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A B S T R A C T

Ischemia-reperfusion (IR) injury involves complex pathological processes in which reduction of nitric oxide (NO)
bioavailability is suggested as a key factor. Inorganic nitrate can form NO in vivo via NO synthase-independent
pathways and may thus provide beneficial effects during IR. Herein we evaluated the effects of dietary nitrate
supplementation in a renal IR model. Male mice (C57BL/6J) were fed nitrate-supplemented chow (1.0 mmol/
kg/day) or standard chow for two weeks prior to 30 min ischemia and during the reperfusion period. Unilateral
renal IR caused profound tubular and glomerular damage in the ischemic kidney. Renal function, assessed by
plasma creatinine levels, glomerular filtration rate and renal plasma flow, was also impaired after IR. All these
pathologies were significantly improved by nitrate. Mechanistically, nitrate treatment reduced renal superoxide
generation, pro-inflammatory cytokines (IL-1β, IL-6 and IL-12 p70) and macrophage infiltration in the kidney.
Moreover, nitrate reduced mRNA expression of pro-inflammatory cytokines and chemo attractors, while in-
creasing anti-inflammatory cytokines in the injured kidney. In another cohort of mice, two weeks of nitrate
supplementation lowered superoxide generation and IL-6 expression in bone marrow-derived macrophages. Our
study demonstrates protective effect of dietary nitrate in renal IR injury that may be mediated via modulation of
oxidative stress and inflammatory responses. These novel findings suggest that nitrate supplementation deserve
further exploration as a potential treatment in patients at high risk of renal IR injury.

1. Introduction

Renal ischemia-reperfusion (IR) injury is a common cause of acute
kidney injury (AKI) in clinical scenarios such as kidney transplantation,
cardiac bypass surgery and shock [1,2]. A series of complex patholo-
gical changes are involved in renal IR injury including the initial sterile
hypoxic/ischemic tissue damage, reperfusion-associated oxidative
stress and immune cell activation, as well as microvascular dysfunction
[3–6]. Prolonged ischemia can cause acute tubular necrosis and glo-
merular damage which lead to delayed graft dysfunction and rejection
after transplantation, chronic kidney disease, end-stage renal disease

and increased mortality [7]. No effective pharmacological therapy is
currently available for treating renal IR injury. Local and remote is-
chemic preconditioning was demonstrated to provide organ protection
in subsequent IR injury [8–10]. However, the dose, type and safety of
ischemic preconditioning in the clinic still require further investigation.
Temporary local hypothermia was also shown to protect organs against
IR injury [11–13], but the efficacy and clinical applications are limited.

Nitric oxide (NO) has been shown to play pivotal roles during organ
IR injuries [14–16]. However, during ischemia the low tissue oxygen
tension markedly reduces oxygen-dependent NO synthesis from en-
dothelial NO synthase (eNOS) [17]. Further, overproduction of reactive
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oxygen species (ROS), especially superoxide (O2
•−), through the nico-

tinamide adenine dinucleotide phosphate (NADPH) oxidase in the early
reperfusion phase further consumes endogenous NO [18]. Reduced NO
bioavailability further contributes to the endothelial and microvascular
dysfunction that leads to the “no-reflow phenomenon” in the ischemic
tissue after the initiation of reperfusion [19]. Failure to re-establish the
blood flow to the injured kidney will affect the self-repair process of
renal tubular cells and the restoration of kidney function [20,21]. Ef-
fective and safe approaches that reduce oxidative stress, resolve in-
flammation, and maintain NO bioavailability may thus provide a novel
strategy to prevent and treat renal IR injury.

The inorganic anions nitrate (NO3
-) and nitrite (NO2

-), derived ei-
ther from our daily diet (e.g. green leafy vegetables) or from oxidization
of endogenous NO, can be metabolized in vivo to form NO and other
bioactive nitrogen oxides [22,23]. In contrast to the NOSs, the NO3

--
NO2

--NO pathway is not dependent on oxygen and L-arginine, and thus
NO formation from this source is not affected during IR injury [24]. In
fact, reduction of nitrate and nitrite to NO is greatly enhanced during
hypoxia and low pH. The organ protective effects of nitrite in IR injury
have been demonstrated in multiple organs such as liver [25], brain
[26], lung [27,28], and particularly in the heart [17,25,29]. However,
the potential therapeutic value of inorganic nitrate and nitrite in kidney
IR injury remains controversial. Tripatara and colleagues used a rat
bilateral renal IR model and showed that topical, but not systemic ad-
ministration of nitrite exerted reno-protective effects [30]. Another
study by Basireddy and coworkers demonstrated that administration of
nitrite intravenously (i.v) or intraperitoneally (i.p) before or at
22.5 min after induction of ischemia did not provide any beneficial
effects in a rat model of unilateral nephrectomy and contralateral
ischemia [31]. To date, there is limited knowledge about the effects of
inorganic nitrate in renal IR injury. Several studies have demonstrated
that dietary supplementation with nitrate has protective effects in ex-
perimental and clinical studies of renal and cardiovascular disease
[23,32], via mechanisms that involve restoration of NO signaling and/
or reduction of oxidative stress [33–36]. In addition, recent studies
have suggested that anti-inflammatory properties of nitrate and nitrite
may contribute substantially to the observed beneficial effects of these
anions [37,38], yet no study has evaluated the efficacy on renal IR.

