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Abstract

An ageing global populaton combined with sedentary lfestyad unhealthy diets has
contributed to an increasing incidence of obesity and type 2tekabEnese metabolic
disorders are associated with perturbations to nitric oxide) 8i¢@aling and impaired
glucose metabolism. Dietary inorganic nitrate, found ih luigncentration in green leafy
vegetables, can be converted to NO in vivo and demonstratiediabetic and anti-obesity
properties in rodents. Alongside tissues including skelatatlen and liver, white adipose
tissue is also an important physiological site of glucospodal. However, the distinct
molecular mechanisms governing the effect of nitratexdymose tissue glucose metabolism,
and the contribution of this tissue to the glucose tolgpheinotype, remain to be determined.
Using a metabolomic and stable-isotope labeling approach, combitiedramscriptional
analysis, we found that nitrate increases glucose uptakexaative catabolism in primary
adipocytes and white adipose tissue of nitrate-treated Mathanistically, we determine that
nitrate induces these phenotypic changes in primary adgsotiyrough the xanthine
oxidoreductase catalysed reduction of nitrate to nitric oaide independently of Peroxisome
ProliferatorActivated Receptor a. The nitrate-mediated enhancement of glucose uptake and
catabolsm in white adipose tissue may be a key contributdre tariti-diabetic effects of this

anion.



According to the World Health Organization, there wil beerthran 650 million people
worldwide with type 2 diabetes mellitus (T2D) by 2040. A lack of bicalvil nitric oxide
(NO) observed in patients with T2D is considered a signifiaantributing risk factor for
cardiovascular il heattﬂl). Polymorphisms in the endothidl@S (eNOS) gene,
responsible for in vivo NO production, are associated with caslmNar disease, T2D and
insulin resistance in humans| (2), supporting the vieat perturbation of NO homeostasis
contributes to the metabolic syndrome. Furthermore, eNOSedefimice are hypertensive,
dyslipidemic, insulin resistant and glucose intoler Ihorganic nitrate, found in high
concentrations in green leafy vegetables, can be redonoadoito form NO. Complementary
studies of dietary nitrate administration to the eNOS-defionouse and Sprague-Dawley
rats report reduced adiposity and improved glucose and insutnedstasis following nitrate
treatment 'I. Inversely, long-term dietary nitratéiceecy induced the metabolic
syndrome in micel]G). Therefore, nitrate may provide @gieitic avenue for the treatment

of aspects of the metabolic syndrome.

Recently, the mechanisms behind the beneficial metabifdictse of nitrate have been
explored. In skeletal muscle nitrate induces effects a$sdcwith endurance exercise
training including fatty acid B-oxidation and fbre-type switchin which may contribute
to observations that nitrate improves exercise tolerange Irf@he liver, nitrate may prevent

steatohepatitis through effects proxidation and lipogenesis ([LO).

In white adipose tissue (WAT), nitrate induces the brayvmesponsend p-oxidation ).
Whether nitrate directly regulates glucose metabolisVAT remains unknown. We use
metabolic profiling to identify a distinct glucose metabolicemtype associated with WAT
of nitrate-treated rats. We characterise the effecitrafen on glucose uptake and metabolism
in primary adipocytes using stable-isotope substrate labalmgdefine the mechanisms

through which nitrate regulates glucose metabolism ATWThis study provides evidence
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for a novel mechanism in WAT through which nitrate masdiate glucose metabolism.



M ethods

Animal experimentation. Male Wistar rats (6 weeks old) (269 + 2 g; n = 12) (Charles River
Laboratories) were weight matched and received eithdlfedistvater containing 0./M

NaCl or water containing 0.7 mM sodium nitrate (Na@ltra-pure, Sigma-Aldrich) ad
libitum for 18 days with food and water intake monitored (n = 6 /grolAnimals were
housed in conventional cages at room temperature witht@r2t2-hour light/dark

photoperiod.

All procedures involving live animals were carried out bigente holder in accordance with
UK Home Office regulations, and underwent review by thedssity of Cambridge Animal
Welfare and Ethical Review Committee. The rats usdtisnwork were also used in
separate, but paralel studiﬁ, with a view to reducing the total numbers of animals
used in accordance with UK Home Office best practice. Wiedgeant data (e.g. nitrate

intakes has been reported previously, we refer to the previpes (Bupplementary Table 1).

