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AbstractO

Scope: Dietary intake of beetroot by humans reduces blood pressure but whether this is caused by
nitrate not well-defined; neither are effects on other signs of metabolic syndrome.
Method“s: Rats fed a high-carbohydrate, high-fat diet (H) for 16 weeks developed

abdominal hypertension, altered cardiovascular and liver structure and function, and
impaired glucose t@lerance compared to rats fed a corn starch diet (C). H rats treated with ~16
mg/kg/da
reduced syste

and decreased

te either from beetroot juice (H+B) or sodium nitrate (H+N) for the last 8 weeks

plood pressure by ~25 mmHg, improved cardiac structure and function, plasma lipid

profile a markers of liver function, reduced inflammatory cell infiltration in heart and liver

entricular fibrosis. In the left ventricle, H rats increased mRNA expression of

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/mnfr.201700478.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/mnfr.201700478
https://doi.org/10.1002/mnfr.201700478
https://doi.org/10.1002/mnfr.201700478
mailto:michael.mathai@vu.edu.au

connective tissue growth factor (CTGF), monocyte chemoattractant protein 1 (MCP-1), matrix
metalloproteinase-2 (MMP-2) and adenosine monophosphate-activated protein kinase-alpha
(AMPK-a) and decreased mRNA expression of peroxisome proliferator-activated receptor-alpha
(PPAR-aHroot and sodium nitrate diet-fed rats decreased CTGF three-fold, MCP-1 and
MMP-2 twogfél@and doubled PPAR-a mRNA expression in left ventricular tissue.

Conclusio @ ilar functional and molecular responses to beetroot and sodium nitrate indicate
that the nitrate content of beetroot reduced inflammation and improved cardiovascular, liver, and

metaboﬂc inc:mn in rats with metabolic syndrome, rather than betanin.
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Abbreviations: C, corn-starch rich diet; H, high-carbohydrate, high-fat diet; B, beetroot; N, sodium

i ide; CTGF, connective tissue growth factor; MMP-2, matrix metalloproteinase-2;
MCP-1, mo
adenosine sphate-activated protein kinase alpha; PPAR-a, Peroxisome proliferator-

hemoattractant protein-1; TGF-B, transforming growth factor beta; AMPK-q,

activated receptogi@lpha; OGTT-AUC, oral glucose tolerance test-area under the curve; ALP, alkaline
phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; NEFA, non-esterified fatty
acids; LDL, low-density lipoprotein; IVSd, interventricular septal end diastole; LVIDd, left ventricular

internal di d diastole; LVPWd, left ventricular posterior wall end diastole; IVSs,
interventri al end systole; LVIDs, left ventricular internal diameter end systole; LVPW(d, left
ventriculargpo wall end systole; dP/dt, left ventricular contractility.

Obesity is associated with an increased risk of hypertension, coronary heart disease, and
myocardialginfarction leading to heart failure [1, 2]. In recent years, many national health authorities
have focus rovement of diet, particularly in population groups with an increased risk of

cardiovasc ase [3-5]. Many organisations including the World Health Organization are aiming

alence of dietary-related diseases through evidence-based recommendations
on nutrition and food consumption. This includes promotion of a healthy diet, including the
consum or six servings of vegetables and two servings of fruits per day [6, 7], although
only 8. Its met vegetable intake recommendations in 2013 [8]. A lower intake of fruits
and vegWsociated with a higher risk of mortality [9-12]. The Mediterranean diet is one
widely-studied example where increased intake of fish, monounsaturated fats from olive oil, fruits,
vegetables, wholefgrains, legumes/nuts, and moderate alcohol consumption reduced the incidence
of cardiov sease, diabetes, and obesity [13]. There is considerable evidence that an

increased intak egetables and fruits decreased the risk of hypertension, coronary heart disease,
and increased intake of fruit and leafy green vegetables reduced the risk of type 2
an-alcoholic fatty liver disease [16] and hypertension [17], both associated with
obesity, were prevented or improved by an increased intake of fruits or vegetables.

