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Abstract

Background and aims Atherosclerosis is associated with a reduction in the bioavailability and/or bioactivity of endogenous
nitric oxide (NO). Dietary nitrate has been proposed as an alternate source when endogenous NO production is reduced. Our
previous study demonstrated a protective effect of dietary nitrate on the development of atherosclerosis in the apoE~~ mouse
model. However most patients do not present clinically until well after the disease is established. The aims of this study were
to determine whether chronic dietary nitrate supplementation can prevent or reverse the progression of atherosclerosis after
disease is already established, as well as to explore the underlying mechanism of these cardiovascular protective effects.
Methods 60 apoE~~ mice were given a high fat diet (HFD) for 12 weeks to allow for the development of atherosclerosis.
The mice were then randomized to (i) control group (HFD + 1 mmol/kg/day NaCl), (ii) moderate-dose group (HFD +1 mmol/
kg/day NaNO3), or (iii) high-dose group (HFD + 10 mmol/kg/day NaNO3) (20/group) for a further 12 weeks. A group of
apoE~'~ mice (n=20) consumed a normal laboratory chow diet for 24 weeks and were included as a reference group.
Results Long-term supplementation with high dose nitrate resulted in ~50% reduction in plaque lesion area. Collagen expres-
sion and smooth muscle accumulation were increased, and lipid deposition and macrophage accumulation were reduced
within atherosclerotic plaques of mice supplemented with high dose nitrate. These changes were associated with an increase
in nitrite reductase as well as activation of the endogenous eNOS-NO pathway.

Conclusion Long-term high dose nitrate significantly attenuated the progression of established atherosclerosis in the apoE~~
mice fed a HFD. This appears to be mediated in part through a XOR-dependent reduction of nitrate to NO, as well as enhanced
eNOS activation via increased Akt and eNOS phosphorylation.
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Introduction

Cardiovascular disease (CVD) is a major contributor to global
morbidity and mortality [1]. Endothelial dysfunction, caused
by impaired bioavailability and/or bioactivity of the vasopro-
tective molecule nitric oxide (NO) is the initial step in the
development of atherosclerosis [2]. Endothelial dysfunction
is characterized by reduced NO, chronic inflammation of the
arterial wall, plaque formation and progressive occlusion [3].
NO is produced by three different isoforms of the enzyme NO
synthase (NOS) via the classical | -arginine-NOS pathway,
with endothelial NOS (eNOS) the major isoform responsible
for maintaining vascular tone [4]. Animal and human stud-
ies of CVD have demonstrated reductions in eNOS-derived
NO bioavailability [5], which is a key pathogenic mechanism
involved in the formation and progression of atherosclerotic
plaque [6]. In addition to endogenous NO generation through
the conversion of | -arginine to citrulline, NO is also produced
via the NOS-independent nitrate-nitrite-NO pathway [7].
Unlike the | -arginine-NOS pathway, the nitrate-nitrite-NO
pathway is oxygen independent and regarded as an alternate
source of NO during ischemia/hypoxia [8, 9].

Epidemiological studies have demonstrated that increased
intake of green leafy vegetables, which are rich in nitrate, can
improve endothelial function and may provide a way to modu-
late CVD development [10-12]. Dietary supplementation with
nitrate has also been shown to have beneficial effects on vascu-
lar function in humans and in animal models of hypertension,
diabetes and atherosclerosis [6, 13—17]. Our previous study
showed that long term dietary nitrate supplementation had sig-
nificant beneficial effects on acetycholine-mediated vascular
function in apoE~'~ mice fed a HFD. This was accompanied
by a reduction in plaque size and an increase in plaque stabil-
ity, demonstrating a protective effect of dietary nitrate in the
development of atherosclerosis [18]. However, the majority
of patients only become aware of their atherosclerosis when it
presents as a cardiac event. Plaque rupture is the main cause
of such an event and can result in a myocardial infarction or
stroke. Consequently, treatments that can prevent or reverse the
progression of atherosclerosis after disease is already estab-
lished, will have greater translational impact in human stud-
ies. The present study aimed to establish if long-term dietary
nitrate supplementation could prevent or attenuate the progres-
sion of atherosclerosis after disease establishment, whether the
effects were dose-dependent and the mechanisms behind any
potential beneficial effects.
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Materials and methods

Animal study
Eighty male apoE~'~ mice (6-8 weeks of age) were acclima-
tized for 1 week before 60 mice were switched to a HFD (50%
carbohydrate, 21% fat supplemented with 0.15% cholesterol
via addition of clarified butter (ghee), and 23% protein, Glenn
Forrest Stockfeeds, WA). The remaining 20 mice were contin-
ued on a normal laboratory diet (NLD, 7% simple sugars, 4.5%
fat with 0.02% cholesterol, 50% polysaccharide, 15% protein,
Specialty Feeds, meat free rat and mouse diet) for the dura-
tion of the study as a reference group. Following 12 weeks
on a HFD to allow for the development of atherosclerosis
[18], mice were randomly divided into three groups (n=20/
group): (i) control group (HFD diet+1 mmol/kg/day NaCl,
[HFD+NaCl]), (ii) moderate-dose group (HFD diet+1 mmol/
kg/day NaNO,, [HFD+MDN]), and (iii) high-dose group
(HFD diet+10 mmol/kg/day NaNOj;, [HFD+HDN)]). Treat-
ments were given in the drinking water and mice were main-
tained on the supplemented diets for an additional 12 weeks.
Body weight and food intake were measured weekly. The pro-
ject was approved by the Royal Perth Hospital Animal Ethics
Committee (R539/18-21) and Perkins Animal Ethics Commit-
tee (AE154). All experiments were conducted in accordance
with the NHMRC guidelines for the care and use of laboratory
animals in Australia. The study is reported in accordance with
ARRIVE guidelines.

Serum lipid profile and biochemistry

At the end of the treatment period, fasted (5 h) mice were
anesthetized by inhalation of isoflurane (2% in 100% oxygen).
Blood samples were collected by cardiac puncture and stored
at 4 °C overnight to allow the blood to clot. Serum was sepa-
rated via centrifugation (4000 rpm for 10 min at 4 °C) and
stored at — 80 °C for later analysis. The serum levels of triglyc-
erides (TG), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein cholesterol
(LDL-C) were analysed using standard colorimetric methods
by PathWest Laboratories (Perth, WA). Serum endothelin
(Enzo Lifesciences, NY, USA, #ADI-900-020A) and lep-
tin (R&D systems, MN, USA, SMOB0OB) were measured
using ELISA Kkits, with all analysis conducted according to
manufacturer instructions. Serum cGMP concentrations were
measured using an ELIZA kit (Enzo Lifesciences, NY, USA,
#ADI-900-164).
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Serum NO, measurements

Serum nitrate and nitrite concentration was assessed using
a gas chromatography mass spectrometry (GCMS) method
as previously described [19].