Tissue collection. Rats were fasted overnight and then euthanized with squiuntobarbital
(200 mg/ml, Vétoquinol UK Ltd.). Blood was taken by cardiac puncéune processed for

plasma and WAT was removed and frozen in liquid nitrogen.

Culture and differentiation of primary adipocytes. Primary WAT stromal vascular cells
were fractionated from 6 10 week old C57BL6 mice d*PARa null mice (Ppara null mice
were a kind git of Frank Gonzalez [National Institutes etlth (NIH), Bethesda, MD,
USA]) as previously describeﬂﬁ). Cells were counted using a Scepter™ Cell Counter
(Millip ore) according to the manufacturer’s instructions. Cells were seeded at 10,000/cm?.
Cels were then cultured and differentiated into adipscyecording to publshed methods

. During the 6 day differentiation, cells were cultuneith either saline (control) or
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500 uM NaNOs (Ultra-pure Sigma-Aldrich) or 2-Phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl 3-oxide (PTIQ (50 uM) or KT5823 (1 uM) (Santa Cruz Biotechnology) or 100 nM
insulin. Cells were treated with PTIO, KT5823 and inswiith and without 500 uM NaNOs.
NaNOs was added at day 1 and PTIO or KT5823 at day 5 of differentiation. FoGhad
membrane biotinylation and immunoprecipitation assays aotihrstimulated glucose
uptake assays, after differentiation, primary mouse adimoeyéze serum starved for 4 hours
before being treated with 100 nM insulin, 5% nitrate or both 100 nM insulin and 5@0/1

nitrate together for 10 mins.

Cell viability. Cell viability was determined using a resazurin assagiyB cells were
washed with posphate buffered saline and incubated with 44 pM resazurin in culture media
for 2 hrs. Resazurin fluorescence was then measuredagexci530 nm, emission 590 nm,

cut-off 550 nm) with a fluorescence microplate reader.

siRNA xanthine oxidoreductase knockdown. FlexiTube siRNA against XOR, AlStars
negative control SRNA and HiPerFect Transfection Beagvere purchased from Qiagen.
Adipocyte transfection was carried outpas the manufacturer’s instructions (75 ng SiRNA,
3 pl transfection reagent per well, 10 nM final siRNA concentration) on day 2 and 4 of

differentiation.

Primary adipocyte 13C-glucose substrate labeling. Folowing the sixday 500 uM NaNO3
treatment during differentiation, cells were culturiedow-glucose serum free media
supplemented with U3C-labelled glucose (3100 mg/L) for 24 hours. Cellular metabolites
were then extracted and analysed by Gas Chromatograp hy/-Sfgectrometry (GC-MS) as

described below.



M etabolite extraction. Metabolites were extracted from WAT, blood plasma and primary
adipocytes using a modified Bligh and Dyer met (14). Frozen Y2B8Tng) was
pulverized using a Tissue Lyser Il (Qiagen). Methahddroform (2:1, 600 pul) was added to
the WAT, plasma (50 pl) or primary adipocytes and the samples were sonicated for 15
minutes. Chlorofon-water (1:1) was then added(®ul). Samples were centrifuged (16,100
0, 20 minutes) the aqueous phase was separated, dried uedemniand stored at -80°C

untl analysis.

GC-M S analysis. Dried aqueous phase samples were derivatized using methogyam
hydrochloride solution (20 mg/ml in pyridine; Sigmddrich) and 30 pl of N-methyl-N-
trimethylsilyltrifluoroacetamide (Macherey-Nagel, Durargr@any) using the method
described previousl4). GC-MS and data analysis were pedoancording to published
methods). Al GC-MS analyses were made using a Tr&celtta coupled to a Trace
DSQ Il single-quadrupole mass spectrometer (Thermo Hcje@heshire, UK). Derivatized
aqueous samples were injected with a split ratio of 10 onto a 30 m x . 284
phenylpolysilphenylensiloxane column with a 0.25 um ZB-5 ms stationary phase
(PhenomeneXx). The injector temperature was 230°C, and ithe hedrrier gas was used at a
flow rate of 1.2 m/min. The inttial column temperature of 709&s increased by 10°C/min
to 130°C and then increased at a rate of 5°C/min to 230°C followeadh ibgraase of
20°C/min to 310°C and held for 5 min [transfer line temperatu@50°C; ion source =
250°C; electron ionization (El) = 70 eV]. The detector was duime after 240 s, and full-

sa@n spectra were collected using 3 scans/s over a range-G§®Avz.