These diet-induced changes could be caused by many bioactive compounds in foods [18,
19], of which nitrate is one. Increased consumption of dietary fruits and vegetables containing

nitrate reduced blood pressure [20], but the mechanisms for these effects are unclear [21].
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Increased dietary intakes of nitrate-rich vegetables reduce the risk of cardiovascular disease [22].
Unlike red-purple fruits such as berries and plums which contain anthocyanins, red beetroot
contains betanin, a_nitrogen-containing water-soluble betacyanin from the larger group of betalains,
as well nitrate. Both red and white beetroot-enriched bread decreased blood pressure

i at betanin is not required to reduce blood pressure. However, betanin may have

acts, possibly reducing total cholesterol, preventing LDL oxidation and protecting

Inc%anic nitrate (NO3’) in the diet is reduced to nitrite (NO,’), and then to nitric oxide (NO)
by salivary bactegia and the acidic environment of the stomach [20, 26]. Endogenous NO produced
by NO syntifiase in @ndothelial cells mediates vascular dilation and inhibits infiltration of

inflammato and platelet aggregation [27]. Increased consumption of inorganic nitrate in
green leafy, les and beetroot have potential cardiovascular benefits [28, 29]. Recently, a
meta-analmeveral clinical studies [30-33] have suggested that dietary inorganic nitrate or
beetroot jui ed plasma LDL, and systolic blood pressure, with improved endothelial and

cardiac function [286, 34-37].

Ho S there is no clear evidence that increased dietary betanin or inorganic nitrate
protect ag iovascular and liver damage in metabolic syndrome. Thus, we have studied
beetroot j ource of nitrate for attenuation of organ structure and function in rats fed a
high-carbohydrate, high-fat diet as a model of metabolic syndrome and compared responses with a
similar dos@ge rate from sodium nitrate. Cardiovascular, liver, and metabolic parameters were
measured i th beetroot and sodium nitrate treatment along with heart, liver, and skeletal
muscle sion to identify possible mechanisms mediating the changes to these organs.

2 Mates d methods

2.1. Ri;s and diets

72 ma rats (8-9 weeks old) were randomly divided into 6 experimental groups (n=12
each, with from each group randomly chosen for histological study) and fed either corn
starch diet odium nitrate (C+N), C + beetroot juice (C+B), high-carbohydrate, high-fat (H), H

+ sodium nit +N) or H + beetroot juice (H+B) for a total of 16 weeks. The composition of C and

H diets aref@letailed in Supplementary table 1. Beetroot juice (commercially available as Beet It
shots, J
sodium Mpurchased from Sigma-Aldrich Australia (Sydney, NSW, Australia). Studies using

UK) from a single batch was purchased from a local health-food shop and

Beet It dos | report that each dose contains ~400 mg nitrate [38], ~21 mg betanin, ~1.02
mg betaxanthin, afid ~22.6 mg total flavonoids (rutin equivalent) [39]. C, C+B, and C+N rats were fed
with C diet irst 8 weeks and then with C, C + B or C + N diets for the last 8 weeks. H, H+B, and

with H diet for the first 8 weeks and then with H, H + B, or H + N diets for the last
ot juice 50 ml/kg food (containing ~280 mg nitrate) and sodium nitrate 400 mg

H+N rats wete
8 week <=¢=@
(containing ~29@mmg nitrate) dissolved in 5 ml of water added as 5 ml/kg food were supplemented
by replacing equivalent volumes of water from the diets to achieve a dose of ~16mg/kg/day of
nitrate based on daily food intake measurements. All experimental protocols were approved by the
Animal Ethics Committee of the University of Southern Queensland (13REAQO5 valid from

September 2013 to September 2015). At the end of 16 weeks, measurements of body composition,
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oral glucose tolerance, plasma biochemistry, and histology were performed [40]; protocols are
detailed in Supplementary Methods.

Z.Mscular measurements.

Systoli g pressure was measured at 0, 8, and 16 weeks under light sedation following
intraperito w tion with Zoletil (toletamine 10 mg/kg, zolazepam 10 mg/kg; Virbac, Peakhurst,
NSW, Australia . Measurements were performed using an MLT1010 Piezo-Electric Pulse
Transd€e uments, Bella Vista, NSW, Australia) and an inflatable tail-cuff connected to a

MLT844 Physi ical Pressure Transducer and Powerlab data acquisition unit (ADInstruments).

performed the cardiovascular structure and function at 16 weeks under anesthesia with
intraperitomtil and llium Xylazil (xylazine 6 mg/kg, IP; Troy Laboratories, Smithfield, NSW,
o

Echoc@hic examinations using a Hewlett Packard Sonos 5500 12 MHz transducer were
S

Australia), ance with the guidelines of the American Society of Echocardiography using the

leading-edge method [40-42].
Termiﬁesia was induced via intraperitoneal injection of pentobarbitone sodium

(Lethabarb, kg, Virbac, Peakhurst, NSW, Australia). After heparin (Sigma-Aldrich Australia)
administraion (200 IU) through the right femoral vein, a blood sample (~6 ml) was then collected

from the a aorta into heparinized tubes. Immediately after terminal anesthesia, left
ventricular, was assessed using the isolated Langendorff heart preparation [40-42].
Isovolumetgic cular function was measured by inserting a latex balloon catheter into the left

ventricle of the isolated heart connected to a Capto SP844 MLT844 physiological pressure transducer

and Ch ware on a Maclab system (ADInstruments).
Th i rtic rings (~4 mm in length), collected <5 minutes after terminal anesthesia, were
suspen an bath chamber filled with Tyrode physiological salt solution bubbled with 95%