Plaque characterization

The entire aorta was excised, and the surrounding fat
removed. Atherosclerotic lesion area in the cross-sections
of brachiocephalic arteries (BCA) were paraffin wax-embed-
ded, sectioned and stained with H&E (CellCentral, UWA).
The aortic root and aortic ring close to the thoracic-abdom-
inal region were isolated and placed in a cryomould filled
with optimum cutting temperature (OCT) compound, frozen
on dry ice and stored at — 80 °C for subsequent analysis.
Further sectioning and staining with P-IkBa (1:200 dilution,
Cell Signalling, #28595) as a marker of nuclear factor kappa
B (NFxB) activation, the pan-macrophage marker CD68
(1:200 dilution, Thermofisher; BS-0649R) and alpha smooth
muscle actin (1:500 dilution, aSMA; Abcam, ab5694) as
a marker of vascular smooth muscle cells. Picrosirius red
(PSR) staining was performed to determine the amount
of collagen and Oil Red O (ORO) staining was utilized to
determine the presence of lipid-laden plaques in the aortic
sections. These techniques were performed as previously
described [20, 21].

Tissue protein expression

Protein expression of p-eNOS*™77 (#9571, 1:500), AMPK
(#2603, 1:500), p-AMPK'""172 (#2535, 1:500), Akt (#4691,
1:500), p-Akt*e™7® (#4060, 1:500) (Cell Signaling Tech-
nology, MA, USA), eNOS (BD Biosciences, CA, USA,
#610298, 1:500) and HO-1(Enzo Lifesciences, #ADI-SPA-
895-F,1:500) were determined via western blot in isolated
aortic samples as previously described [22]. Expression
of xanthine oxidoreductase (XOR) (Abcam, VIC, AU,
Ab231316, 1:500) was determined in both aorta and liver
via western blot. To minimize interference between antibod-
ies, all membranes were cut according to molecular weight
size prior to incubation with primary antibody.

Statistical analysis

Data processing was performed with Graphpad Prism (ver-
sion 9). All results are shown as mean + SEM. All analy-
sis was conducted using one-way ANOVA with Duncan’s
post-hoc comparisons. Repeated measures analysis was per-
formed on data collected over the 24 week study period for
weight gain and food intake. Mice in the NLD group were

not included in statistical analysis of plaque composition.
Statistical significance was considered if p <0.05.

Results
Animal characteristics, body weight and food intake

Nine mice; one in the HFD+HDN group, four in the
HFD+MDN group, and four in the HFD+NaCl group had
to be sacrificed prior to the end of the study due to the devel-
opment of severe dermatitis. Analysis of the water deter-
mined that the moderate-dose nitrate contained 130 pg/mL
of nitrate and 3 pg/mL of nitrite, and the high-dose nitrate
contained 1301 pg/mL of nitrate and 26.6 pg/mL of nitrite
[18]. This corresponds to a 1 mmol/kg/day and 10 mmol/
kg/day intake respectively, assuming mice drink 5-6 mL
water/day [23]. As expected, apoE~'~ mice fed the HFD
had a significant increase in body weight gain compared to
mice consuming the NLD over 24 weeks and in mean body
weight at the end of the study period (Fig. 1A). There was
no significant difference in body weight gain or mean body
weight at 24 weeks between apoE ™~ mice fed the HFD alone
or those supplemented with moderate or high dose nitrate.
Average food consumption (g/mouse/week) was not signifi-
cantly different in mice consuming any of the diets (Fig. 1B).

Circulating nitrate and nitrite

Supplementation with moderate or high dose nitrate sig-
nificantly increased serum concentration of nitrate (n=10/
group, control group: 33.12 +3.87 pM; HFD + MDN
group: 136.52 +30.24 pM; HFD + HDN group:
1020.24 +473.58 pM, p <0.0001) and nitrite (control
group: 2.95+0.27 pM; HFD + MDN group: 7.33+1.63 pM;
HFD + HDN group: 36.71 +13.58 pM, p <0.0001). The
mice supplemented with high dose nitrate had significantly
higher circulating concentrations of both nitrate and nitrite
than the moderate dose group (nitrate: p <0.0001; nitrite:
p<0.0001) (Supplementary Fig. 2).

Visceral fat accumulation and serum lipid profile

ApoE~~ mice fed a HFD had increased accumulation of
visceral fat around the central torso region compared to
mice fed a NLD. Fat accumulation and adipocyte size
were not affected by nitrate supplementation (Fig. 1C and
Supplemental Fig. 1 ). The HFD significantly increased
serum levels of TG, TC and LDL-C compared to the
NLD (Table 1). High dose nitrate supplementation sig-
nificantly attenuated the HFD-induced increase in serum
TG (2.00£0.56 vs 2.53 +£0.76 mmol/L), but there was no
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Fig. 1 Effects of nitrate on A body weight, B food intake, and C vis-
ceral fat in apoE™~ mice fed a normal chow diet or a high fat diet
with or without dietary nitrate. Mean+SEM (n=15/group for body
weight and food intake, n=10/group for visceral fat). Repeated meas-
ures analysis, A p<0.0001 for all groups vs NLD. ANOVA with

HFD+HDN NLD

post-hoc analysis for mean weight at 24 weeks, HFD+NaCl vs. NLD,
p=0.0029; HFD + MDN vs. NLD, p=0.0008; HFD +HDN vs. NLD,
p=0.0001. B Not significantly different for repeated measures analy-
sis. HFD high fat diet, HDN high dose nitrate, MDN moderate dose
nitrate, NLD normal laboratory diet

Table 1 Serum lipid profile

! e ° HFD + NaCl HFD + MDN HFD + HDN NLD

in apoE™" mice fed a high fat

or normal laboratory diet at TG (mmol/L) 2.53+0.76% 2.07 +£0.68* 2.00+0.56% 1.33+0.71

24 weeks of intervention TC (mmol/L) 31.82+7.83% 35.87 +4.88% 41.01 +8.70* 13.94+2.55
LDL-C (mmol/L) 10.18 + 1.66* 10.55+3.24" 10.68 +£2.93* 2.18+0.67
HDL-C (mmol/L) 0.68+0.19 0.62+0.17 0.56+0.17 0.56+0.17

Data are presented as mean + SEM. N =38 in all HFD groups and n=10 in NLD group

TC total cholesterol, TG triglycerides, HDL-C high-density lipoprotein cholesterol, HFD high fat diet,
HDN high dose nitrate, LDL-C low-density lipoprotein cholesterol, MDN moderate dose nitrate, NLD nor-

mal laboratory diet
*p <0.05 compared with NLD

#1<0.05 compared with HFD+NaCl

effect of nitrate at either dose on serum TC or LDL-C.
There were no significant changes in HDL-C among the
treatment groups. As previously reported, hepatic lipid
accumulation was significantly increased in mice fed the
HFD, which was reduced with both high and moderate
dose nitrate [24].
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Serum levels of ET-1, leptin and cGMP