GC-MS chromatograms were processed using Xcalber (version Ind Scientific).

Each individual peak was integrated and then normalized. lappérg peaks were separated
using traces of single ions. Peak assignment was basedssriragmentation patterns
matched to the National Institute of Standards and TechnqO&A) library and to

previously reported literature.

Gene expression analysis. Total RNA extraction from WAT and adipocytes, cDNA
conversion and quantitative RT-PCR was performed accordipghtished protoco ' 2).
Al data were normalized to 18SrRNA (mouse primary adipocytes3LPL1 (rat WAT) and

quantitative measures obtained using the A-A-CT method.

Biotinylation, immunoprecipitation and Western blot of cell surface Glut4. Surface

Glut4 biotinylation, immunoprecipitation and Glut4 Western klete carried out according
to published protoco5). Briefly, cels were incubated for 1 hod°C with 0.5 mg/ml
Biotin sulfio-NHS (Sigma-Aldrich). Cell lysates were pre-cleared bybatian for 30

minutes with 0.5% (w/v) protein A-Sepharose. The protein A-&egk was pelleted by
centrifugation for 1 minute at 13,000 g and the supernatant rdnamek incubated overnight
with 0.5% (v/v) anti-Glut4 antibbody (1F8, Cell Signaling). ProtékSepharose was added to
0.5% (w/Vv) to the samples and incubation continued at 37°C for 1lhauunocomplexes
were peleted at 13,000 g for 1 minute and the pellet washedtithesewith 50 mM Tis-

HCI pH 8.0, 150 mM NacCl, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS an@/tPo

Nonidet P-40.

Immunoprecipitated biotinylated complexes were mixed witkodiation buffer (125 mM

Tris-HCI, pH 6.8, 2% (w/v) SDS, 20% (v/v) glycerol, 100 mM dithiothokitBromophenol



Blue) and boiled for 5 minutes. Glut4 was resolved by electropbotliugh 10%
polyacrylamide gels, and then transferred to Hybond-P polgeny difluoride membrane.
The membrane was blocked for 1 hour in phosphate-buffered gaB#; 1.5 mM KH2POA4,
2.7 MM Na2HPO4, 150 mM NaCl, pH 7.4) containing 5% (w/v) dried mik powd#0al?o
(viv) Tween-20, folowed by incubation with peroxidase-conjugadtdptavidin [1:1000
dilution in PBS containing 0.1% (v/iv) Tween-20] for 1 hour. Bopeuloxidase conjugates
were visualised using an enhanced chemiluminescen@etidetsystem (Amersham

Biosciences). Quantitation of immunoblots was performey ushageJ.

Glucose uptake assay. Cells were grown and differentiated in 96-well plates.IsCeére
washed with Dulbecco’s phosphate buffered saline (DPBS) and placed in low glucose (1g/L)
serum-free Dulbecco Modified Eagle Medium (DMEM) for 24 hoigdia was replaced
with low glucose serum-free DMEM for 1 hour. Following medipi@tion DPBS

containing 6-deoxy-§€7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (6-NBDG) (200
uM) was added for 1 hour and cells were kept at 37°C, 5% CQ. Cels were washed three
times with DPBS and fluorescence measured using a raiteopéader (excitation 485 nm,

emission 528 nm).

M ultivariate data analysis. Metabolomics data analysiwas performed using Metaboanalyst
version 4.). Data sets were auto scaled and analyzegl pastial least squares-
discriminant analysis (PLS-DA). Metabolite changes redplengor clustering or regression
trends within the pattern recognition models were idedtifby interrogating the
corresponding loadings plot. Metabolites identified in the vari@bportance in
projections/coefficients plots were deemed to have changbdlligl if they contributed to

separation in the models with a confidence limit of 95%.nRlametabolomics data was



analysed using uniariate volcano plots with a fold chamgeoff of 1.2 and P-value cut off

of 0.05 to identify significantly different metabolites.

