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INTRODUCTION

R
educed circulating levels of nitric oxide metabo-
lites are hypothesized, in part, to drive hyper-

tension in autosomal dominant polycystic kidney
disease (ADPKD).1 Beetroot juice (BRJ), a rich dietary
source of nitrate, increases nitric oxide metabolites via
the entero-salivary nitrate-nitrite-NO pathway, and
lowers blood pressure (BP).2 In the largest randomized
controlled trial of 68 hypertensive patients, nitrate-
replete BRJ reduced systolic BP by a mean of 9.0 �
7.8 mm Hg after 4-weeks compared to 0.1 � 8.0 mm Hg
in the nitrate-deplete BRJ group.3 In this study, we
tested the hypothesis that oral nitrate supplementation
with BRJ lowers BP in ADPKD. We undertook a 4-
week double-blind 2-parallel group randomized
placebo-controlled trial and compared a daily shot of
either nitrate-replete BRJ (400 mg/d) or nitrate-deplete
BRJ on clinic BP (primary end point), home BP, urine
albumin-to-creatinine ratio and adverse effects (sec-
ondary end points) (Supplementary Methods).

RESULTS

Recruitment, Follow-Up and Baseline

Characteristics

Three hundred seventy-six participants were screened
for eligibility, 313 were excluded, and 3 were screen
failures leaving 60 participants who were randomized
(Supplementary Figure S1). One participant in the
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nitrate-replete group stopped using BRJ due to
pregnancy but continued follow-up; 2 in the nitrate-
deplete group stopped using BRJ (1 lost to follow-
up; 1 due to side effects but continued follow-up).
The baseline characteristics did not differ between
the BRJ groups (Table 1 and Supplementary Tables S1
and S2), and the majority of visits occurred in the
morning (Supplementary Table S3). Antihypertensives
drug dosage was unaltered during the study.

Effect of BRJ on Nitric Oxide Metabolites and

Asymmetric Dimethylarginine

Serum nitrate/nitrite increased 3.6-fold in the nitrate-
replete group at 4 weeks compared to the nitrate-
deplete group (P < 0.05, Supplementary Figure S2).
The mean change from baseline in the nitrate-replete
BRJ group was 20.08 mm (P < 0.01) compared to
0.97 mm (P ¼ 0.30) in the nitrate-deplete BRJ group.
Serum asymmetric dimethylarginine levels were similar
in both groups at baseline and after 4 weeks of inter-
vention (Supplementary Table S4).

Primary End Point

There were no intergroup differences between the
nitrate-replete and nitrate-deplete BRJ groups (systolic
BP, P ¼ 0.51; diastolic BP, P ¼ 0.67) or when adjusted
for age, estimated glomerular filtration rate, and base-
line serum nitrate. At 4 weeks, in the nitrate-replete
BRJ group, the mean systolic and diastolic clinic BP
3045
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Table 1. Baseline characteristics

Characteristic
Nitrate-replete BRJ
group (n [ 30)

Nitrate-deplete BRJ
group (n [ 30)

Age 50 (14) 49 (12)

Females 43.3% (13) 46.7% (14)

Self-reported ethnicity

Caucasian 67% (20) 73% (22)

Asian 27% (8) 23% (7)

Other 7% (2) 3% (1)

Height, cm 174.4 (10.5) 171.7 (9.1)

Weight, kg 84.6 (16) 85.9 (18.7)

BMI 28 (5) 29 (6)

Age at diagnosis of ADPKD, yr 31 (13) 33 (14)

Family history of ADPKD

Yes 73% (22) 77% (23)

No 27% (8) 13% (4)

Unknown 0.00% (0) 10% (3)

Age at diagnosis of hypertension 36 (12) 35 (11)

Years since hypertension diagnosisa 10 (5–20) 11 (5–20)

Number of antihypertensivesa 1 (1–2) 1 (1–2)

Antihypertensive drug class

ACEi/ARB 93% (28) 93% (28)

Diuretic 10% (3) 17% (5)

CCB 30% (9) 43% (13)

Beta-blocker 23% (7) 30% (9)

Alpha-blocker 10% (3) 3% (1)

Combination therapy 10% (3) 17% (5)

Comorbidities

Type 2 Diabetes Mellitus 0.00% (0) 3% (1)

IHD 0.00% (0) 0.00% (0)

Stroke 3% (1) 3% (1)

Hypercholesterolemia 17% (5) 30% (9)

No. prescribed medicationsa 2 (1–3) 3 (2–5)

No. total supplementsa 4 (3–7) 4 (2–6)

Spot urine alb:Cr ratio 2.2 (0.4, 5.4) 3.9 (1.7, 9)