0,-5% CO, and allowed to stabilize at a resting tension of 10 mN. Cumulative concentration-
response c!ves (contraction) were obtained for noradrenaline (Sigma-Aldrich Australia), and
cumulative concentration-response curves (relaxation) were obtained for sodium nitroprusside or

acetylcholi @ a-Aldrich Australia) following submaximal (~70%) contraction to noradrenaline
[40-42].

2.3. Real{fime polymerase chain reaction

Immediately following euthanasia, left ventricle, liver, and skeletal muscle portions were snap-frozen
in liquid d stored at -80°C in 5-ml cryovial tubes until quantitative analysis via real-time
PCR. Total extracted from approximately 15 mg of tissue using 1000 mg of ceramic/silica
beads in TRIzol® gent (Invitrogen, Melbourne, Australia) [43]. Extracted RNA concentration was

guantified spectrogphotometrically at 260 nm and DNase treated using the RQ1 RNase-free DNase kit

rations, Madison, USA) to ensure the sample was free from DNA contaminants. First
s then generated from 0.3 pg of template RNA using the iScript™ cDNA synthesis kit
(Bio-Rad Labora
at -20 °C for subsequent analysis.

s, Hercules, USA) using random hexamers and oligo dTs [43]. cDNA was stored

Real-time PCR was conducted using MyiQ™ single color ‘real-time’ PCR detection system (Bio-Rad
Laboratories, Hercules, CA) with iQ™ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, USA) as
the fluorescent agent. Forward and reverse oligonucleotide primers for the genes of interest were
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designed using OligoPerfect™ Suite (Invitrogen, Melbourne, Australia) (Supplementary table 2). To
compensate for variations in RNA input amounts and reverse transcriptase efficiency, mRNA
abundance of the genes of interest was normalized to the housekeeping gene, B-actin, for heart,
liver, anH

for 60 sec. Rel8 changes in mRNA abundance were quantified using the 2"**" method [44] and
reported i @ units. Ct values for B-actin were not altered by dietary intervention.

2.4 Bt FESEEM analysis

uscle. Real-time PCR reactions were run for 50 cycles of 95°C for 15 sec and 60°C

All data nted as mean + SEM. Results were tested for variance using Bartlett's test and
variables th@t wer@not normally distributed were transformed (using log 10 function) prior to
statistical Data from C, C+B, C+N, H, H+B, and H+N groups were tested by two-way ANOVA.
When interagti nd/or the main effects were significant, means were compared using Newman-
Keuls multiple arison post hoc test. Where transformations did not result in normality or

constant variance, a Kruskal-Wallis non-parametric test was performed. A P-value of < 0.05 was

defined amly significant. All statistical analyses were performed using GraphPad Prism
version 6.

3 ResuC

dows (San Diego, CA, USA).

e, body composition and plasma biochemistry

ergy intakes were unaltered in C+B and C+N rats compared to C rats and in H+B
red to H rats (Table 1, Supplementary Table 3). H rats increased feed conversion
efficiency, bo ight gain, abdominal circumference, and body mass index compared to C rats,

rats had unchanged total body fat and lean mass compared to H rats and increased total body fat
and lean mass compared to C, C+B, and C+N rats (Table 1).

Plasma corhms of total cholesterol, triglycerides, and non-esterified fatty acids (NEFA) were
increased ig

ompared to C, H+B or H+N rats, while C rats had higher total cholesterol
H+B and H+N rats (Table 1). H rats also had higher fasting blood glucose
ompared to C rats; H+B and H+N rats showed decreased fasting blood glucose

concentra
concentration
concentrations. Areas under the glucose concentration curve were greater in H rats than C rats
(Table +N rats improved plasma glucose clearance compared to H rats with H+N rats
showingWsma glucose clearance than H+B rats (Table 1). Plasma insulin concentrations
almost doubled in H rats compared to C rats and insulin concentrations were reduced in H+B and
H+N rats (Table 1

3.2. Cardiova ar structure and function

creased left ventricular internal diameter in diastole (LVIDd), relative wall thickness
and left ventric8lagwet weight as signs of eccentric hypertrophy compared to C rats (Table 2). H rats
showed impaired systolic function seen as decreased fractional shortening, developed pressure, and
left ventricular contractility (dP/dt) with increased left ventricular diameter in systole (LVIDs),

diastolic stiffness, and systolic wall stress (Table 2). H rats showed increased diastolic and systolic
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stroke volumes, cardiac output, and estimated left ventricular mass compared to C rats, with
increased systolic blood pressure and heart rate (Table 2).