In the clinical setting, ischemia often occurs in one kidney, however
the post-injury total kidney function is not only dependent on the re-
covery of the ischemic kidney but also on compensatory functional
changes of the contralateral kidney. In this study we thus utilized a
mouse unilateral renal IR model to investigate the organ protective
effect of dietary nitrate supplementation. We hypothesized that chronic
intake of nitrate-enriched diet that boosts the NO3

--NO2
--NO pathway

would provide kidney protection against IR injury via modulation of
oxidative stress and immune cell activation.

2. Material and methods

2.1. Animals and experimental model

Male C57BL/6 J mice (10 weeks old) were obtained from Charles
River (Sulzfeld Germany) and housed under temperature and humidity
controlled environment with free access to rodent chow and tap water.
All animal procedures were approved by the Stockholm Ethical
Committee for Animal Experiments (Protocols: N139/15), and were
carried out in accordance with the EU Directive 2010/63/EU for animal
experiments. A schematic overview of the experimental protocol is
available as Supplementary material.

After 1 week of acclimatization, mice were fed with either regular
rodent diet (R34, Lantmannen, Sweden), or diet supplemented with
sodium nitrate (NaNO3, 1.0 mmol/kg/day) for 2w before unilateral
renal IR was established. During surgery, mice were anesthetized with
isoflurane (1.5–2%, Forene; Abbott Scandinavia AB, Solna, Sweden).
Buprenorphine (0.05 mg/kg, Schering-Plough, Brussels, Belgium) was

injected subcutaneously before abdomen incision. The left kidney was
then clamped with a micro serrefine (100 g clamping pressure, Fine
Science Tools, Germany) for 30 min. The mice body temperature was
controlled at 37±0.5 °C throughout the surgery using a heating lamp
and a self-monitored heating pad. After the surgery, mice were fed with
the same diet they received prior surgery for 24 h or 2w until termi-
nation. Sham operation (exposing kidney without applying serrefine)
did not induce changes regarding kidney histology or plasma cytokines.

2.2. Renal plasma flow (RPF) and glomerular filtration rate (GFR)

2w after reperfusion, RPF and GFR were determined in conscious
mice by calculating the clearance of para-amino hippuric acid (PAH)
and inulin as described previously [39]. In brief, premixed [14C]-PAH
and [3H]-inulin (PerkinElmer, Waltham, MA, USA) were injected via
tail vein in conscious mice and blood samples were collected through
tail tip using heparinized capillary tubes at 1, 7, 15, 45 and 75 min
following injection. Samples were centrifuged at 13,000g for 3 min at
room temperature. PAH and inulin concentrations in plasma were de-
termined using liquid scintillation and MicroBeta2 LumiJET 2460 Mi-
croplate Counter (PerkinElmer). Clearances were calculated using non-
compartmental pharmacokinetic data analysis. RPF was estimated from
the PAH clearance using a renal extraction ratio of 0.7.

2.3. Tissue harvest

Mice were anesthetized with isoflurane and blood samples were
collected through inferior vena cava. Whole blood with 2 mmol EDTA
(Sigma-Aldrich, Stockholm, Sweden) was centrifuged immediately at
4 °C for 7 min (6000g), plasma was collected and stored at −80 °C.
Mice were then perfused transcardially with 35 ml ice-cold PBS. The
transverse section of kidney including renal hilum (~3 mm) were post-
fixed in 4% PBS buffered zinc-formaldehyde (HistoLab Products AB,
Gothenburg, Sweden) at 4 °C for 24 h and cut into two pieces for par-
affin and Tissue-Tek optimum cutting temperature (OCT) compound
embedding respectively. The remaining kidney tissues were snap frozen
in dry ice and stored at −80 °C until analysis.

2.4. Histological and stereological examination

Paraffin embedded kidney sections (5 µm thick) were stained with
hematoxylin and eosin, as well as periodic acid-Schiff and picrosirius.
Kidney injury scores (regarding necrosis, inflammatory cells infiltra-
tion, and fibrosis) were calculated essentially as described previously
[39] by a pathologist in a blinded manner. The score correlates the
severity of pathological change: from 0 represents normal histoarchi-
tecture to 4 represents the most severe changes [34,39]. The percentage
of glomeruli with pathological changes (i.e., mesangial matrix increase,
changes in glomerular basement membrane, sclerosis) were evaluated
and graded as: 0 (0–10%), 1 (10–25%), 2 (25–40%), 3 (40–55%), and 4
(55–100%).