Creatinine (mmol/l)a 97 (85–148) 105 (85–135)

eGFR (ml/min per 1.73 m2)a 63 (44–87) 61.5 (44–82)

Total cholesterol (mmol/l) 4.93 (0.91) 4.90 (0.88)

Triglycerides (mmol/l) 1.10 (0.95–1.70) 1.50 (0.90–2.20)

Fasting glucose (mmol/l) 4.8 (0.5) 5.0 (0.6)

ACEi, angiotensin converting enzyme inhibitor; ADPKD, autosomal dominant polycystic
kidney disease; alb, albumin; ARB, angiotensin receptor blocker; BMI, body mass index;
BRJ, beet root juice; CCB, calcium channel blocker; Cr, creatinine; eGFR, estimated
glomerular filtration rate; IHD, ischemic heart disease; IQR, interquartile range.
aContinuous variables sufficiently approximated by normal distribution are summarized
by sample mean and SD, and those that are not sufficiently approximated by a normal
distribution were summarized by sample median and IQR. Categorical variables are
summarized by sample proportions and count.
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decreased from baseline (systolic BP, �5.36 � 12.69;
diastolic BP, �3.55 � 7.08 mm Hg; P < 0.05) (Figure 1).
In the nitrate-deplete BRJ group, only systolic BP
decreased (�7.65 � 14.07 mm Hg; P ¼ 0.01; diastolic
BP, �2.73 � 7.81 mm Hg, P ¼ 0.07). As shown in
Supplementary Figure S3, 1 participant in each group
had high baseline BP that declined during the follow-
up period.

Secondary End Points

Home BP was not different between the groups (sys-
tolic BP, P ¼ 0.95; diastolic BP, P ¼ 0.59) or when
adjusted for age, estimated glomerular filtration rate,
3046
and baseline serum nitrate. Home BP decreased in both
the nitrate-replete group (systolic BP, �0.51 [�1.40 to
0.38]; diastolic BP, �0.24 [�0.85 to 0.38] mm Hg/wk)
and the nitrate-deplete BRJ group (systolic BP, �0.55
[�1.42 to 0.31]; diastolic BP, �0.47 [�1.07 to 0.13]
mm Hg/wk) (Supplementary Figure S4). There are no
intergroup differences (P ¼ 0.91) in albuminuria after 4
weeks in both groups (0.20 mg/mmol; and �0.40 mg/
mmol, respectively) (Supplementary Table S5), or when
adjusted for age, estimated glomerular filtration rate,
and baseline nitrate levels.

Treatment Adherence

The number of returned empty BRJ bottles did not
differ between the 2 groups (100%, interquartile range:
96.67–100 in both groups). The majority of participants
consumed BRJ in the morning (87% in the nitrate-
replete group; 97% in the nitrate-deplete group) and
similar in both groups (P ¼ 0.32; Supplementary
Table S6). Adherence with daily home BP measure-
ments, which was calculated by response to text mes-
sages, was similar in both groups (100%, interquartile
range: 100–100 in the nitrate-replete group; 100%,
interquartile range: 92.83–100 in the nitrate-deplete
group).

Adverse Effects

There were no intergroup differences in the frequency
of adverse effects (Supplementary Table S7). Gastroin-
testinal symptoms (change in bowel habit, bloating,
and gastritis) were the most frequent side effects
occurring in 38% (23/60) of participants. Beeturia and
beet-colored feces occurred in 37% (22/60) and 48%
(29/60), respectively. Of note, 20% (12/60) perceived
that side effects (improved bowel habits 13%;
increased energy in 5%) were beneficial. Three percent
(2/60) also reported positive symptoms of intentional
weight loss due to increased satiety.

DISCUSSION

In this 4-week double blind randomized placebo-
controlled trial, we have shown for the first time to
our knowledge that home BP, albuminuria, treatment
adherence, discontinuations, and adverse effects was
similar in hypertensive patients with ADPKD receiving
either nitrate replete or nitrate deplete BRJ. These data
suggest that oral nitrate supplementation does not in-
fluence hypertension in ADPKD.