lar diastolic and systolic diameters (LVIDd and LVIDs) were normalized in H+B
and H+N ratsgaempared to C rats and decreased compared to H rats, with no change in left
@ wall thickness in systole and diastole. These effects were accompanied by
ac ali8iortening in H+B and H+N rats (Table 2). Diastolic stiffness, systolic volumes,

ventricula
increased fi
cardiac ButipuEEsySEolic wall stress, and wet weight of left ventricle with septum were normalized
and heart r@te was decreased in H+B and H+N rats. Diastolic volumes and ejection times along with
left-ventricular developed pressures were increased in H+B and H+N rats compared to C and H rats
(Table 2). &

well as systO

mrauc aortic rings from H rats showed decreased vascular contraction with
noradrenaline (Figure 1A) and decreased relaxation with sodium nitroprusside and acetylcholine
compared to S(Flgure 1B and C). H+B and H+N rats showed improved contraction and
relaxation d thoracic aortic rings (Figure 1A, B and C), which is similar to the changes in

blood pres
C:+N rats showed minimal infiltration of inflammatory cells (Figure 2A, B, and C)

gen deposmon (Figure 2G, H, I) with tissue morphology appearmg normal. H rats

+N rats showed normalized estimated left ventricular mass and wet weight as

god pressure (Table 2).

H+B and H+N'ra igure 2E, F). Interstitial collagen deposition was increased in H rats (Figure 2J)

compa and decreased in H+B and H+N rats (Figure 2K, L) compared to H rats.
In ventricle, H rats increased expression of CTGF, MMP-2, MCP-1, and AMPK-a
(Figure E and Supplementary Table 4) and decreased PPAR-a mRNA (Figure 3F and

Supplementary Table 4) compared to C rats. H rats showed no change in mRNA expression of
transformifig growth factor beta (TGF-B) in the left ventricle (Figure 3D and Supplementary Table 4)
compared h In the left ventricle, H+B and H+N rats decreased CTGF, MMP-2, MCP-1, and
AMPK-a mRN ession (Figure 3A, B, C, and E and Supplementary Table 4) with increased PPAR-a
MRNA expfg

milar to C rats (Figure 3F) and no change in TGF-B mRNA expression (Figure 3D
and Supplementary Table 4) compared to H rats.

3.3.Li re and function and mRNA expression in liver and skeletal muscle
tissue

Compared H rats increased plasma activities of alanine transaminase (ALT), alkaline
phosphatase (ALPJhand aspartate transaminase (AST) as markers of liver damage; H+B and H+N rats
decreased rameters compared to H rats. Plasma activities were unchanged in C+B and C+N
rats compar rats, except an increased plasma ALP activity in C+B and C+N rats compared to C
rats (Ta e minimal liver lipid deposition and inflammatory cell infiltration in C rats (Figure
4A) was also in C+B and C+N rats and tissue morphology appeared normal (Figure 4B, C).

Macrovesicular steatosis and portal inflammation was increased in H rats (Figure 4D) while H+B and
H+N rats showed decreased inflammatory cell infiltration (Figure 4E, F) compared to H rats. No
changes in AMPK-a or PPAR-a mRNA expression were observed in the liver (Figure 5A, B and
Supplementary Table 4) or skeletal muscle (Figure 5C, D and Supplementary Table 4).
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4 Discussion

Feeding rats with a high-carbohydrate, high-fat diet induces cardiovascular, liver, and metabolic
changes ndothelial dysfunction [40]. Endothelial dysfunction with decreased production
tural damage of the cardiovascular system and decreased function [40] resulting

, atherosclerosis [46], and stroke [47]. The current study used a dose of ~16

mg/kg/day nitrate in rats which is equivalent to a dose of nitrate of ~250-280 mg/day in 70-80 kg
human!b ody surface area comparisons between rats and humans [48]; this daily dose in
humans is i with 50 ml of Beet It stamina shot. Similar responses with beetroot and sodium
nitrate tre
than beta

clinical efficac

uggest that the observed effects are due to nitrate present in beetroot, rather

. Addjtionally, the dose of betanin in the present study is comparatively low to have
]. Further, betanin showed a bioavailability of up to 2.7% [24].