2.5. Immunohistochemistry staining

After fixation, the kidney tissues were dehydrated in 15% and 30%
sucrose, then embedded in OCT compound (Sakura Finetek, USA).
Cryostat sections were obtained transversely at 6 µm for im-
munohistochemistry staining of F4/80. In brief, the sections were wa-
shed in 0.1 mol/L PBS and quenched for 30 min with 0.3% hydrogen
peroxide in 70% methanol. Sections were then blocked in 3% normal-
donkey serum for 1 h at room temperature and incubated in biotin
conjugated rat anti-mouse F4/80 (1:100; Isotype: IgG2b; Clone: CI: A3-
1; AbD Serotec, USA) for 24 h at 4 °C. The staining was revealed with
ABC reagent (standard Vectastain ABC Elite Kit, Vector Labs,
Cambridge, UK) and 3,3′-diaminobenzidine (DAB) (Vector Labs).
Photomicrographs were acquired with a digital microscope (Axio
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Scope, Zeiss, Oberkochen, Germany), the F4/80 quantification was
calculated by grey scale using ImageJ. For each Section, 3 pictures were
obtained randomly from renal cortex and renal medulla area respec-
tively, the average grey scale of each area were used for final quanti-
fication.

2.6. Plasma creatinine

The renal function after 24 h reperfusion was evaluated by plasma
creatinine using high-performance liquid chromatography tandem mass
spectrometry (LC-MS/MS) as previously described [39]. Briefly, 25 µl of
plasma were crashed with 225 µl of 0.2% formic acid in isopropanol
containing d3-creatinine as internal standards, supernatant was then
added into the LC-MS/MS system. Separation was performed with an
ACQUITY UPLC System from Waters Corporation (Milford, MA, USA)
using an Atlantis HILIC Silica 3 µm (150 × 2.1 mm) column from
Waters. Mobile phases consisted of 0.2% formic acid in ACN:
MeOH (75:25) and 0.2% formic acid in water. Detection was performed
using a Waters Xevo® TQ triple quadrupole equipped with an Electro-
spray Ion Source working in positive mode. The SRM transition of
creatinine (114.0→86.0) and d3-creatinin (117.0→89.0) were used for
quantification.

2.7. Cytokines measurement

The inflammatory cytokines (IFN-γ, TNF-α, IL-1β, IL-6, IL-12, KC/
GRO and IL-10) in plasma and kidney were detected using mouse pro-
inflammatory 7-Plex Ultra-sensitive Kit from MesoScale Discovery
(MSD, Rockville, MD, USA) following manufacture instructions [39].

2.8. RNA extraction and cDNA synthesis

Frozen tissue was homogenized in Trisol (Qiagen) using the
TissueLyser (Qiagen) at 30 Hz for 2 min or until tissue was completely
homogenized. RNA extractions were done using the classical phenol-
chloroform method and purified using the RNeasy Lipid Tissue Mini Kit
(Qiagen, Hilden, Germany). RNA-quantity and quality was determined
by Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific,
Welmington, DE, USA). Total RNA (1.8 μg) was reverse transcribed
using the High Capacity RNA-to-CDNA Kit (Applied Biosystems, Foster
City, CA, USA), according to the manufacturer's protocol.

2.9. Quantitative reverse transcription PCR (RT-qPCR)

PCR was performed on the 7900HT Fast Real-Time PCR System
(Applied Biosystems) in 384-well plates using a final concentration of
1xTaqMan Universal PCR Master Mix (4304437), 1x TaqMan gene ex-
pression assay of TNF-α (Mm00443258_m1) and CCL2
(Mm00441242_m1), cDNA (pre-diluted 5x) and RNase free water to a
total reaction volume of 10 µl, amplified using the following program:
50 °C for 120 s and 95 °C for 10, then 40 cycles of 95 °C for 15 s and
60 °C for 60 s. Samples were run in duplicates. NTC and no RT controls
were included to control for contaminations. B2M (Mm00437762_m1)
and HPRT (Mm03024075_m1) were used as reference genes.