The increase in nitrate and effect size of BP reduc-
tion with BRJ in this study was consistent with pre-
vious studies.2,3 These data suggest that the
antihypertensive effect of BRJ in ADPKD does not
require nitrate and is secondary to multiple other
nonnitrate components of BRJ (such as betalains,
Kidney International Reports (2024) 9, 3045–3048
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Figure 1. Mean clinic systolic (panel A) and diastolic (panel B) blood pressure levels in nitrate-replete and nitrate-deplete BRJ groups at
baseline and after 4 weeks of treatment. Clinic systolic blood pressure at 4 weeks decreased in both groups and clinic diastolic blood pressure
decreased in the nitrate replete BRJ group compared to baseline. Data expressed as mean � SD; *P < 0.05. BRJ, beet root juice; ns, not
significant.
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flavonoids, polyphenols, saponins, and vitamin C
which cause vasodilation).2,3 In this regard, higher
serum betaine was associated with lower BP in the
Guangzhou Nutrition and Health prospective obser-
vational cohort study consisting of 1339 patients.4 A
second explanation is that the BP reduction with BRJ
was due to a placebo-associated effect.5 In a meta-
analysis of 52 hypertension trials in non-ADPKD pa-
tients (n ¼ 7451), Patel et al.5 found that the systolic BP
decreased by mean of 5.92 mm Hg in nonresistant
hypertensive placebo groups.5 Multiple factors could
explain BP improvements with placebo, including
better in-trial compliance, regression to the mean and/
or unintentional bias.5 In our study, adherence was
similar in both groups; multiple home BP measure-
ments were performed; participants were only included
if their hypertension was stable; and the trial design
was double-blind, thereby reducing bias. Nevertheless,
the possibility of a placebo-associated effect, having
some role, cannot be entirely excluded.

In previous observational cohort studies, serum
levels of nitric oxide metabolites are reduced by
approximately 50% in ADPKD, and in vitro intracel-
lular nitric oxide is decreased by approximately 90%
in human ADPKD-mutated kidney cell lines.1,6 The
mechanisms for the reduction in nitric oxide have been
Kidney International Reports (2024) 9, 3045–3048
hypothesized to be due to impaired nitric oxide syn-
thase activity mediated by polycystin dysfunction
together with increased asymmetric dimethyl argi-
nine.1,6,7 The results of this clinical trial suggest that
oral nitrate does not have a major antihypertensive
effect in ADPKD, and is consistent with previous ani-
mal studies of polycystic kidney disease.6

Nearly 40% of participants reported gastrointestinal
side effects, which is higher than in previous BRJ tri-
als.3 This could be due to mass effects of polycystic
kidneys, which leads to increased sensitivity to
gastrointestinal symptoms.8 Of note, some participants
perceived improvement in frequency and consistency
of stools as being positive. BRJ also contains oxalic acid
(300–525 mg/l in juice),2 and in animal models of
polycystic kidney disease, oxalate consumption pre-
disposes to microtubular crystal formation.9 In the
current study, no episodes of renal colic occurred;
however, the duration was insufficient to evaluate this
completely.

The main strengths of this study are the double-
blind and pragmatic trial design, which reduced bias
and participant burden (as reflected by excellent
engagement and adherence). The limitations were that a
non-BRJ group was not included; the duration was 4
weeks and included only 2 time points; changes in diet
3047
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during the trial were not evaluated; NO was measured
indirectly by serum nitrate/nitrite; and long-term
safety of BRJ has not been assessed.

In conclusion, daily BRJ lowered BP in ADPKD in-
dependent of nitrate levels. The antihypertensive ef-
fects of BRJ could be due to biologically active
nonnitrate components.
DISCLOSURE

GR is a member of the scientific advisory board of PKD

Australia. All the other authors declared no competing

interests.

ACKNOWLEDGMENTS

The authors thank all study participants for being involved

in this study; Sayan Saravanabavan for assistance with

randomization and blinding procedures; and Farnoosh

Vahedi and Alexandra Munt for assistance with study visits.

Funding

PS was supported by an ICPMR Jerry Koutts Scholarship.

This trial was funded by PKD Australia to GR and NHMRC

Grant No 1138533 and 1164128. The funders had no role in

the design of the study, interventions, data collection, data

management, statistical analysis, interpretation of the re-

sults, writing the manuscripts, or in the decision to submit

the manuscripts for publication.
DATA AVAILABILITY STATEMENT

Deidentified individual participant data that underlie the

results reported in this article will be available to re-

searchers in a public repository 12 months following pub-

lication of this article. Requests for the repository location

and data should be directed to the corresponding author.

SUPPLEMENTARY MATERIAL

Supplementary File (PDF)

Supplementary Methods.

Supplementary References.

Figure S1. Flowchart of participant recruitment,

randomization, and completion.

Figure S2. Serum nitrate/nitrite levels at baseline and

week 4.

Figure S3. Individual values for blood pressure in the study

groups.

Figure S4. Mean daily home blood pressure

measurements.

Table S1. Additional baseline characteristics.
3048
Table S2. Additional baseline characteristics (extrarenal

manifestations).