The H rats most of the cardiometabolic signs that occur in humans with metabolic
syndrome. shown that hypertension, left ventricular fibrosis with increased stiffness and
vascular dysfuncti@h occurs together with increased left ventricular CTGF and MMP-2 mRNA
expression! with H diet increased inflammatory cell infiltration in left ventricle which occurs

together wij sed MCP-1 mRNA expression [50]. We suggest that the decreased blood
pressure ang diastolic stiffness with both interventions is due to decreased collagen deposition in
the left ventricle and normalized CTGF mRNA expression. Overexpression of MMP-2 and CTGF

increased ¢oll3 ‘a deposition in heart and aortic walls [51, 52] and this relationship was also
observed i s¢CTGF activated by upstream TGF-f signaling stimulated the proliferation of

connechiviesi lIs such as fibroblasts and extracellular matrix [53]. In the current study,
decrease n deposition occurred with no change in expression of the upstream activator TGF-
B mRNA, whi ontradictory to previous studies [54].

Our results also suggested that beetroot and sodium nitrate interventions improved vascular

function by improving endothelial-independent smooth muscle function, possibly by in vivo
conversiorhe to nitrite, leading to increased vascular NO concentrations [20, 55]. NO

modulated themelease of cytokines and cell adhesion molecules to decrease inflammation [56],

increase ¢ osine monophosphate (cGMP) in smooth muscle [57], and improve vascular

function [58%¢ Improved vascular function is consistent with previous studies suggesting that NO
normalize on of MCP-1 mRNA. Additionally, NO inhibited the synthesis and expression of
inflam ines such as TNF-a, induced signal transducer and activator of transcription
(STAT3) phisphor’ation, inducible nitric oxide synthase and cell adhesion molecules that attract
inflammatary cells into the vessel wall [59]. These effects were mediated by inhibiting the activation
of nuclear which binds to the promoter regions of genes that code for pro-inflammatory
proteins [6 ding these effects could be the mechanism for reduced inflammatory cell

infiltration in th t ventricle and liver observed for both beetroot and sodium nitrate treatments.

troot and sodium nitrate treatment reduced plasma activity of liver enzymes and
concentr free fatty acids possibly leading to the decreases in liver fat vacuoles, inflammation,
and liver weight. activates AMPK-a, an energy-sensing enzyme activated in response to cellular
stress and by increased intracellular cGMP [61]. Beetroot juice increased basal oxidative metabolism
and glucose uptake in C2C12 myocytes with elevated metabolic gene expression including

peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1a), nuclear respiratory
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factor 1, mitochondrial transcription factor A, and glucose transporter 4, leading to increased
mitochondrial biogenesis [62]. In our study, both beetroot and sodium nitrate interventions
improved glucose tolerance independent of changes in body weight, similar to a previous study with
sodium Hment in obese ZSF1 rats suggesting that nitrate regulated glucose uptake

in 3)-AMPK activation in skeletal muscle [63]. Additionally, AMPK activation in

ad with sodium nitrate treatment, suggesting AMPK-GLUT-4 mediated glucose

eletal muscles improved glucose homeostasis [63]. In contrast, in our diet-induced
model, EeiEroot nor sodium nitrate treatment altered AMPK-a mRNA expression in skeletal
muscle. In , the increased AMPK-a expression in H diet rats was normalized in beetroot and
nitrate-treag@d r suggesting that reduced blood pressure and improved cardiovascular function
with either@nt reduced the cellular stress and workload, thereby normalizing AMPK-a
expression.

ThWon of PPAR-a during energy deprivation regulated lipid metabolism in the liver
and increa roduction [64]. Few studies have explained how the improved relationship
between PPAR-a aid NO production benefits cardiovascular health [64]. Activation of PPAR-a also
increased drial fatty acid B-oxidation [65]. Treatment with beetroot or sodium nitrate did
not chang mMRNA expression in liver or skeletal muscle but increased expression in the
heart. Simi dose treatment with nitrate did not alter PPAR-a activation and expression in
muscle and liver [66]. However, plasma triglycerides and NEFA were decreased as well as fat
vacuoles im in the current study. These results suggest that regulation of PPAR-a expression

jfi

is tissue-sp ing beetroot and nitrate treatment. Additionally, endothelial NO synthase-

deficie i ed with sodium nitrate decreased body weight and visceral adiposity [37],
whereas in with diet-induced metabolic syndrome, nitrate either as sodium nitrate or in
beetroot jui no effect on body weight and adiposity.