2.10. Bone marrow-derived macrophages (BMDMs)

After 2 weeks regular or high nitrate diet feeding, BMDMs were
isolated and cultured as previously described [39]. In brief, single-cell
suspensions were prepared from femoral and tibia bone marrow, and
cultured in Dulbecco's modified Eagle's medium (DMEM) (4.5 g/l glu-
cose, Gibco, Life Technologies, UK) supplemented with 20% heat-in-
activated FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mmol L-
glutamine (all reagents from Life Technologies, Stockholm, Sweden)
and 20% M-CSF conditioned L929 cell line (ATCC collection) culture
medium for 8 days. Cells were then seeded in 12-well plates (1 × 106

cells/well) in DMEM (4.5 g/l glucose, 10% FBS, 100 U/ml penicillin,
100 μg/ml streptomycin and 2 mmol L-glutamine) for 24 h and were
collected for different analyses.

2.11. NADPH oxidase-mediated O2
•− formation

NADPH oxidase-induced O2
•− production was determined in both

kidney cortex homogenate and BMDMs as previously described [39].
Kidney cortex was homogenized with Bullet Blender™ (Next Advance,
Inc., Averill Park, NY, USA) in ice-cold PBS, centrifuged at 4 °C for
20 min (2000g) and the supernatant was collected. BMDMs were in-
cubated in 37 °C DPBS for 20 min and detached by repeated pipetting.
NADPH (100 μM, Sigma-Aldrich) and lucigenin (5 μM, Sigma-Aldrich)
were added into the reaction tube containing tissue supernatant or
BMDMs, O2

•− production was determined by measuring lucigenin
chemiluminescence every 3 s for 3 min with an AutoLumat LB953
Multi-Tube Luminometer (Berthold Technologies, Bad Wildbad, Ger-
many). Protein was quantified using Bradford protein assay (Bio-Rad
Laboratories, Solna, Sweden), and chemiluminescence results were
corrected by protein content.

2.12. Endocytosis and intracellular cytokines in BMDMs

After 2w with regular or high nitrate diet feeding, BMDMs were
isolated and cultured as previously described [39]. Endocytic potential
of BMDMs was assessed by uptake of fluorescently labeled dextran
(ThermoFisher, Sweden). Briefly, BMDMs were cultured in 12-well
plate for 24 h then incubated with Alexa Fluor 647-labeled Dextran
(1 μg/ml) for 30 min. After washing away the extra dextran with PBS,
the cells were detached with 2 mM EDTA. Cells were run in a Gallios
flow cytometer (Beckman Coulter, Brea, CA) and analyzed using Kaluza
v1.1 software (Beckman Coulter).

The intracellular cytokines of BMDMs was also measured by flow
cytometer. Briefly, after 24 h of culture, the cells were first incubated
with GolgiPlug (1 µl/ml, BD Biosciences) in complete DMEM for 4 h at
37 °C before incubation with antibodies. Fixation/Permeablization and
intracellular staining was conducted using the eBioscience Intracellular
Staining Kit and the following antibodies: IL-6 (MP5-20F3, Biolegend),
IL-1 beta pro-form (NJTEN3, eBioscience), and TNF alpha (MP6-XT22,
Biolegend).

2.13. Statistical analysis

Single comparisons between two groups were tested for significance
using the Student's paired or unpaired t-test as appropriate. Multiple
comparisons among groups were analyzed by one- or two-way ANOVA
followed by recommended post-hoc test.

Scored data from the histology evaluation was analyzed by the
nonparametric Kruskal–Wallis test followed by the Dunn's multiple
comparisons test. All statistical calculations were made using Graphpad
Prism (6.0b, La Jolla, CA, USA). Values are presented as means± SEM.
Statistical significance was defined as p<0.05.

3. Results

3.1. Dietary nitrate attenuates IR-induced kidney injury

Following ischemia and 24 h reperfusion there were significant
morphological changes in the affected kidney, including tubular ne-
crosis and infiltration of inflammatory cells. Nitrate pretreatment
tended to attenuate (p = 0.06) this IR-induced kidney damage (Fig. 1
A, B). Interestingly, IR injury was also associated with morphological
abnormalities in the contralateral kidney in non-treated IR mice, which
was not observed in the nitrate-treated group (Fig. 1 A, B).

After two weeks (2w) following the ischemic insult the IR group
displayed profound glomerular damages together with tubular necrosis
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and inflammation in the ischemic kidney. These pathological changes
were significantly improved by nitrate treatment (Fig. 2 A, B). The
histopathological score of the contralateral kidney also tended (p =
0.10) to be higher in the non-treated IR mice compared with the other
groups at the same time point.

3.2. Dietary nitrate attenuates IR-induced reduction of glomerular perfusion
and filtration

To further validate the IR-induced renal injury we measured renal
function at different reperfusion time points. As expected, IR caused a
significant increase of plasma creatinine levels at 24 h of reperfusion
(1.03±0.06 µg/ml) compared to controls (0.62± 0.04 µg/ml,
p< 0.001), and this was prevented by nitrate pretreatment
(0.79±0.05 µg/ml, p< 0.05 vs IR group, Fig. 1 C). Baseline GFR and
RPF were similar between non-treated and nitrate-treated mice.