Table S3. Time of clinic visits and blood pressure

measurements.

Table S4. Serum ADMA levels in the treatment groups.

Table S5. Median spot urine albumin to creatinine ratio in

the groups.

Table S6. Self-reported time of BRJ intake in participants.

Table S7. Adverse events.

CONSORT Statement.

REFERENCES

1. Wang D, Iversen J, Wilcox CS, Strandgaard S. Endothelial

dysfunction and reduced nitric oxide in resistance arteries in

autosomal-dominant polycystic kidney disease. Kidney Int.
2003;64:1381–1388. https://doi.org/10.1046/j.1523-1755.2003.

00236.x

2. Bahadoran Z, Mirmiran P, Kabir A, Azizi F, Ghasemi A. The

nitrate-independent blood pressure-lowering effect of beetroot

juice: a systematic review andmeta-analysis. Adv Nutr. 2017;8:
830–838. https://doi.org/10.3945/an.117.016717

3. Kapil V, Khambata RS, Robertson A, Caulfield MJ,

Ahluwalia A. Dietary nitrate provides sustained blood pressure

lowering in hypertensive patients: a randomized, phase 2,

double-blind, placebo-controlled study. Hypertension. 2015;65:
320–327. https://doi.org/10.1161/HYPERTENSIONAHA.114.

04675

4. Huang RZ, Ma JF, Chen S, et al. Associations of serum betaine

with blood pressure and hypertension incidence in middle-

aged and older adults: a prospective cohort study. Food
Funct. 2023;14:4881–4890. https://doi.org/10.1039/d3fo00325f

5. Patel HC, Hayward C, Ozdemir BA, et al. Magnitude of blood

pressure reduction in the placebo arms of modern hyperten-

sion trials: implications for trials of renal denervation. Hyper-
tension. 2015;65:401–406. https://doi.org/10.1161/

HYPERTENSIONAHA.114.04640

6. Zhang JQJ, Saravanabavan S, Cheng KM, et al. Long-term

dietary nitrate supplementation does not reduce renal cyst

growth in experimental autosomal dominant polycystic kidney

disease. PLoS One. 2021;16:e0248400. https://doi.org/10.1371/
journal.pone.0248400

7. Wang D, Strandgaard S, Borresen ML, et al. Asymmetric

dimethylarginine and lipid peroxidation products in early

autosomal dominant polycystic kidney disease. Am J Kid-
ney Dis. 2008;51:184–191. https://doi.org/10.1053/j.ajkd.2007.
09.020

8. Mikolajczyk AE, Te HS, Chapman AB. Gastrointestinal mani-

festations of autosomal-dominant polycystic kidney disease.

Clin Gastroenterol Hepatol. 2017;15:17–24. https://doi.org/10.

1016/j.cgh.2016.06.017

9. Torres JA, Rezaei M, Broderick C, et al. Crystal deposition

triggers tubule dilation that accelerates cystogenesis in poly-

cystic kidney disease. J Clin Invest. 2019;129:4506–4522.

https://doi.org/10.1172/JCI128503
Kidney International Reports (2024) 9, 3045–3048

https://doi.org/10.1016/j.ekir.2024.07.017
https://doi.org/10.1046/j.1523-1755.2003.00236.x
https://doi.org/10.1046/j.1523-1755.2003.00236.x
https://doi.org/10.3945/an.117.016717
https://doi.org/10.1161/HYPERTENSIONAHA.114.04675
https://doi.org/10.1161/HYPERTENSIONAHA.114.04675
https://doi.org/10.1039/d3fo00325f
https://doi.org/10.1161/HYPERTENSIONAHA.114.04640
https://doi.org/10.1161/HYPERTENSIONAHA.114.04640
https://doi.org/10.1371/journal.pone.0248400
https://doi.org/10.1371/journal.pone.0248400
https://doi.org/10.1053/j.ajkd.2007.09.020
https://doi.org/10.1053/j.ajkd.2007.09.020
https://doi.org/10.1016/j.cgh.2016.06.017
https://doi.org/10.1016/j.cgh.2016.06.017
https://doi.org/10.1172/JCI128503

	Randomized Trial of Nitrate-Replete Beetroot Juice on Blood Pressure in Hypertensive Adults with ADPKD
	Introduction
	Results
	Recruitment, Follow-Up and Baseline Characteristics
	Effect of BRJ on Nitric Oxide Metabolites and Asymmetric Dimethylarginine
	Primary End Point
	Secondary End Points
	Treatment Adherence
	Adverse Effects

	Discussion
	Disclosure
	Acknowledgments
	Funding
	Data Availability Statement
	Supplementary Material
	References