5 Concgsions

Our integrategestudy shows that, in a rat model of metabolic syndrome, supplementation with

dium nitrate has similar effects in reducing blood pressure, plasma total
cholesterol, erides, and non-esterified fatty acids. Cardiovascular function and structure were
g with normalization of CTGF, MCP-1, and MMP-2 mRNA expression in heart.
These bendiits were observed with a similar dose of nitrate from beetroot or sodium nitrate,
suggesting that begtroot juice can be utilized as a safe and effective therapeutic intervention to
provideanrove hypertension and cardiometabolic changes. Additionally, both

interventim/ed hepatic structure and glucose metabolism, and decreased plasma insulin and

also impro

liver enzymes, withiout alterations in body weight, total fat, or expression of AMPK-a or PPAR-a
mRNA. However, farther investigation on beetroot and sodium nitrate will be necessary to
underst mechanisms underlying the improvements of the cellular changes seen in the
metabo ome.
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6 Limitations

This study has measured responses at 0, 8 and 16 weeks although only parameters in living rats
could b at 0 and 8 weeks. This assumes that all other parameters at 0 and 8 weeks

before inte
s wit

rather than quantita
I I

s were started are as previously reported by us [40]. Further, the initial onset of

improveme the interventions cannot be determined. Also, histopathology data is qualitative
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Figure legends

Figure 1. Cumulative concentration-response curves for noradrenaline (A), sodium
nitroprwand acetylcholine (C) in thoracic aortic rings from C, C+B, C+N, H,
H+B, and s. Data are shown as mean + SEM. End-point means without a
common ch data set significantly differ, P<0.05 and n=10/group. C, corn-
starch ch, high-carbohydrate, high-fat diet; B, beetroot; N, sodium nitrate.
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Figure 2. Hematoxylin and eosin staining of left ventricle (original magnification x20)

showing inflammatory cells (marked as “in”) as dark spots outside the myocytes in C
(A), C+M(C), H (D), H+B (E), and H+N (F) rats. Picrosirius red staining of left
ventriculagg stitial collagen deposition (original magnification x20) in C (G), C+B
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Figure 3. Left ventricular mRNA expression of CTGF (A), TGFB (B), MCP1 (C), MMP2
(D), AMPKa (E) and PPARa (F) in C, C+B, C+N, H, H+B, and H+N rats. Data expressed in
arbitraw !ﬂiii Wrmalized to B-Actin, shown as mean = SEM. Means without a
common letiein each data set significantly differ, P<0.05 and n=10/group. CTGF,
@ growth factor; MMP-2, matrix metalloproteinase-2; MCP-1,
monocyte chemoattractant protein-1; TGF-B, transforming growth factor beta;

I
AMPKa, }enosine monophosphate-activated protein kinase alpha; PPARQq,
peroxiso

connecti

ferator-activated receptor alpha.

A B

2.5r 1.6
a a
1.4
T 20f 5
° ° 12
29 24
SE 1.5} EE L b
E‘E b EE o8r
22 q0f £4£
-EE - EE 0.6
< <
5 & 04
Z osf Z
0.2}
0.0l 0.0l 1
C C C+B  C+N H H+B  H+N
1.21 0.4r
£ £
B g 03t
249 o8} 24
- 55
£ oe , g3 oz
22 22
IE o4 ZE
1= 1
<] S 01f
2 2 £
0.0 0.0l

TGF-p

0.8F

0.6

Arbitrary units
(Normalised to 3-Actin)
N
T

0.2

Arbitrary units
(Normalised to B-Actin)

L L
c C+B

This article is protected by copyright. All rights reserved.



Figure 4. Hematoxylin and eosin staining of hepatocytes (original magnification x20)
showing inflammatory cells (marked as “in”) and hepatocytes with fat vacuoles

(markwm C (A), C+B (B), C+N (C), H (D), H+B (E), and H+N (F) rats.

e

Figure 5. ic and skeletal muscle mRNA expression of AMPKa and PPARa in C,
C+B, C+N , and H+N rats. Data expressed in arbitrary units normalized to -
actin, sh ean £ SEM. Means without a common letter in each data set
significantly diff@r, P<0.05 and n=10/group. AMPKa, adenosine monophosphate-
activated g kinase alpha; PPARa, peroxisome proliferator-activated receptor
alpha.
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Graphical abstract-text

Rats fed a diet high in fat and carbohydrate developed cardiometabolic disorders. Beetroot juice,
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which is a rich source of nitrate, reversed the diet-induced symptoms of metabolic syndrome in rats.
Treatment of the rats with an equivalent dose of sodium nitrate to that contained in the juice replicated
the beneficial effects of beetroot. The mechanisms underpinning the beneficial effects are likely to

include Wf infiltration of inflammatory cells to metabolic tissues including the heart and
liver, as well as activation.