At 2w of reperfusion IR injury was associated with significant re-
duction of GFR (17.3± 1.5 to 10.0±1.2 µl/min/g BW, p<0.001) and
RPF (from 43.1±5.3 to 24.1± 3.0 µl/min/g BW, p<0.05) in non-
treated mice. However, in nitrate-treated mice only GFR was sig-
nificantly affected by IR injury (from 19.9± 1.1 to 14.5± 0.8 µl/min/
g BW, p<0.01). Hence, nitrate treatment improved post-IR GFR and
RPF compared to that observed in the non-treated group (p<0.05
respectively, Fig. 2 C, D).

3.3. Dietary nitrate reduces IR-associated O2
•− generation in the kidney

Oxidative stress is considered to critically contribute to IR-induced
organ injury [40]. We compared the post-IR O2

•− levels in both is-
chemic and contralateral kidneys between the groups. Following
ischemia and 24 h reperfusion, nitrate-treated mice had 74.9±6.1%

lower O2
•− production in the ischemic kidney and 53.5± 5.0% lower

O2
•− production in the contralateral kidney, compared to non-treated

IR mice (p< 0.05 and 0.01, respectively Fig. 3 A, B).
After 2w of reperfusion the O2

•− level of the ischemic kidney from
nitrate-treated mice was 38.5±6.0% lower compared to the non-
treated group (p<0.01, Fig. 3 C), whereas no difference was observed
in the contralateral kidneys between the groups (Fig. 3 D).

3.4. Dietary nitrate reduces IR-associated inflammatory responses

To determine IR injury-associated inflammation, systemic cytokine
levels were measured. In non-treated IR mice ischemia followed by 24 h
reperfusion was associated with significant elevation of plasma IL-1β
(1.5 fold, p< 0.05, Fig. 4 A), IL-6 (3.4 fold, p< 0.01, Fig. 4 B) and IL-
12 p70 (1.4 fold, p< 0.05, Fig. 4 C) compared to non-IR control mice.
However, in nitrate-treated mice only IL-6 was significantly increased
in the plasma at this time point (4.7 fold, p< 0.01, Fig. 4 B). In addi-
tion, the plasma IL-12 p70 level at 24 h of reperfusion was significantly
lower in nitrate-treated mice compared to non-treated IR mice
(p< 0.01, Fig. 4 C).

At 2w of reperfusion plasma IL-1β and IL-6 levels were significantly
higher compared to non-IR controls, but the nitrate-treated mice had
significantly lower IL-1β and IL-6 compared to the non-treated mice
(p< 0.05 respectively, Fig. 4 E, F). Plasma IL-12 p70 levels were si-
milar among the groups at 2w of reperfusion (Fig. 4 G). Plasma IL-10
levels tended to be higher in nitrate-treated mice at both 24 h and 2w of
reperfusion, but the differences were not statistically significant (Fig. 4
D, H). No differences were observed in plasma INF-γ, TNF-α, and KC/
GRO levels (data not shown).

Next we validated the local inflammatory changes in the kidney
following IR injury. We analyzed macrophage infiltration using F4/80

Fig. 1. Dietary nitrate reduces IR induced kidney injury at 24 h after reperfusion. (A) Representative histological pictures of kidney cortex. (B) Dietary nitrate significantly
attenuated the IR associated increase of histology score in both ischemic and contralateral kidney at 24 h of reperfusion. (C) IR significantly increased plasma creatinine at 24 h only in the
non-treated mice. Data in (B) are shown as median and interquartile range, data in (C) are shown as mean± SEM. *, *** p< 0.05, 0.001 respectively, n = 6–10/group. Scale bar:
100 µm.
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immunostaining and measured cytokine levels in ischemic kidneys
following 2w of reperfusion. There was substantial infiltration of
macrophages in the cortex and medulla of the ischemic kidney (Fig. 5
A). The severity of macrophage infiltration was significantly attenuated
in the nitrate-treated mice (Fig. 5 A-C). No obvious macrophage in-
filtration was observed in the contralateral kidneys 2w after the is-
chemic insult. Compared to non-IR controls the ischemic kidney from
non-treated mice had significantly higher IL-1β (0.5± 0.1 vs
34.9±5.1 pg/mg, p<0.01) and IL-6 (4.5± 0.2 vs 37.7±5.5 pg/mg,
p<0.001) levels. In nitrate-treated mice these two pro-inflammatory
cytokines were significantly lower (IL-1β: 15.5± 5.7 pg/mg, IL-6:
19.5±4.0 pg/mg, p<0.05 vs IR respectively, Fig. 5 D, E). IR induced
similar elevation of IL-10 levels in the ischemic kidney in nitrate-treated
(3.7±0.1 pg/mg) and non-treated mice (2.4± 0.1 pg/mg, Fig. 5 F).