Data resource availability. Al data including metabolomics datasets for GIS-analysis of
nitrate-treated rat adipose tissue and nitrate-treatechrgriadipocytes are available from the

corresponding author on reasonable request.
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Results

M etabolomic profiling identifies nitrate-mediated effects on glucose metabolism in

white adipose tissue

Male Wistar rats were treated with either 0.7 mmol/L NaQd.7 mmol/L NaNQ via the
drinking water for 18 days. Nitrate intake for the control grawas 1 mg/kg/day compared
with 8 mg/kg/day in the nitrate treated group, whilstteavand food intake was not
significantly different between the groups (SupplementBale 1)). Metabolomic
profling and analysis using PLS-DA multivariate stass identified a distinct metabolic
signature differentiating subcutaneous inguinal WAT ofteitteeated animals from controls
(Fig. 1A). Interrogation of the corresponding loadings plots ifsehta distinct
reprogramming of glucose and fatty acid metabolsm in thel \W#nitrate treated rats (Fig
1B). The decrease in the WAT concentration of the fatigs propanoic, heptanoic,
nonanoic, 3Rydroxyoctanoic, oleic, noleic, and arachidonic acid in nittagsated animals
was consistent with our previous findings that nitrateedriWAT browning and [3-oxidation
. In a novel observation we identified a distinct glucostabodsm phenotype in the
WAT of nitrate treated rats. The key glycolytic internagds glucose 6-phosphate (Fig. 1C),
and 3-phosphoglycerate (Fig 1D) alongside the pentose phogathateay— glycolysis
metabolite glycerate (Fig 1 E) and the pentose phosphate gyathetabolite D-altro-
heptulose (Fig 1F) were decreased in nitrate-treated Adt Wetabolic profling of the
plasma from nitrate treated animals indicated a correspomidiogease in glucose

concentration (Fig 1 G & H).

To investigate whether nitrate functions to incredseoge uptake and metabolsm in
adipose tissue, and possibly contribute to systemic glucoseintlea the expression of genes
encoding the insulin-regulated glucose transporter typelt4¥sthe insulin-independent
glucose transporter (Glutl) and a key rate regulating enaynglycolysis, hexokinase 2
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(Hk2), which converts glucose to glucose 6-phosphate, was intedogsing RT-qPCR (Fig
1i). Nitrate significantly increased the expression adéhglucose import and metabolism

genes. These data suggest that nitrate increasesegluptake and disposal in adipose tissue.

Nitrate increases glucose uptake and catabolism in white adipocytes

To determine whether nitrate functions directly on WATincrease glucose uptake and
metabolism, stromal vascular fraction-derived primary adiescigolated from inguinal

WAT of mice were treated with nitratéd NaNOs concentration 0§00 pM was chose).
Consistent with the results in vivo, metabolomic profiidigntified that nitrate decreased the
intracellular concentration of the glycolytic intermdad& glucose 6-phosphate (Fig 2A) and
3-phosphoglycerate (Fig 2B) in adipocytes. Nitrate treatradsa significantly decreased the
glucose concentration of the media (Fig)ZThe expression of genes key to glucose import
and metabolism Glut4, Glutl and Hk2 was increased in tlaeriteated adipocytes (Fig

2D).

To functionally assess the effect on glucose metabolisnengdss in the WAT of nitrate
treated rats, the stable isotope substrate@iglucose was employed to evaluate enrichment
of glucose-derived carbon through glucose import, the glycopaithway and into the TCA
cycle. Primary adipocytes were incubated in serum-fregianeontaining UC-glucose and
treated with500 uM nitrate. GC-MS analysis was used to define the relatmrichment of
metabolites. The labeled glucose enters the glycolytic pathway acdtgbolized to pyruvate
which is either converted to lactate, or labeled acetyl-@dh enters the TCA cycle (Fig
2E). An unlabeled metabolite is detected as the molecutafM) in the mass spectrum.
Additional 13C-carbon atoms introduced to the specific molecule give gis increase in

mass of 1 (M1, M2, M3, and so forth). Nitrate treatment increasedhlibling of lactate (Fig
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2F) and the M2 isotopologues of TCA cycle intermediates, cifféte2G), malate (Fig 2H)
and the amino acid glutamate (Fig 21), which is in &sthange with 2-oxoglutarate from the
TCA cycle. We noted a higher fractional enrichment of theiddtopologues of citrate (Fig.
4H) in nitrate-treated adipocytes, which may be indicative of a ragglécrease in malic
enzyme (ME) activity. Relative enrichment of the M3 isotogoés of TCA cycle
intermediates was elevated in nitrate-treated deils @ H-1). Increased labeling of M3

occurs through the action of pyruvate carboxylase (PC).