Serum ET-1 was significantly elevated in apoE ™'~ mice fed
a HFD compared with the NLD (Fig. 2A). Supplementa-
tion with both moderate and high dose nitrate significantly
reduced serum ET-1 concentrations to levels comparable to
the NLD (Fig. 2A). Serum leptin concentrations were signif-
icantly elevated with the HFD relative to the NLD (Fig. 2B).
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Fig.2 Effects of nitrate on serum A endothelin-1 and B leptin in
apoE™~ mice fed a normal laboratory diet or a high fat diet with
or without dietary nitrate. Mean+SEM (Endothelin-1: n=7 in
HFD+NaCl, n=7 in HFD+MDN, n=5 in HFD+HDN, n=6
in NLD. Leptin: n=5 in HFD+NaCl, n=7 in HFD+MDN, n=6
in HFD+HDN, n=5 in NLD). Serum endothelin-1: p=0.049

High dose nitrate supplementation significantly attenuated
the increase in serum leptin concentration relative to the
HFD control diet. There were no significant differences in
serum cGMP concentration between the treatment groups
(data not shown).

Atherosclerotic lesion size and composition

Atherosclerotic lesions were significantly developed fol-
lowing 24 weeks of HFD. Supplementation with high
dose nitrate significantly reduced lesion area, by approxi-
mately 50%, compared to the HFD+NaCl control group,
with non-significant reductions observed in the moderate
dose nitrate group (Fig. 3A). To evaluate the infiltration of
vascular smooth muscle cells (VSMCs) in the atheroscle-
rotic lesions, immunostaining for aSMA was performed.
aSMA-positive regions in the mice supplemented with
high dose nitrate were significantly greater compared to
those in the control group (Fig. 3B). The degree of infil-
trated macrophages was assessed by CD68 staining. The
lesion areas positive for CD68 was significantly reduced
in both moderate and high dose nitrate groups compared
with HFD+NaCl controls (Fig. 3C). Moreover, high dose
nitrate increased plaque collagen expression (Fig. 3D),
and both moderate and high dose nitrate supplementation
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HFD+NaCl vs. NLD; p=0.0028 HFD+NaCl vs. HFD+HDN;
p=0.0036 HFD+NaCl vs. HFD+MDN. Serum leptin: p<0.0001
HFD+NaCl vs. NLD; p<0.0001 HFD+MDN vs. NLD; p=0.0007
HFD+HDN vs. NLD; p=0.023 HFD+NaCl vs. HFD+HDN. HFD
high fat diet, HDN high dose nitrate, MDN moderate dose nitrate,
NLD normal laboratory diet

reduced plaque lipid deposition (Fig. 3E). Accordingly,
the histological plaque stability score, calculated as the
collagen:lipid ratio, was significantly greater in the mod-
erate and high dose nitrate treated mice (Fig. 3F). P-IxBa
staining, indicative of NFxB activation and inflammation,
was significantly lower in the lesions of the mice supple-
mented with moderate and high dose nitrate compared to
the HFD+NacCl control mice (Fig. 3G).

Tissue protein expression

No significant difference in the aortic expression of total
eNOS, AMPK, Akt, and HO-1 in mice fed the HFD supple-
mented with either dose of nitrate was observed (Fig. 4A).
We observed a significant increase in the p-eNOS 177/
eNOS ratio in high dose nitrate-treated groups compared
to the HFD control group (Fig. 4A, B). There was no effect
on the aortic p-AMPK™!72/AMPK ratio (Fig. 4A). A sig-
nificant dose-dependent increase in p-Akt*™73/Akt ratio
was observed in mice receiving the nitrate compared to the
HFD control group (Fig. 4A, C). XOR expression in both the
aorta and liver of mice supplemented with high dose nitrate
was significantly increased compared with the HFD control
group (Fig. 5).
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Fig.3 Representative images and quantification of A total plaque
area, B aSMA staining, C CD63 staining, D picrosirius red stain-
ing, E Oil Red O staining, F plaque stability scor, and G plkBa
staining from apoE~'~ mice fed a normal laboratory diet or high fat
diet with or without dietary nitrate. Mean+ SEM (Plaque area: n=5
in HFD+NaCl, n=3 in HFD+MDN, n=4 in HFD+HDN. aSMA:
n=7 in HFD+NaCl, n=10 in HFD+MDN, n=9 in HFD+HDN.
Mac2 staining: n=8 for all groups. Collagen assessment: n=9
in HFD+NaCl, n=10 in HFD+MDN, n=10 for HFD+HDN.
Lipid deposition: n=9 for all groups. Plaque stability: n=9 for
all groups. pIlgBa: n=8 for all groups). Plaque area: p=0.03
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HFD+NaCl vs. HFD+HDN; Plaque aSMA: p=0.0007 HFD+NaCl
vs. HFD+HDN; Mac2: p=0.0104 HFD+NaCl vs. HFD+MDN,
p=0.0011 HFD+NaCl vs. HFD+HDN; Plaque collagen: p=0.0106
HFD+NaCl vs. HFD+HDN; Plaque lipid: p=0.0008 HFD+NaCl
vs. HFD+MDN, p<0.0001 HFD+NaCl vs. HFD+HDN; Plaque
stability score: p=0.0028 HFD+NaCl vs. HFD+MDN, p<0.0001
HFD+NaCl vs. HFD+HDN; plkBa: p=0.0152 HFD+NaCl vs.
HFD+MDN, p=0.0022 HFD +NaCl vs. HFD+HDN. HFD high fat
diet, HDN high dose nitrate, MDN moderate dose nitrate. Mice fed a
NLD were not included in this analysis as no plaque was detected