We then compared mRNA expression levels of TNF-α and CCL2 in

the kidney at both 24 h and 2w after reperfusion. IR injury was asso-
ciated with increased TNF-α at both time points (p< 0.001 vs control,
respectively), which were significantly attenuated by nitrate treatment
(p< 0.05 vs IR, respectively, Fig. 6 A). Similarly, nitrate significantly
reduced IR-induced increase of CCL2 expression at 2w of reperfusion
(p< 0.001, Fig. 6 B).

3.5. Nitrate diet alters the phenotype of BMDMs

Next we investigated whether dietary treatment with nitrate influ-
enced macrophage phenotype. Bone marrow cells from mice fed with
nitrate-supplemented or regular chow were differentiated into macro-
phages in vitro, and O2

•− generation, levels of intracellular cytokines
and endocytic function were measured. BMDMs isolated from nitrate-
treated mice had 32±5% lower O2

•− generation compared to control

Fig. 2. Dietary nitrate improves renal histology and function at 2w of reperfusion. (A) Representative histological pictures of kidney cortex. (B) IR was associated with significantly
higher glomerular injury score at two weeks (2w) of reperfusion, which was attenuated by dietary nitrate. In addition, nitrate significantly preserved renal function (GFR and RPF) at 2w
of reperfusion (C, D). Data in (B) are shown as median and interquartile range, data in (C, D) are shown as mean±SEM. * p<0.05, #, ##, ### p< 0.05, 0.01 and 0.001 vs baseline
respectively, n = 8/group. Scale bar: 100 µm.
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(i.e. BMDMs from mice fed with regular diet) (p< 0.01, Fig. 7 A, B).
The proportion of IL-6+ cells, as determined by flow cytometry, was
also significantly lower in the BMDMs isolated from nitrate-treated
mice compared to controls (1.3± 0.2 vs 0.7±0.09%, p< 0.05, Fig. 7
C). The expression of intracellular IL-1β and TNF-α were similar be-
tween groups (data not shown). There was also a trend of reduced
dextran endocytosis in the BMDMs from nitrate-treated mice compared
with controls (Fig. 7 D).

4. Discussion

In this study we demonstrate that dietary nitrate supplementation
significantly reduces the tubular and glomerular damages as well as the
loss of renal function following IR injury. These salutary effects are
coupled to an altered inflammatory response with reduced generation
of ROS and changes in macrophage function. This is the first description
of the beneficial effects of nitrate-enriched diet in protecting the kidney
against AKI and associated renal complications after an ischemia-re-
perfusion insult.

In mammals, inorganic nitrate from dietary sources can be reduced
to nitrite by commensal bacteria in the oral cavity, and then nitrite is
subsequently swallowed, absorbed in the gut and further metabolized
to NO and other bioactive nitrogen oxides in blood and tissues through
multiple pathways [23,41]. The NO3

--NO2
--NO pathway is greatly en-

hanced in conditions with ischemia and hypoxia when NOS-dependent
NO generation is compromised [22,23]. In an ex vivo setting we have
previously reported that the renal microvasculature is exquisitely re-
sponsive to nitrite-mediated vasodilatation [35] and that the effects of
nitrite are significantly enhanced at lower pH and oxygen tensions
mimicking the in vivo ischemic environment [42]. Dietary sources of
nitrate can thus serve as an ideal alternative NO progenitor pool during

tissue IR injury. Our study indicates that chronic intake of nitrate-
supplemented diet attenuates IR-induced tubular necrosis at 24 h. By
2w of reperfusion the mice fed with nitrate diet showed significantly
improved tubular repair and less glomerular damage compared to non-
treated mice.

Previous studies have demonstrated that AKI can occur following
injuries in remote organs [43–45]. Similarly, we found that IR injury in
one kidney also caused mild morphological abnormalities in the con-
tralateral kidney of non-treated mice, whereas this was not observed in
nitrate-treated animals. These changes in the contralateral kidneys oc-
curred at an early post reperfusion time point (24 h), persisted for at
least 2w and are likely mediated through circulating toxic factors as
well as inflammatory cytokines and oxidative stress [46]. Along with
the effects of reducing renal structural damage the nitrate-enriched diet
preserved kidney function after IR injury. At 24 h, plasma creatinine
levels in non-treated mice were significantly increased compared to
non-IR controls and nitrate-IR mice. Because plasma creatinine usually
returns to normal levels one week after reperfusion [47,48], we mea-
sured GFR and RPF at 2w to evaluate renal function at this delayed
reperfusion time point. Our data indicate that both the GFR and RPF
were significantly improved in nitrate-treated mice compared to non-
treated mice.