In summary, nitrate confers a functional effect on adi@sgynot only increasing glucose

uptake and flux through glycolysis but also oxidative catoli

Nitrate increases plasma membrane Glut4 and insulin-stimulated glucose uptake in

adipocytes

We then investigated whether nitrate increased Glutdeptation at the plasma membrane of
primary adipocytes at baseline and folowing insulin-stimuoitatiusing a cell surface protein
biotinylation and immunoprecipitation approach we identifiedt nitrate increased adipocyte
plasma membrane Glut4 concentration (Fig 3A & B) (SuppleamngrFigure 1). We also
observed that nitrate had an additve effect on plasmabraem Glut4 expression when
combined with insulin (Fig 3A & 3B). Next, the functiongptake of glucose into adipocytes
treated with nitrate was measured with the fluoresgiuatose analog 6-NDBG in

combination with insulin (100 nM) (Fig. 3CNitrate and insulin treatments did not affect cell
viability (Supplementary Figure)2Nitrate increased adipocyte glucose uptake and had an

additive effect on insulin-stimulated glucose uptake inigry adipocytes.
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Nitrate-induced expression of glucose metabolism genesisindependent of PPARa in

adipocytes

We next probed the mechanisms through which nitrate mediateffects on glucose
metabolism in adipocytes. Several of the metabolic effectdtrate, including increased -
oxidation and lactate dehydrogenase activity in muscle,r diough downstreanRPARa
signalling . We examined the effect of nitrate on glucose importcatabolic gene
expression in primary adipocytes differentiated from then®tl vascular fraction of inguinal
WAT from PPARo null mice. The lackof PPARo had no effect on nitrate-induced

expression of glucose metabolsm gendthin the adipocytes (Fig 4A). Nitrate treatment
significantly increased the expression of Glut4, Hk2 andZ5[ltus, nitrate regulates

glucose metabolc gene expressimradipocytes independently of PPARa.

Nitrate promotes glucose uptake into adipocytes via nitrate-NO signaling

NO can be generated in vivo from nitrate via XOR catalysedal reduction of nitrate to

nitrite and then to NO via the nitrate-nitrite-NO p). We found nitrate induced
the browning process in WAT through this path (11) refbes, we speculated that
nitrate might be functioning via NO to increase glucospoit and metabolism in WAT.
Primary adipocytes were differentiated in the presenaetrafe and the NO scavenger PTIO.
Nitrate and PTIO treatments did not affect cell viabif§upplementary Figure).3PTIO
abrogated the nitrate-induced expression of glucose metabgknes, Gid4, Glutl and Hk2
(Fig 4B). Next, the functional uptake of glucose into primary adipocttesated with nitrate
was measured with 6-NDBG in combination with PTIO (Fg). PTIO inhibited nitrate-
mediated glucose uptake into adipocytes. NO increases gluptaiee through the activity of

cyclic GMP-dependent protein kinase G (P (20). We haveiopsy shown that nitrate
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increases intracellular cGMP concentrations in adipeﬁ). We speculated that nitrate
may signal via PKG to regulate adipocyte glucose metabolEm pharmacological PKG
inhibitor KT5823 blocked the nitrate-induced expression of Glutdtl&nd Hk2 in the

adipocytes (Fig. B). These data demonstrate that nitrate signals viaoN#Dlance glucose

uptake.

As mentioned above the reduction of nitrate to NO in mammais proceed via an enzymatic
mechanism catalyzed by Xolﬂ ﬁb XOR is expressed in WAT, and has arole in
adipocyte homeostasis and the nitrate-induced browning merrh. To determine
the role of this enzyme in the nitrate-mediated emasaot of glucose catabolsm, XOR in
primary adipocytes was knocked down using SiRNA (Supplementgry)if11). Nitrate and
XOR knockdown did not affect cell viability (Supplementargufé 5. Knockdown of XOR
alrogated the increased expression of glucose import and @atalyanes, Glut4, Glutl and
Hk2 in adipocytes treated with nitrate (Fig)4Eunctionally, the effect of XOR knockdown
on glucose uptake into nitrate-treated primary adipocyts measured using 6-NDBG (Fig

4F). XOR knockdown inhibited nitrate-induced glucose uptakepritoary adipocytes.