European Journal of Nutrition (2023) 62:1845-1857 1851

E 4
=, .’._-.;".' P N P E
1 {:,’:‘:';/ ‘} 7 f : ! ._,i'l. :
S o o _
o p<0.0001
p<0.0001 .
) p=0.0008 s
g 60 — I
= .
S . o 3.0
. °° 3 2.5+
2 40-
S 5 2.0
2 -§
5 L d
g : w 1.5
& 3. . 5
S 204 e bae g .
;‘-:1 : - 0.5
Q
=
g = . 0.0~
> o > S
2 N 28
< S S o
3 & y
G
p=0.0022
25 — p=0.0152
o _—
&
c 20+
=)
E
°\e 15
2
£ 10
8
L]
S 5
3
¥
o
0
&
Fig.3 (continued)
Discussion in apoE™"" mice fed a HFD supplemented with nitrate. These

beneficial effects appeared more pronounced in the high

In the present study we have demonstrated a significant dose nitrate group. This improvement was associated with
attenuation in the progression of established atherosclerosis ~ increased collagen expression and decreased macrophage
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Fig.4 A Aortic expression and B, C quantification of eNOS,
p-eNOS*™' 77| Akt, p-Akt*™*’, HO-1, AMPK, p-AMPK"!72, and pan-
actin expression in apoE~'~ mice fed a normal laboratory diet or high
fat diet with or without dietary nitrate. Mean+ SEM (p-eNOS/eNOS:
n=3 in HFD+NaCl, n=4 in HFD+MDN, n=4 in HFD+HDN, n=3
in NLD. P-Akt/Akt: n=4 in HFD+NaCl, n=4 in HFD+MDN, n=4

and lipid deposition, suggesting an increase in overall plaque
stability. In addition, there were significant reductions in
plaque size and circulating endothelin-1 and triglycerides
following high dose nitrate supplementation. Although
the high dose nitrate would be difficult to achieve through
dietary changes alone, it may be possible through the use
of supplements and thus represents a potential new treat-
ment option. To our knowledge, this is the first study dem-
onstrating a beneficial effect of chronic high dose nitrate
supplementation on established atherosclerosis in the
apoE~~ mouse model.

Our previous study demonstrated a beneficial effect of
low (0.1 mmol/kg/day) and moderate (1 mmol/kg/day) dose
nitrate in preventing the development of atherosclerosis in
the apoE~'~ mouse, with no additional benefit observed with
the high dose nitrate [18]. In the present study, a moderate
and high dose of nitrate were investigated to determine any
beneficial effect after atherosclerosis is already established.
Despite the lack of a beneficial effect of the high dose nitrate
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in HFD+HDN, n=3 in NLD). p-eNOS*"77/ ¢NOS: p=0.0108
HFD+NaCl vs. HFD+HDN; p-Akt*™*7/ Akt: p<0.0001 HFD +NaCl
vs. HFD+HDN; p=0.0004 HFD+NaCl vs. HFD+MDN. HFD high
fat diet, HDN high dose nitrate, MDN moderate dose nitrate, NLD
normal laboratory diet

in our previous study [18], the high dose was included in
the present study in order to determine if higher doses were
required when investigating a model of established disease.
Indeed, our data show that the greatest effects on plaque size
and composition were observed after supplementation with
high dose nitrate, suggesting that preventing or reversing
the progression of established atherosclerosis may require
significantly greater doses of nitrate.

As expected, the HFD progressively increased body
weight compared to the normal chow diet, due to the accu-
mulation of fat mass. Nitrate treatment, at either dose, had
no effect on body weight or fat accumulation. Previous stud-
ies have shown that dietary supplementation with inorganic
nitrate is associated with decreased body weight [25, 26],
although in these studies, mice were supplemented with
nitrate from the beginning of the HFD treatment. In this cur-
rent study, nitrate was supplemented in the diet at week 12
when the mice already had significant weight gain. Previous
studies have demonstrated no effect of nitrate on weight in
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Fig.5 XOR expression in (A, C) aorta and B, D liver of apoE™~
mice fed a normal laboratory diet or high fat diet with or with-
out dietary nitrate. Mean+SEM (Aorta: n=3 for all groups. Liver:
n=4 in HFD+NaCl, n=3 in HFD+MDN, n=4 in HFD+HDN,

mouse models of atherosclerosis or the metabolic syndrome
[18, 27]. Significant increases were also observed in TC,
LDL and TG in mice fed the HFD, confirming this animal as
a model of atherosclerosis. Despite this, only TG levels were
significantly decreased in mice supplemented with high dose
nitrate. Consistent with our finding, decreased serum TG
in eNOS-deficient mice after dietary nitrate administration
have previously been reported by Carlstrom’s group [26].
Elevated TG levels are observed in atherosclerosis and are
recognized as a treatment target to lower cardiovascular risk
[28]. Therefore, the reduction of TG levels with nitrate treat-
ment may indicate a novel pathway by which nitrate/nitrite
may affect fat metabolism or utilization of energy. Further
work to investigate the beneficial effects of chronic nitrate
supplementation on TC and LDL may be required.
Endothelial dysfunction is recognised as an initial first
step in the development of atherosclerosis and is character-
ised by reduced vascular flow responses as well as lowered
circulating NO levels [29]. In this study, increased levels
of serum nitrate and nitrite were observed in mice supple-
mented with nitrate, suggesting uptake and conversion of
the nitrate from the drinking water. ET-1 is a peptide pre-
dominately produced in endothelial cells where it acts as a
vasoconstrictor, pro-inflammatory factor, and platelet acti-
vator [30, 31]. As such, ET-1 and NO are natural counter-
parts in regard to vascular function, and an imbalance in the
production of these two agents may contribute to the onset
of vascular dysfunction and subsequent atherosclerosis.
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n=3 in NLD). XOR/pan-Actin (aorta): p=0.0349 HFD+NaCl
vs. HFD+HDN; XOR/pan-Actin (liver): p=0.045 HFD+NaCl vs.
HFD+HDN. HFD high fat diet, HDN high dose nitrate, MDN moder-
ate dose nitrate, NLD normal laboratory diet

In the present study, the HFD contributed to a significant
increase in serum ET-1 levels in apoE~'~ mice, indicative
of endothelial dysfunction. Supplementation with nitrate, at
both moderate and high doses, significantly reduced serum
ET-1 levels, suggesting a protective effect on vascular func-
tion, possibly via conversion of the nitrate to nitrite and NO.

At the early stage of atherogenesis, the adherence of
inflammatory cells enriched in lipids to the damaged
endothelium results in the formation of a lipid-rich core.
If inflammatory conditions persist, the lipid core continues
to grow. Subsequently, activated leukocytes secrete pro-
teases to degrade the extracellular matrix, meanwhile pro-
inflammatory cytokines limit the synthesis of new collagen.
These changes induce a thin fibrous cap and increase the
risk of plaque rupture [32]. As expected, the HFD increased
plaque burden compared to mice fed the normal chow diet.
Supplementation with high dose nitrate reduced the total
plaque burden in the HFD fed apoE~~ mice. Further inves-
tigation of plaque composition revealed that nitrate supple-
mentation was associated with a reduction in macrophage
accumulation and lipid deposition within the plaque. This
change was associated with increased SMC accumulation
and collagen expression within the plaque, suggestive of
an increase in plaque stability [33]. The effect of nitrate on
smooth muscle cell accumulation may seem counterintui-
tive, as it has long been proposed that NO exerts inhibitory
effects on VSMC proliferation, and that nitrite also inhibits
smooth muscle proliferation in models of vascular injuries
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[34-36]. However, we speculate that the accumulation of
smooth muscle within the plaque is likely to be caused by
the reduced macrophage content via an indirect pathway.
Indeed, it has been previously demonstrated that SMC pro-
liferation is inhibited when co-cultured with macrophages
[37], suggesting that reducing the macrophage accumulation
in the plaque results in a consequent removal of the inhibi-
tory influence on SMC proliferation. The clinical implica-
tions of this finding however, remain to be elucidated.