The overall improved post-IR kidney function in nitrate-treated
mice may be due to attenuation of renal pathological changes in both
the ischemic and contralateral kidneys. Although two previous studies
have shown that systemic administration of nitrite did not protect
against renal IR injury in rats [30,31] the conditions of our present
study are quite different. We used chronic dietary nitrate treatment
instead of a single dose of nitrite and demonstrated that daily intake of
nitrate can provide protection against subsequent renal IR injury. This
is a clinically relevant scenario and suggests that patients with high risk
of renal IR injury may benefit from a high nitrate diet. We cannot ex-
clude that a shorter period of nitrate intake before and/or after the
insult could have had similar effects, although this is unlikely con-
sidering the alteration in the bone marrow-derived immune cells which
requires some time. When comparing the current results to earlier
studies one should also note that the pharmacokinetics of nitrite and
nitrate are vastly different, with nitrate having a substantially longer
half-life, resulting in a prolonged low grade formation of nitrite, NO and
other possibly bioactive nitrogen oxides. Conversely, nitrite peaks ra-
pidly and declines at an equally high pace. In addition, earlier studies
using nitrite in other models of IR injury have shown that the dose-
response curve for this anion is U-shaped with loss of protection at
higher doses [25,26].

Our previous studies in models of hypertension have demonstrated
that dietary nitrate exerts renal and cardiovascular protective effects
through increased NO bioavailability and reduction of oxidative stress
[34,35]. During IR the oxygen burst during the early reperfusion phase
leads to profound ROS generation, which is a key contributor to the
reperfusion-associated tissue injury [19]. In this study we found that
dietary nitrate significantly reduced NADPH-dependent O2

•− genera-
tion in the ischemic kidney up to 2w. In the contralateral kidney, O2

•−

levels were also significant lower in the nitrate-treated group compared
to non-treated animals up to 24 h post-reperfusion. These data further
support the anti-oxidative properties of dietary nitrate and suggest that
the protective effects of nitrate may at least in part be mediated through
reduction of NADPH oxidase activity and O2

•− generation.
Apart from oxidative stress the inflammatory response following

sterile cell death is another pivotal biological process during IR injury
[19]. The immune responses with inflammatory cells infiltrating in the
ischemic tissue are critical mechanisms for cellular debris clearance and
adequate tissue repair. However, prolonged and unresolved in-
flammation can further exacerbate tissue injury [5,6,19,49]. In order to
understand if nitrate can alter inflammatory responses during IR injury
we measured several circulating cytokines. We determined that at 24 h
only IL-12 p70 was significantly reduced in the nitrate-treated mice

Fig. 3. Dietary nitrate reduces O2
•− generation in the kidney. After renal ischemia,

dietary nitrate-treated mice showed significantly lower NADPH oxidase-mediated su-
peroxide (O2

•−) generation in both the ischemic and contralateral kidney following 24 h
of reperfusion (A, B), and in ischemic kidney at two weeks of reperfusion (2w) (C, D).
Data are shown as mean± SEM. *, ** p< 0.05 and 0.01 respectively, n = 6–10/group.
CLU: chemiluminescence unit.
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compared to the non-treated group. However, by 2w nitrate-treated
mice showed lower plasma IL-1β and IL-6 levels. IL-12 p70 is produced
by multiple immune cells, in particular dendritic cells (DCs) [50] in
response to antigen stimulation and it is involved in initiating T cell
activation [51]. Kidney-resident DCs can excrete IL-12 following renal
IR injury and trigger downstream innate and adaptive immune re-
sponses [52]. IL-1β and IL-6 at delayed reperfusion time points are
dominantly released by activated macrophage in the ischemic tissue
and related to the severity of structural damage [53,54]. To further
validate the inflammation in the kidney we detected macrophage in-
filtration using F4/80 staining as well as measuring local cytokine
production in the ischemic kidney at 2w of reperfusion. Macrophage
infiltration was significantly reduced in nitrate-treated animals. This is
in agreement with a recently published article by Ahluwalia and col-
leagues who found reduced macrophage accumulation in athero-
sclerotic plaques after dietary nitrate in apolipoprotein (Apo) E
knockout (KO) mice [38].

In accordance with the circulating cytokine levels in our study, IR
injury was associated with increased IL-1β and IL-6 production in the
ischemic kidney, as well as TNF-α and CCL2 mRNA expression. CCL2 is
considered to play an important role in recruiting monocytes, T cells
and DCs to the inflammatory sites [55]. We also observed significant
infiltration of macrophages in the ischemic kidney following 2w of
reperfusion. These elevations in local pro-inflammatory cytokines and
macrophage infiltration were significantly attenuated by dietary ni-
trate. Taken together, our data demonstrate an anti-inflammatory role

of dietary nitrate in protecting the kidney against IR injury. This is in
agreement with our previous findings that dietary nitrate decrease
leukocyte recruitment during intestinal injury [56]. IL-10 is important
for limiting the IR injury and facilitating tissue repair [57,58]. How-
ever, nitrate did not affect the levels of this cytokine in the ischemic
kidney at 2w.