These data indicate nitrate induces glucose uptake andiv@xidatabolsm in WAT via the

XOR catalysed reduction of nitrate and downstream NO signal
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Discussion

Inorganic nitrate, found in high concentration in gréeady vegetables, may restore impaired

NO signaling to treat aspects of cardiometabolic diseaseslimgl T2D ). Nitrate

regulates glucose homeostasis in rodent models of{ T2L ,6however the mechanisms

for nitrate-mediated improvements in metabolism remain tallgedlucidated. In WAT,
nitrate promotes the browning response and enhanced fattpxadtation ). The effects of
nitrate on WAT glucose metabolism remained undefined. Wéaredt to determine that
inorganic nitrate directly enhances both glucose uptakevxaddtive catabolism through the

activity of XOR,NO and PKG signaling. These findings are consistent witreffaets ofNO

on glucose uptake, and Glut4 expression, in WAT (24-26). Ititeglys NO exhibits both

insulin-dependent and insulin-independent effects on glua:mmk)We observe that
nitrate enhances insulin-stimulated glucose uptake asthglanembrane expression of the
insulin sensitive glucose transporter Glut4 in adipocytdsate also stimulates the
expression of the insulin-independent transporter Glutl. §hisnsistent with our previous
observation that nitrate induces WAT browning, since tlsviing phenomenon enhances

Glutl expression and may partly uncouple WAT glucose uptake ihsulin action f|7).

Several of the metabolic effects of nitrate, includimipaeced lactate dehydrogenase activity,

mn skeletal muscle and heart are mediated through the nuclear receptor PPARa E . Our

data show that nitrate-mediated expression of glucose uptakenetabolism genes was
independent of PPARa signaling. Nitrates effects on Glut4, Glutl and Hk2 were preserved in
PPARa-null adipocytes. This may, in part, refiect the low levelsexpression of this nuclear

receptor in WAT.

Although both WAT browning and enhanced mitochondrial biogenasi 3-oxidation in

muscle are lkely to substantially contribute to the abgsity and anti-diabetic effects of
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nitrate, increased glucose uptake and oxidative cataboldnbend distinct factor mediating

the effect of the bioactive anion on glucose homeostasis.

17



Acknowledgements

LDR acknowledges the support of the Diabetes UK RD Lawr&mdewship (16/0005382),
the Biotechnology and Biological Sciences Research Co(BBIR013500/1) and the
Medical Research Council (MR/R014086/1). JLG is supported bysgfiamh the Medical
Research Council (MC_UP_A090 1006; MC_PC_13030; MR/P011705/1 and
MR/P01836X/1) and the Biotechnology and Biological Sciencesargseé ouncil

(BB/H013539/2).

Author Contributions

Dr. Lee Roberts is the guarantor of this work and, as sudhfulhaaccess to all the data in
the study and takes responsibility for the integrity ofdbéa and the accuracy of the data
analysis. The authors declare they have no conficistesést. B.D.M., A.M, N.T.W, T.A.
and LDR carried out the majority of experiments. Salsisted with experiments throughout.
S.AM, B.D.M, L.D.R and J.L.G assisted with metabolomic screets3hisotope studies.
R.C.M and M.T.K provided intellectual input. A.J.M and TA desigeed led the animal
studies. L.D.R designed and led the studies, interpreted sils rand wrote the paper with

input from all co-authors.

18



Figure Legends

Figure 1. M etabolic profiling identifies inorganic nitrate reprograms glucose

metabolism in white adipose tissue. A) Partial least squares-discriminant analysis (PLS-
DA) plot showing the clustering of metaboltes measuredy uSE-MS from adipose tissue
of nitrate-treated rats (n = 6, green circles) compared théthtcontrol rats (n = 6, red circles
(R2(X) = 99%, Q2 = 6%). 95% confidence regions are displayed. B) PLS-DA loadings plot
showing separation of nitrate-treated rat adipose tissdeven by a decrease in glucose
metaboltes and fatty acids. The concentration of C) gudghosphate, D) 3-
phosphoglycerate, E) glycerate and F) D-altro-heptulosdratertreated rat adipose tissue
normalised to control. G) Volcano plot of metabolic profling dtaitrate-treated rat
plasma (metabolite concentrations are higher in the cagvap). H) The concentration of
glucose in nitrate-treated rat plasma normalised to comifrdhe expression of glucose
transporter (Glut 4 and Glut 1) and metabolism (Hk2) genesrate-treated rat
subcutaneous adipose tissue (n = 6). Bar graph data is displayddan + SEM¥*, P < 0.05.