Leptin has previously been implicated in the develop-
ment of atherosclerosis due to the presence of the leptin
receptor in atherosclerotic lesions [38]. High levels of leptin
have been shown to increase oxidative stress in endothelial
cells [39], favour VSMC migration and proliferation [40],
decrease arterial distensibility [41], and contribute to obe-
sity-associated hypertension [42]. All these effects have been
found to be inversely associated with vascular health and
strongly related to the pathophysiology of atherosclerosis. A
previous animal model observed lower plasma leptin levels
in the nitrate-fed group compared to controls [43]. Support-
ing this finding, we observed significantly increased serum
leptin in apoE~~ mice fed a HFD, which was attenuated
following high dose nitrate supplementation.

XOR has been proposed to be a major source of reactive
oxygen species (ROS) and emerging evidence has suggested
that XOR mediates NO formation by reducing inorganic
nitrate and nitrite [44]. Several reports demonstrate a signifi-
cant elevation in XOR activity and expression in models of
atherosclerosis [45] as well as within plaques isolated from
human patients [46]. While XOR is highly activated in liver
and intestine, human endothelial cells from the microvascu-
lature of several tissues also have high levels of XOR activity
[47]. The hypoxic environment within the plaque represents
an ideal environment for nitrite reduction and in particular,
provides a condition to potentiate XOR-dependent nitrite
reduction. The present study showed elevated XOR expres-
sion in both the liver and aorta of mice supplemented with
high dose nitrate, thereby suggesting that in atherosclerosis,
nitrite/nitrate bioactivity is enhanced due to the up-regulated
XOR-dependent nitrite reductase activity. Previous studies
in ischaemia-reperfusion injury, have shown nitrate sup-
plementation increased nitrite reductase activity by XOR
produces NO, which may protect against further injury [48].
This protection has been attributed to the inhibition of the
mitochondrial respiration that limited ROS production and
improved myocardial vascularization [5]. The increased
expression of XOR in the present study suggests it may play
a role in the protective effects of nitrate, however further
work inhibiting the XOR pathway is required.

Within the body, eNOS activity is induced by various
chemical factors or mechanical stimuli, which then stimu-
late kinases to phosphorylate eNOS, leading to an increase
or decrease in eNOS activity [49]. Previous studies have
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demonstrated that a variety of atherogenic stimuli suppress
eNOS protein levels in cultured endothelial cells [50, 51].
A significant decrease was identified in eNOS gene expres-
sion in human aortic and coronary endothelial cells from
advanced atherosclerotic lesions, but not in those of early
atherosclerotic samples [52]. Consistent with our findings,
invesitigations in atherosclerotic animal models demon-
strated unchanged or even augmented expression of eNOS
in atherosclerotic arteries, despite the presence of endothe-
lial dysfunction [53, 54]. One recent study in human coro-
nary atherectomy specimens revealed a higher eNOS gene
expression in patients with acute coronary syndromes
compared to those with stable angina [55]. These results
indicate that at least in the early stage of atherosclerosis,
endothelial dysfunction is not attributable to a decreased
expression of eNOS. Supporting this observation, we did
not find significant differences in eNOS protein expression
between the treatment groups. Protein phosphorylation, a
key regulator of eNOS activity, is modulated by kinases,
phosphatases and protein—protein interactions. The serine/
threonine kinase Akt (protein kinase B), a multifunctional
serine/threonine kinase, can directly phosphorylate eNOS
at the serine 1177 residue, activate the enzyme and faciliate
NO production [56]. In the present study, aortic eNOS and
Akt activity, as demonstrated by increased phopshorlyation
of these proteins, was increased with high dose nitrate sup-
plementation. These results suggest that long term nitrate
supplementation may stimulate vascular endothelial cells to
produce NO via the upregulation of eNOS activity. However,
it should be noted that further studies need to be conducted
to ascertain the translation of our findings to humans, as
it’s highly likely that species differ in both their response
to and metabolism of nitrate. While the dose used in the
present study is high and unlikely to be achieved through
dietary changes alone, the benefits when translating these
findings to humans will also need to consider the currently
recommended daily intakes of nitrate of International Food
Commissions. Furthermore, while this present study was
designed as a proof-of-principle study, using an animal
model of atherosclerosis, future studies will need to dem-
onstrate not only if these benefits translate but also deter-
mine a dose that is efficacious and safe. It is important to be
mindful that any cardiovascular benefits need to be weighed
up against the potential adverse carcinogenic effects of high-
dose nitrate.

The present study has demonstrated that chronic high
dose nitrate supplementation can attenuate the progression
of established atherosclerosis in apoE™'~ mice. Mechanisti-
cally, this appears to be mediated through a XOR-depend-
ent reduction of nitrite to NO, as well as enhanced eNOS
activation via increased Akt and eNOS phosphorylation.
Importantly, these beneficial effects of nitrate have been
observed after disease has already been established, which
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has important implications when translating our findings to
humans. Dietary and supplemental approaches to increase
nitrate intake, which may have effects on both the nitrate-
nitrite-NO pathway and eNOS-NO pathway may have thera-
peutic potential to attenuate atherosclerosis. While the pre-
sent study suggests a potential cardioprotective effect from
long-term nitrate supplementation, further work to inves-
tigate the translational aspects of these findings, including
the appropriate dose as well as any potential detrimental
effects of a nitrate dose outside current recommendations,
in humans is required.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00394-023-03127-7.

Author contributions All authors have made a substantial intellectual
contribution to design of the study (NCW, KDC, TAM, YL), acquisi-
tion of data (YL, TAG, BKK, NCW), analysis of the data (YL, TAG),
drafting the manuscript (YL), or revising it critically for important
intellectual content (NCW, KDC, TAM, YL, TAG, BKK). All authors
approved the final version of the manuscript for publication.

Funding Open Access funding enabled and organized by CAUL and its
Member Institutions. This study was supported by a Royal Perth Hos-
pital Medical Research Foundation Grant (NCW, KDC). YL acknowl-
edges the support of an International Research Training Scholarship.
TAM is supported by a Research Fellowship from the National Health
and Medical Research Council of Australia.

Data availability The datasets used and analysed in this current study
are available from the corresponding author upon reasonable request.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Roth GA, Mensah GA, Johnson CO et al (2020) Global burden of
cardiovascular diseases and risk factors, 1990-2019: update from
the GBD 2019 study. J Am Coll Cardiol 76:2982-3021. https://
doi.org/10.1016/j.jacc.2020.11.010

2. Gimbrone MA Jr, Garcia-Cardefia G (2016) Endothelial cell
dysfunction and the pathobiology of atherosclerosis. Circ Res
118:620-636. https://doi.org/10.1161/CIRCRESAHA.115.306301

10.