Our previous work showed that nitrite can modulate macrophage
phenotype and function in response to lipopolysaccharide stimulation
in vitro [37]. In the current study we demonstrate that dietary sup-
plementation with nitrate can also cause significant reduction of O2

•−

generation in primary BMDMs. Interestingly, this was an intrinsic effect
of nitrate that occurred in the absence of IR injury. In addition, the
intracellular IL-6 expression in BMDMs from nitrate-treated mice was
decreased. Although BMDMs from nitrate-treated mice also tended to
have reduced endocytic function (p = 0.06 vs control), our previous
work demonstrated that inorganic nitrate and nitrite do not influence
the in vivo bacterial clearance function [56]. However, the exact in vivo
endocytic function of macrophages following dietary nitrate treatment
requires further investigation. This direct impact of dietary nitrate on
BMDMs phenotypes cannot be simply attributed to the generation of
NO via the NO3

--NO2
--NO pathway due to the short physiological half-

life of NO [59]. The underlying mechanisms of how dietary nitrate
modulates the immune system is a critical question that warrants fur-
ther study. Addressing this question may add novel mechanisms to the
organ- protective effects of dietary nitrate and nitrite.

In conclusion, oral intake of inorganic nitrate can effectively protect

Fig. 4. Dietary nitrate modulates circulating cytokines after IR injury. After renal ischemia, the levels of circulating IL-1β (A), IL-6 (B) and IL-12 p70 (C) were significantly higher
compared to non-IR controls following 24 h of reperfusion. Dietary nitrate treatment abolished the increase of IL-12 p70 at 24 h (C). No significant changes were observed for IL-10 level
at 24 h (D). IR injury was associated with significantly higher plasma IL-1β (E) and IL-6 (F) at two weeks (2w) of reperfusion, and the levels of these cytokines were significantly lower in
nitrate-treated mice compared to the non-treated group (E, F). No statistical differences were observed for plasma IL-12 p70 and IL-10 at 2w of reperfusion (G, H). Data are shown as
mean± SEM. *, **, *** p<0.05, 0.01 and 0.001 respectively, n = 6–8/group.
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Fig. 5. Dietary reduces inflammatory responses in the kidney. (A) Representative immunohistochemistry (F4/80) pictures of macrophage infiltration of the renal cortex and and the
medulla. Dietary nitrate significantly reduced IR-induced macrophage infiltration in both kidney cortex and medulla at two weeks (2w) (B, C). In addition, IR was associated with
significantly increased levels of IL-1β (D) and IL-6 (E) in the kidney at 2w of reperfusion, compared to non-IR controls, which were both attenuated by dietary nitrate treatment. However,
dietary nitrate did not influence the IR injury-associated increase of IL-10 in the kidney (F). Data are shown as mean±SEM. *, **, *** p< 0.05, 0.01 and 0.001 respectively, n = 6–8/
group.
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the kidney against IR injury. This protection by nitrate is coupled to
phenotype changes in bone marrow-derived immune cells and anti-
oxidative as well as anti-inflammatory properties of nitrate. Future
clinical trials shall elucidate if nitrate-supplementation can provide
beneficial effects in patients with high risk of acquiring renal IR injury.
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Fig. 6. Dietary nitrate reduces TNF-α and CLL2 mRNA expression in kidney. IR induce significant increase of TNF-α mRNA expression at both 24 h and 2w of reperfusion. These
increases were attenuated by dietary nitrate treatment (A). The CCL2 mRNA expression was significant increased at 2w after IR, which was also attenuated by dietary nitrate treatment
(B). Data are shown as mean± SEM. *, **, *** p< 0.05, 0.01 and 0.001 respectively, n = 6–8/group.

Fig. 7. Dietary nitrate affects the phenotype of primary macrophages. BMDMs iso-
lated from mice fed with high nitrate diet showed significant lower NADPH oxidase-
derived superoxide (O2

•−) generation (A, B) and a lower proportion of IL-6+ cells (C).
The endocytosis function, indicated by the uptake of fluorescent-labeled dextran, also
trended to be reduced in BMDMs from nitrate-treated mice compared with controls (D).
Data are shown as mean± SEM. *, **, p<0.05 and 0.01 respectively, n = 4/group in
panel A, B, n = 6/group in panel C, D. CLU: chemiluminescence unit.
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