** P<0.01.

Figure 2. Nitrate enhances glucose catabolism in primary white adipocytes. The
intracellular concentrations of, and representative chogragihic peaks for, A) glucose 6-
phosphate and B) 3-phosphoglycerate in nitrate-treated yriawjpocytes normalised to
control. The concentration of, and representative chromatograg@ak for, C) glucose in the
media of nitrate-treated primary adipocytes normalised toatom) The expression of
glucose transporter (Glut 4 and Glytahd metabolism (Hk2) genes in nitrate-treated (500
uM) primary adipocytesk) Schematic representation of glucose carbon tracinggtirou

glycolysis, the TCA cycle, malc enzyme (MEL), pyruvateboxylase (PC) and glutamate
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dehydrogenase (GDH) reactioims control and nitratereated (500 uM) primary adipocytes

in presence of USC glucose. Ball diagrams indicate isotopologues. Open ciefaesent

12C, black circles represehtC through glycolysis and pyruvate dehydrogenase-initiateéh TC
cycle reactions. Green arrow indicateC from PC-intiated TCA reactions (subsequently
identified by the green circles). Purple arrow indicates ME1 pathway and purple circles
represent'3C derived from the ME1 reaction. Not all possible labeled metedadire shown.
Gas Chromatography-Mass Spectrometry stable isotope anafysisthoximation and
silylation-derivatized F) lactate, G) citrate, H) malatad 1) glutamate extracted from control
and 500 uM nitrate-treated primary adipocytes. Graphs show the ratio enrickmarihe
metabolite isotopologues. The X-axis indicates the mass isosepofvhich are M1,

M2...Mn, where n is the number of labelled atoms in the molecule) in the specified

metabolites (corrected fC natural abundance) (n = 4). Data is displayed as Mean + SEM

*, P<0.05. ** P<0.01, *** P <0.001, **** P <0.0001.

Figure 3. Nitrate enhances Glut4 expression at the cell membrane and insulin-

stimulated glucose uptake. A) Immunoprecipitation blots of cell surface biotinylated Glut4
from primary mouse adipocytes treated With) uM nitrate with and without 100 nM insulin
(n = 3). B) Quantitation otcell surface biotinylated and immunoprecipitated Glut4 from
primary mouse adipocytes treated with0 uM nitrate with and without 100 nM insulin (n =
3). C) Glucose uptake in primary adipocytes treated with 500 uM nitrate with and without

100 nM insulin 1> 29). Data is displayed as Mean + SEM. * P <0.05. ** P <0.01.

Figure 4. Nitrate promotes glucose import and metabolism through a xanthine

oxidoreductase catalysed reduction of nitrate to nitric oxide. A) The expression of

20



glucose import (Glut4, Glutl) and catabolic (Hk2nes in primary adipocytes differentiated
from the stromal vascular fraction of inguinal WAT frdfRARa null mice and treated with
500uM nitrate (n = 3). B) Glucose import and metabolsm gene expressionnarpr
adipocytes treated with the NO scavenger PHOuM) with and without 50@M nitrate (n

= 3). C) Glucose uptake in primary adipocytes treated with Desddenger PTIO (50 uM)
with and without 50QuM nitrate (n = 5)D) Glucose import and metabolism gene expression
in primary adipocytes treated with the Protein KinasehiBitor KT5823 (1 puM) with and
without 500uM nitrate (n = 4). EGlucose uptake and metabolism gene expression in
primary adipocytes treated with negative control SRNAIRNA against XOR with and
without 500 uM NaNOs3 (n = 3). F) Glucose uptake in primary adipocytes treated with
negative control siRNA or siRNA against XOR with and without 500 pM NaNO3 (n > 8).

Data is displayed as Mean + SEM. *, P <0.05. **, P < 0.01, *** P <0.001, **** P <0.0001.
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