Body weight gain —
Total body fat mass —
Glucose clearance {]
Plasma insulin |}
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\ Left-ventricular (LV) stiffness
LYV interstitial collagen deposition ||
| - R
\(\Q\ LV inflammatory cell infiltration |}
@m\« LV mRNA expression of CTGF,

Cardiovascular function MCP-1, MMP-2 and AMPK-a U
. op LV PPAR-o. ]
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—g Inflammatory cell infiltration .|
Sodium nitrate V Fat vaccuoles )
N - .
Plasma liver enzymes

Wet weight |
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Table 1. 8ed b position, energy intake, oral glucose tolerance test, plasma insulin, and plasma

biochemj i +B, C+N, H, H+B, and H+N diet-fed rats (n=10 rats/group).
Variable C+B C+N H H+B H+N P values
Diet Treatmen | Interactio
t n

Body com;hnd energy intake

271. | 269.9 | 302.1 |282.5 |285.1 |0.11 0.0027 0.72
+4.5° | +8.9° | +7.2° | +8.4°

+6.9°
104. | 96.0 | 186.6 | 180.9 | 189.4 | <0.000 | 0.99 0.78
+4.7° | £20.2 | +12.9° | +11.3° | 1

+8.6° 2

394. |399.4 |565.3 |553.9 |584.8 |<0.000 |O0.28 0.51
intake (kJ/d) +8.6° | +14.4 | +7.57 | +12.9° |1

+5.8° a
Body weight | 7. 68 |56 15.1 |12.0 |11.2 |<0.000 |0.13 0.4

gained (8-16 | +1.9° | +0.8° | +1.4° | +0.9° | +0.9° | +15° |1
weeks) (%)
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Glucose metabolism and plasma biochemistry

OGTT-AUC 670. | 639.3 | 827.4 | 797.1 | 695.3 | <0.000 | <0.0001 0.0154

+6.2° | #12.9 | £185 | +12.2 |1

20 |17 4.1 2.3 2.1 0.0416 | 0.0091 0.0242
+0.5° | +0.3° | +0.5° | +0.4° | +0.4°

Plasma

insulin gy
(umol/L)

ALP (U/L) 136. | 135.8 | 325.8 | 235.8 | 228.3 | <0.000 | 0.0488 0.001
+12.3 | £27.6 | £188 | +17.1 |1
+66c c a b b
ALT (U/L) 264 | 29.3 343 29.3 30.1 0.0007 | 0.17 0.0269

+1.1° | #1.1° | +1.6° | +1.2° | +1.4°

AST (U/L) 60.4 60.8 87.5 61.3 63.9 0.0064 <0.0001 0.0144
+1.9° | £+1.3° | +3.0° | +2.9° | #3.6°

Total 1.3 1.5 2.6 1.4 1.6 0.0013 <0.0001 0.009

cholestero +0.1° | £0.1° | +0.2° | +0.1° | #0.1°

(mmol/L)

Triglyc 04 |05 1.8 0.9 0.8 <0.000 | 0.0036 0.0083
s (mmol/L) ° | +0.1° [ +0.1° | +0.3* | +0.2° |+0.1° |1
NEFA 1.3 |14 5.4 2.4 2.5 <0.000 | <0.0001 | <0.0001
(mmol/L) +0.2° | +0.1° | +0.1° | +0.6° |+0.3° | +0.3° |1

Each valuew SEM.
abedeNeans wiiin a row with superscripts a, b, ¢, d and e differ significantly (P < 0.05).

*In all gro weight gained calculated as percentage of body weight increase from 8 weeks to

16 weeks. O -ALIC, oral glucose tolerance test-area under the curve; ALP, alkaline phosphatase;
ALT, alaning transaminase; AST, aspartate transaminase; NEFA, non-esterified fatty acids.

Table 2. vascular structure and function in C, C+B, C+N, H, H+B, and H+N
diet-f n=10 rats/group).