11.

12.

13.

14.

15.

16.

17.

Pant S, Deshmukh A, Gurumurthy GS et al (2014) Inflamma-
tion and atherosclerosis—revisited. J Cardiovasc Pharmacol Ther
19:170-178. https://doi.org/10.1177/1074248413504994

Tran N, Garcia T, Aniqa M et al (2022) Endothelial nitric oxide
synthase (eNOS) and the cardiovascular system. Am J Biomed
Sci Res 15:153-177

Farah C, Michel LYM, Balligand J-L (2018) Nitric oxide sig-
nalling in cardiovascular health and disease. Nat Rev Cardiol
15:292-316. https://doi.org/10.1038/nrcardio.2017.224
Khambata RS, Ghosh SM, Rathod KS et al (2017) Antiinflam-
matory actions of inorganic nitrate stabilize the atherosclerotic
plaque. Proc Natl Acad Sci 114:E550. https://doi.org/10.1073/
pnas.1613063114

Ivy JL (2019) Inorganic nitrate supplementation for cardiovascular
health. Methodist Debakey Cardiovasc J 15:200-206. https://doi.
org/10.14797/mdcj-15-3-200

Lundberg JO, Carlstrom M, Larsen FJ, Weitzberg E (2010) Roles
of dietary inorganic nitrate in cardiovascular health and disease.
Cardiovasc Res 89:525-532. https://doi.org/10.1093/cvr/cvq325
Liu Y, Croft KD, Hodgson JM et al (2020) Mechanisms of the
protective effects of nitrate and nitrite in cardiovascular and meta-
bolic diseases. Nitric Oxide 96:35-43. https://doi.org/10.1016/j.
niox.2020.01.006

Ahluwalia A, Gladwin M, Coleman GD et al (2016) Dietary
nitrate and the epidemiology of cardiovascular disease: report
from a national heart, lung, and blood institute workshop. J Am
Heart Assoc. https://doi.org/10.1161/JAHA.116.003402
Bondonno CP, Blekkenhorst LC, Prince RL et al (2017) Asso-
ciation of vegetable nitrate intake with carotid atherosclerosis
and ischemic cerebrovascular disease in older women. Stroke
48:1724-1729. https://doi.org/10.1161/STROKEAHA.117.
016844

Jackson JK, Patterson AJ, MacDonald-Wicks LK et al (2019) Veg-
etable nitrate intakes are associated with reduced self-reported
cardiovascular-related complications within a representative sam-
ple of middle-aged australian women, prospectively followed up
for 15 years. Nutrients 11:240. https://doi.org/10.3390/nul10
20240

Gheibi S, Jeddi S, Carlstrom M et al (2018) Effects of long-term
nitrate supplementation on carbohydrate metabolism, lipid pro-
files, oxidative stress, and inflammation in male obese type 2 dia-
betic rats. Nitric Oxide 75:27—41. https://doi.org/10.1016/j.niox.
2018.02.002

Guimaraes DD, Cruz JC, Carvalho-Galvao A et al (2019) Dietary
nitrate reduces blood pressure in rats with angiotensin ii-induced
hypertension via mechanisms that involve reduction of sympa-
thetic hyperactivity. Hypertension 73:839-848. https://doi.org/10.
1161/HYPERTENSIONAHA.118.12425

Peng R, Luo M, Tian R, Lu N (2020) Dietary nitrate attenuated
endothelial dysfunction and atherosclerosis in apolipoprotein
E knockout mice fed a high-fat diet: a critical role for NADPH
oxidase. Arch Biochem Biophys 689:108453. https://doi.org/10.
1016/j.abb.2020.108453

Liu AH, Bondonno CP, Croft KD et al (2013) Effects of a nitrate-
rich meal on arterial stiffness and blood pressure in healthy vol-
unteers. Nitric Oxide 35:123-130. https://doi.org/10.1016/j.niox.
2013.10.001

Bondonno CP, Liu AH, Croft KD et al (2014) Short-term effects
of nitrate-rich green leafy vegetables on blood pressure and arte-
rial stiffness in individuals with high-normal blood pressure. Free
Radic Biol Med 77:353-362. https://doi.org/10.1016/j.freeradbio
med.2014.09.021

. Bakker JR, Bondonno NP, Gaspari TA et al (2016) Low dose

dietary nitrate improves endothelial dysfunction and plaque sta-
bility in the ApoE(-/-) mouse fed a high fat diet. Free Radic Biol

@ Springer


https://doi.org/10.1007/s00394-023-03127-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1177/1074248413504994
https://doi.org/10.1038/nrcardio.2017.224
https://doi.org/10.1073/pnas.1613063114
https://doi.org/10.1073/pnas.1613063114
https://doi.org/10.14797/mdcj-15-3-200
https://doi.org/10.14797/mdcj-15-3-200
https://doi.org/10.1093/cvr/cvq325
https://doi.org/10.1016/j.niox.2020.01.006
https://doi.org/10.1016/j.niox.2020.01.006
https://doi.org/10.1161/JAHA.116.003402
https://doi.org/10.1161/STROKEAHA.117.016844
https://doi.org/10.1161/STROKEAHA.117.016844
https://doi.org/10.3390/nu11020240
https://doi.org/10.3390/nu11020240
https://doi.org/10.1016/j.niox.2018.02.002
https://doi.org/10.1016/j.niox.2018.02.002
https://doi.org/10.1161/HYPERTENSIONAHA.118.12425
https://doi.org/10.1161/HYPERTENSIONAHA.118.12425
https://doi.org/10.1016/j.abb.2020.108453
https://doi.org/10.1016/j.abb.2020.108453
https://doi.org/10.1016/j.niox.2013.10.001
https://doi.org/10.1016/j.niox.2013.10.001
https://doi.org/10.1016/j.freeradbiomed.2014.09.021
https://doi.org/10.1016/j.freeradbiomed.2014.09.021

1856

European Journal of Nutrition (2023) 62:1845-1857

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Med 99:189-198. https://doi.org/10.1016/j.freeradbiomed.2016.
08.009

. Yang X, Bondonno CP, Indrawan A et al (2013) An improved

mass spectrometry-based measurement of NO metabolites in bio-
logical fluids. Free Radic Biol Med 56:1-8. https://doi.org/10.
1016/j.freeradbiomed.2012.12.002

Sobey CG, Judkins CP, Rivera J et al (2015) NOX1 deficiency
in apolipoprotein E-knockout mice is associated with elevated
plasma lipids and enhanced atherosclerosis. Free Radical Res
49:186-198. https://doi.org/10.3109/10715762.2014.992893
Venegas-Pino DE, Banko N, Khan MI et al (2013) Quantitative
analysis and characterization of atherosclerotic lesions in the
murine aortic sinus. J Vis Exp. https://doi.org/10.3791/50933
Shen Y, Croft KD, Hodgson JM et al (2012) Quercetin and its
metabolites improve vessel function by inducing eNOS activity
via phosphorylation of AMPK. Biochem Pharmacol 84:1036—
1044. https://doi.org/10.1016/j.bcp.2012.07.016

