3-7) 12 0.87+0.11 0.83+£0.04  0.72+0.04 0.74 + 0.04
Cholesterol 4 24+0.1 2.6+0.0 57+02" 5.1+0.6"
/ mmol.L"! 8 2.6+0.2 24+0.1 6.0+ 0.8 71405
(n=3-7) 12 27401 23+0.1 6.5+0.6""" 8.6+ 0.6 hit
HDLc 4 1.3+0.0 14+0.1 29+02" 26+03°
/ mmol.L"! 8 13+0.1 1.3+0.1 2.7+0.4" 3.14+02""
(n=3-7) 12 1.4+0.1 12+0.1 3.0+02"" 3.6+03""
LDLc 4 0.75 + 0.08 0.77+0.04 24+0.1" 21+03"
/ mmol.L"! 8 0.82 +0.09 0.59+0.08  2.9+04™ 3.5+ 04"
(n=3-6) 12 0.93 + 0.07 0.75+0.07  2.9+04™ 4.2+ 0.5
ALT 4 022 +0.05 026+0.06  0.39+0.08 036+0.11
/ mg.mL"! 8 0.21 £ 0.03 0.15+£0.03  0.40+0.07" 0.44 +0.07™
(n=5-8) 12 0.24 + 0.04 0.11+£0.02  0.47+0.07" 0.54 + 0.04™**
AST 4 0.92+0.19 1.01£0.12  1.65+0.56 135+ 0.36
/ mg.mL"! 8 0.72+0.10 0.59+0.06  1.13+0.17 1.02+0.12
(n=7-8) 12 0.76 £0.11 059+0.11  1.35+0.25 2.04 + 032"
Nitrate 4 329+3.7 74.0 £ 7.4 27.6+32 48.6 £ 4.6
/ mmol.L"! 8 31.7+32 51.7+6.8 27.7+3.4 57.4+ 7.8
(n=7-8) 12 492+6.1 65.0+£10.7  60.2+13.1° 475+3.6
Nitrite 4 4.5+0.43 79+0.77°  4.6+0.54 6.0+ 1.74
/ mmol.L"! 8 34+0.53 5.4 +0.60 3.7+0.81 4.0+0.99
(n=7-8) 12 51+0.52 6.0+ 1.13 4.9+0.75 324042

All clinical biochemistry measurements were assayed from fasted plasma. Nitrate and nitrite
concentrations, and liver enzymes were measured from terminal blood samples (fed state). Data show mean
+ SEM with N numbers assayed indicated. FFA = free fatty acids; TAG = triacylglycerols; HDLc = high
density lipoprotein cholesterol; LDLc = low density lipoprotein cholesterol; ALT = alanine transaminase;
AST = aspartate transaminase. "p<0.05, “p<0.01, "*p<0.001, ****p<0.0001, compared with chow-fed mice
receiving the same water treatment; p<0.05, "p<0.01, 7p<0.0001 compared with chloride-supplemented
mice receiving the same diet; #p<0.01 compared with 4-month-old mice within the same treatment group;
$p<0.05 compared with 8-month-old mice within the same treatment group; all statistics represent two-way
ANOVA with Tukey’s HSD post hoc test for multiple comparisons.
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