Variable | C C+B C+N H H+B H+N P values

Diet Treatme | Interacti
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nt on
Heart 272 271 +9° | 245 365 298 +5° | 241 0.030 | 0.0036 |0.07
rate w +14° | +24° +35° |8
(bpm)
IvSd 8 1.9 2.0 1.8 2.0 0.16 | 0.017 0.61
LVIDd L 6.8 6.4 8.7 6.4 6.5 0.001 | <0.0001 | <0.0001
(mm) 2 +0.1° | 0.2° |#0.4° |+0.2° |+0.2°
LVPWd =91 | 1.8 1.8 1.8 1.8 1.8 0.57 |0.72 0.72
(mm) @ +00 |+00 |00 |01 |00
IVSs 3.2+0.1 | 3.1 3.3 2.940.1 | 3.1 3.3 0.23 |0.0393 |0.23
(mm) 5 +0.1 +0.1 +0.1 +0.1
LVIDs 3 3.7 3.8 4.8 3.8 3.4 0.24 |0.0133 | 0.0178
(mm) 0.2 +0.2° | +0.2° |+0.4° |+0.2° |+0.3°
LVPWs 2.8 2.8 2.9 3.0 3.1 0.047 | 0.85 0.32
(mm) +0.1 +0.1 +0.1 +0.1 +0.1 5
Fractio 58.8 54.3 42.3 55.5 58.5 0.14 | <0.0001 | 0.0027
al S’ +0.6° | +1.2° | +2.7° | +1.0° |+0.8°
shorteni
ng (%)
Ejection |80.1 93.2 95.6 72.9 85.9 88.4 0.001 | <0.0001 |1
time m £2.1° [ £2.4°  [$39° [£21° | $£20° |4
(ms)
Ejection @ 81.1 77.6 82.5 81.3 81.7 0.85 |[0.1 0.22
fraction 1.7 1.4 2.4 +1.9 +2.8
(%)
Diastoli% 340 275 688 281 292 0.006 | <0.0001 | <0.0001
volume |%37° +24° +32° +66° +36° +33° 1
(L) s
Systolic | 60+9%@ | 58 +9° | 60+8° | 121 61+11° | 51+16° | 0.12 | 0.0282 | 0.0321
volume +22°
(L)
Stroke | 309 281 215 567 219 242 0.003 | <0.0001 | <0.0001
volume | +33° +20° +27° +38° +31° +22° 7
(L)
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Cardiac | 88.7 77.1 62.8 184.4 | 65.5 62.4 0.008 | <0.0001 | 0.0001
output | +13.6° | +6.4° | +9.6° | +19.0° | +10.0° |+12.1° |7

(mL/min

) H

Diastolic 3.110. 22.60. | 28.6+0. | 24.3+0. | 23.8+0. | <0.00 | 0.0008 | 0.0013
stiffness |96 b 7° 7¢ 6° 9° 01

(k) N |

Estimate % 0.7 0.8 1.1 0.8 0.8 0.007 |0.0035 | 0.0393
dLv @ +0.0° | +0.0° |+0.1° |+0.0° |10.0° |1

mass,

Litwin

o (U

LV+sept : 17.1 15.3 20.1 17.6 16.2 0.002 | <0.0001 | 0.15
um wet E +0.4° | +0.5° | 0.6° | +0.4° |+0.4*™ |3

weight

(mg/mm C

tibial

length)

Right g 4.1 3.7 5.6 4.9 4.1 0.005 | 0.0015 | 0.62
ventricl +0.1° | +0.2° | +0.4° |+0.3*® | 202" |9

wet

weight§

(mg/m

tibial

length) !

Relative | @/5%@W@ | 0.5+0.0 | 0.5+0.0 | 0.6+0.0 | 0.5+0.0 | 0.5 0.08 | 0.0497 | 0.0497
wall O 2° 2° 3° 2° +0.01°

thicknes

S

Systolic 85.8 83.4 111.2 | 82.4 74.9 0.49 |0.0114 | 0.0483
wall . +6.6° | +6.5° | +7.4*° | +7.3* |458°

stress

(mmHg) :

LV 4 62.4+5. | 68.2+4. | 44.7+3. | 64.2+4. | 66.8+3. | 0.37 | 0.0004 | 0.38
develog ‘Aﬂ 1° 7° 6° 28 8?

ed

pressure

(mmHg)
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(+)dP/dt | 114747 | 122946 | 119746 | 825484 | 1210+6 | 1242+7 | 0.1 0.0022 0.0334
(mmHg/ | 5° 7° 6° b 42 8?
e
(-)dP/dt | - - - - - - 0.08 0.0006 0.034
(mmHg/ @ 785456 | 758+47 | 47347 | 767+50 | 783455
S) a b a a
N |
Systolic 29.4 125.7 122.6 151.0 1335 132.0 <0.00 | <0.0001 | 0.0034
blood v +1.2° | 21.7° | +2.4° | +22° | +24° |01
pressure O
(mmHg)
Each valuemt SEM.
2bSMeans in®row with superscripts a, b and c differ significantly (P < 0.05).

iet; H, high-carbohydrate, high-fat diet; B, beetroot; N, sodium nitrate; IVSd,
interventri al end diastole; LVIDd, left ventricular internal diameter end diastole; LVPWd,
left ventricular erior wall end diastole; IVSs, interventricular septal end systole; LVIDs, left
ventricularflinternal diameter end systole; LVPW(d, left ventricular posterior wall end systole; dP/dt,

C, corn-sta

il

left ventric ractility.
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