Bachmanov AA, Reed DR, Beauchamp GK, Tordoff MG (2002)
Food intake, water intake, and drinking spout side preference
of 28 mouse strains. Behav Genet 32:435-443. https://doi.org/
10.1023/a:1020884312053

Liu Y, Croft KD, Caparros-Martin J et al (2021) Beneficial
effects of inorganic nitrate in non-alcoholic fatty liver disease.
Arch Biochem Biophys 711:109032. https://doi.org/10.1016/j.
abb.2021.109032

Peleli M, Ferreira DMS, Tarnawski L et al (2020) Dietary
nitrate attenuates high-fat diet-induced obesity via mechanisms
involving higher adipocyte respiration and alterations in inflam-
matory status. Redox Biol 28:101387. https://doi.org/10.1016/j.
redox.2019.101387

Carlstrom M, Larsen FJ, Nystrom T et al (2010) Dietary
inorganic nitrate reverses features of metabolic syndrome in
endothelial nitric oxide synthase-deficient mice. Proc Natl Acad
Sci 107:17716-17720. https://doi.org/10.1073/pnas.10088
72107

Matthews VB, Hollingshead R, Koch H et al (2018) Long-term
dietary nitrate supplementation does not prevent development of
the metabolic syndrome in mice fed a high-fat diet. Int J Endo-
crinol 2018:7969750. https://doi.org/10.1155/2018/7969750
Tenenbaum A, Klempfner R, Fisman EZ (2014) Hypertriglyc-
eridemia: a too long unfairly neglected major cardiovascular
risk factor. Cardiovasc Diabetol 13:159. https://doi.org/10.1186/
$12933-014-0159-y

Xu S, Ilyas I, Little PJ et al (2021) Endothelial dysfunction in ath-
erosclerotic cardiovascular diseases and beyond: from mechanism
to pharmacotherapies. Pharmacol Rev 73:924-967. https://doi.
org/10.1124/pharmrev.120.000096

Bohm F, Pernow J (2007) The importance of endothelin-1 for
vascular dysfunction in cardiovascular disease. Cardiovasc Res
76:8-18. https://doi.org/10.1016/j.cardiores.2007.06.004
Schooling CM, Kodali H, Li S, Borrell LN (2018) ET (Endothe-
lin)-1 and ischemic heart disease. Circ Genom Precis Med
11:€002026. https://doi.org/10.1161/CIRCGENETICS.117.
002026

Bergheanu SC, Bodde MC, Jukema JW (2017) Pathophysiology
and treatment of atherosclerosis: current view and future perspec-
tive on lipoprotein modification treatment. Neth Heart J 25:231—
242. https://doi.org/10.1007/s12471-017-0959-2

Pellegrin M, Aubert JF, Bouzourene K et al (2015) Voluntary
exercise stabilizes established angiotensin II-dependent ath-
erosclerosis in mice through systemic anti-inflammatory effects.
PLoS One 10:e0143536. https://doi.org/10.1371/journal.pone.
0143536

Tsihlis ND, Oustwani CS, Vavra AK et al (2011) Nitric oxide
inhibits vascular smooth muscle cell proliferation and neointimal
hyperplasia by increasing the ubiquitination and degradation of

@ Springer

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

UbcH10. Cell Biochem Biophys 60:89-97. https://doi.org/10.
1007/s12013-011-9179-3

Zuckerbraun BS, Shiva S, Ifedigbo E et al (2010) Nitrite potently
inhibits hypoxic and inflammatory pulmonary arterial hyperten-
sion and smooth muscle proliferation via xanthine oxidoreduc-
tase-dependent nitric oxide generation. Circulation 121:98-109.
https://doi.org/10.1161/CIRCULATIONAHA.109.891077
Napoli C, Paolisso G, Casamassimi A et al (2013) Effects of nitric
oxide on cell proliferation: novel insights. J] Am Coll Cardiol
62:89-95. https://doi.org/10.1016/j.jacc.2013.03.070

Zuniga MC, White SLP, Zhou W (2014) Design and utilization of
macrophage and vascular smooth muscle cell co-culture systems
in atherosclerotic cardiovascular disease investigation. Vasc Med
19:394-406. https://doi.org/10.1177/1358863X14550542
Poetsch MS, Strano A, Guan K (2020) Role of leptin in cardiovas-
cular diseases. Front Endocrinol 11:354. https://doi.org/10.3389/
fendo.2020.00354

Teixeira TM, da Costa DC, Resende AC et al (2017) Activation of
Nrf2-antioxidant signaling by 1,25-dihydroxycholecalciferol pre-
vents leptin-induced oxidative stress and inflammation in human
endothelial cells. J Nutr 147:506-513. https://doi.org/10.3945/jn.
116.239475

Koh KK, Park SM, Quon MJ (2008) Leptin and cardiovascular
disease. Circulation 117:3238-3249. https://doi.org/10.1161/
CIRCULATIONAHA.107.741645

Raman P, Khanal S (2021) Leptin in atherosclerosis: focus on
macrophages, endothelial and smooth muscle cells. Int ] Mol Sci
22:5446. https://doi.org/10.3390/ijms22115446

Kim LJ, Shin M-K, Pho H et al (2021) Leptin receptor blockade
attenuates hypertension, but does not affect ventilatory response
to hypoxia in a model of polygenic obesity. Front Physiol. https://
doi.org/10.3389/fphys.2021.688375

Oztasan N (2012) The effects of added drinking water nitrate on
plasma leptin, insulin and thyroid hormone concentration in rats.
J Anim Vet Adv 11:3050-3053

Cantu-Medellin N, Kelley EE (2013) Xanthine oxidoreductase-
catalyzed reduction of nitrite to nitric oxide: insights regarding
where, when and how. Nitric Oxide 34:19-26. https://doi.org/10.
1016/j.ni0x.2013.02.081

Schroder K, Vecchione C, Jung O et al (2006) Xanthine oxidase
inhibitor tungsten prevents the development of atherosclerosis in
ApoE knockout mice fed a Western-type diet. Free Radic Biol
Med 41:1353-1360. https://doi.org/10.1016/j.freeradbiomed.
2006.03.026

Patetsios P, Song M, Shutze WP et al (2001) Identification of uric
acid and xanthine oxidase in atherosclerotic plaque. Am J Cardiol
88:188-191. https://doi.org/10.1016/s0002-9149(01)01621-6
Battelli MG, Bolognesi A, Polito L (2014) Pathophysiology of
circulating xanthine oxidoreductase: new emerging roles for a
multi-tasking enzyme. Biochim Biophys Acta (BBA) Mol Basis
Dis. 1842:1502-1517. https://doi.org/10.1016/j.bbadis.2014.05.
022

Webb A, Bond R, McLean P et al (2004) Reduction of nitrite
to nitric oxide during ischemia protects against myocardial
ischemia-reperfusion damage. Proc Natl Acad Sci 101:13683—
13688. https://doi.org/10.1073/pnas.0402927101

Sessa WC (2004) eNOS at a glance. J Cell Sci 117:2427-2429.
https://doi.org/10.1242/jcs.01165

Ming XF, Viswambharan H, Barandier C et al (2002) Rho
GTPase/Rho kinase negatively regulates endothelial nitric oxide
synthase phosphorylation through the inhibition of protein kinase
B/Akt in human endothelial cells. Mol Cell Biol 22:8467-8477.
https://doi.org/10.1128/MCB.22.24.8467-8477.2002

Erbilgin A, Siemers N, Kayne P et al (2013) Gene expression
analyses of mouse aortic endothelium in response to atherogenic


https://doi.org/10.1016/j.freeradbiomed.2016.08.009
https://doi.org/10.1016/j.freeradbiomed.2016.08.009
https://doi.org/10.1016/j.freeradbiomed.2012.12.002
https://doi.org/10.1016/j.freeradbiomed.2012.12.002
https://doi.org/10.3109/10715762.2014.992893
https://doi.org/10.3791/50933
https://doi.org/10.1016/j.bcp.2012.07.016
https://doi.org/10.1023/a:1020884312053
https://doi.org/10.1023/a:1020884312053
https://doi.org/10.1016/j.abb.2021.109032
https://doi.org/10.1016/j.abb.2021.109032
https://doi.org/10.1016/j.redox.2019.101387
https://doi.org/10.1016/j.redox.2019.101387
https://doi.org/10.1073/pnas.1008872107
https://doi.org/10.1073/pnas.1008872107
https://doi.org/10.1155/2018/7969750
https://doi.org/10.1186/s12933-014-0159-y
https://doi.org/10.1186/s12933-014-0159-y
https://doi.org/10.1124/pharmrev.120.000096
https://doi.org/10.1124/pharmrev.120.000096
https://doi.org/10.1016/j.cardiores.2007.06.004
https://doi.org/10.1161/CIRCGENETICS.117.002026
https://doi.org/10.1161/CIRCGENETICS.117.002026
https://doi.org/10.1007/s12471-017-0959-2
https://doi.org/10.1371/journal.pone.0143536
https://doi.org/10.1371/journal.pone.0143536
https://doi.org/10.1007/s12013-011-9179-3
https://doi.org/10.1007/s12013-011-9179-3
https://doi.org/10.1161/CIRCULATIONAHA.109.891077
https://doi.org/10.1016/j.jacc.2013.03.070
https://doi.org/10.1177/1358863X14550542
https://doi.org/10.3389/fendo.2020.00354
https://doi.org/10.3389/fendo.2020.00354
https://doi.org/10.3945/jn.116.239475
https://doi.org/10.3945/jn.116.239475
https://doi.org/10.1161/CIRCULATIONAHA.107.741645
https://doi.org/10.1161/CIRCULATIONAHA.107.741645
https://doi.org/10.3390/ijms22115446
https://doi.org/10.3389/fphys.2021.688375
https://doi.org/10.3389/fphys.2021.688375
https://doi.org/10.1016/j.niox.2013.02.081
https://doi.org/10.1016/j.niox.2013.02.081
https://doi.org/10.1016/j.freeradbiomed.2006.03.026
https://doi.org/10.1016/j.freeradbiomed.2006.03.026
https://doi.org/10.1016/s0002-9149(01)01621-6
https://doi.org/10.1016/j.bbadis.2014.05.022
https://doi.org/10.1016/j.bbadis.2014.05.022
https://doi.org/10.1073/pnas.0402927101
https://doi.org/10.1242/jcs.01165
https://doi.org/10.1128/MCB.22.24.8467-8477.2002

European Journal of Nutrition (2023) 62:1845-1857

1857

52.

53.

54.

stimuli. Arterioscler Thromb Vasc Biol 33:2509-2517. https://doi.
org/10.1161/ATVBAHA.113.301989

Yang Z, Ming X-F (2006) Recent advances in understanding
endothelial dysfunction in atherosclerosis. Clin Med Res 4:53-65.
https://doi.org/10.3121/cmr.4.1.53

d’Uscio LV, Baker TA, Mantilla CB et al (2001) Mechanism of
endothelial dysfunction in apolipoprotein E-deficient mice. Arte-
rioscler Thromb Vasc Biol 21:1017-1022. https://doi.org/10.1161/
01.atv.21.6.1017

Matsumoto T, D’Uscio LV, Eguchi D et al (2003) Protective
effect of chronic vitamin C treatment on endothelial function of

55.

56.

apolipoprotein E-deficient mouse carotid artery. ] Pharmacol Exp
Ther 306:103-108. https://doi.org/10.1124/jpet.103.049163
Rossi ML, Marziliano N, Merlini PA et al (2005) Phenotype com-
mitment in vascular smooth muscle cells derived from coronary
atherosclerotic plaques: differential gene expression of endothelial
nitric oxide synthase. Eur J Histochem 49:39—46. https://doi.org/
10.4081/925

Shiojima I, Walsh K (2002) Role of Akt signaling in vascular
homeostasis and angiogenesis. Circ Res 90:1243-1250. https://
doi.org/10.1161/01.res.0000022200.71892.9f

@ Springer


https://doi.org/10.1161/ATVBAHA.113.301989
https://doi.org/10.1161/ATVBAHA.113.301989
https://doi.org/10.3121/cmr.4.1.53
https://doi.org/10.1161/01.atv.21.6.1017
https://doi.org/10.1161/01.atv.21.6.1017
https://doi.org/10.1124/jpet.103.049163
https://doi.org/10.4081/925
https://doi.org/10.4081/925
https://doi.org/10.1161/01.res.0000022200.71892.9f
https://doi.org/10.1161/01.res.0000022200.71892.9f

	Long-term dietary nitrate supplementation slows the progression of established atherosclerosis in ApoE−− mice fed a high fat diet
	Abstract
	Background and aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Animal study
	Serum lipid profile and biochemistry
	Serum NOx measurements
	Plaque characterization
	Tissue protein expression
	Statistical analysis

	Results
	Animal characteristics, body weight and food intake
	Circulating nitrate and nitrite
	Visceral fat accumulation and serum lipid profile
	Serum levels of ET-1, leptin and cGMP
	Atherosclerotic lesion size and composition
	Tissue protein expression

	Discussion
	Anchor 23
	References




