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Background: Despite numerous meta-analyses examining the 
effects of beetroot juice (BJ) supplementation on exercise capacity in 
patients with chronic obstructive pulmonary disease (COPD), signifi
cant methodological shortcomings persist, including failure to strat
ify findings by study design.
Objective: In this meta-analysis we aimed to assess the effects of BJ 
supplementation on exercise capacity and cardiovascular parame
ters in COPD patients, identifying methodological gaps by stratifying 
the results of parallel and crossover randomized clinical trials 
(RCTs).
Data Sources: We conducted a systematic search in Scopus, Lilacs, 
PubMed, Embase, Web of Science, CENTRAL, and Science Direct from 
database inception until December 30, 2024. We identified studies 
of the effects on of nitrate-rich BJ supplementation on exercise 
capacity and cardiovascular parameters in COPD patients.
Data Extraction: Data extraction was performed independently by 
2 reviewers, who collected information on participant characteris
tics, supplementation protocol, exercise capacity outcomes, and 
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cardiovascular parameters. Data synthesis included subgroup and 
sensitivity analyses, meta-regression, and stratified random effects 
meta-analyses. Bias risk was assessed using the revised tool to 
assess risk of bias in randomized trials (RoB2), and evidence cer
tainty was evaluated via Grading of Recommendations Assessment, 
Development, and Evaluation (GRADE) methodology.
Data Analysis: The data extraction yielded 12 studies (357 partici
pants) that were included in this study. Supplementation with BJ 
significantly improved the exercise capacity (standardized mean dif
ference [SMD], 0.31; 95% CI, 0.10-0.53; I2 ¼ 0%). Stratified analyses 
revealed greater benefits in parallel RCTs (standardized mean 
difference [SMD], 0.52; 95% CI, 0.23-0.81; I2 ¼ 0%) compared with 
crossover trials (SMD, 0.06; 95% CI, −0.25 to 0.38; I2 ¼ 0%). Beetroot 
juice (BJ) reduced systolic (mean difference [MD], −5.33 mmHg; 95% 
CI, −6.45 to −4.21) and diastolic blood pressure (MD, −3.01 mmHg; 
95% CI, −4.39 to −1.63; I2 ¼ 0%).
Conclusion: This meta-analysis provides robust evidence that BJ 
improves exercise capacity and key cardiovascular parameters in 
COPD patients. By addressing critical methodological limitations 
and stratifying the results by study design, this study established a 
reliable foundation for clinical application. Standardized long-term 
studies are essential to confirm these findings and elucidate dose- 
response relationships.
Systematic Review Registration: PROSPERO registration No. 
[CRD42024540181].
Key words: blood pressure, inorganic nitrate, nitrate supplementation, exercise 
tolerance, dietary nitrates. 

INTRODUCTION

Exercise capacity in patients with chronic obstructive 
pulmonary disease (COPD) is often compromised due to 
a combination of pulmonary abnormalities, mechanical 
inefficiencies, and impairments in muscle bioenergetics, 
which collectively reduce nitric oxide (NO)-mediated vas
odilation.1 NO is critical for vascular homeostasis, blood 
pressure (BP) regulation, vascular tone, and oxygen uti
lization during physical activity.2 Interventions that 
enhance NO bioavailability are promising for addressing 
exercise limitations in COPD patients. Dietary nitrate can 
be obtained from several sources, including green leafy 
vegetables, capsules, and beetroot juice (BJ). Among 
these, BJ, a nitrate-rich functional food, has gained con
siderable interest in recent years.3

Supplementation with BJ enhances NO production 
via the nitrate-nitrite-NO pathway, which has been shown 
to improve endothelial function and vascular responses. 
Previous systematic reviews and meta-analyses in the gen
eral population4–6 and in hypertensive patients7–9 have dem
onstrated that nitrate supplementation may reduce blood 
pressure and improve vascular outcomes. Building upon 

this broader evidence, systematic reviews and meta-analyses 
have also suggested potential benefits of BJ supplementa
tion in COPD populations.10–12 These findings included 
enhanced exercise capacity, reduced BP, and improved 
oxygen delivery during exertion. Moreover, previous stud
ies have also reported increased circulating nitrate and 
nitrite levels following BJ supplementation, supporting its 
role in enhancing NO bioavailability. However, despite the 
encouraging data, existing meta-analyses exhibit significant 
methodological shortcomings, particularly a lack of stratifi
cation by study design, which limits the robustness and 
reliability of their conclusions.

Methodological heterogeneity between parallel and 
crossover randomized controlled trials (RCTs) is a crit
ical factor often overlooked in previous reviews. 
According to Cochrane guidelines, stratifying analyses 
by study design is essential to ensure accurate and 
unbiased interpretation of pooled results.13 Among the 
available studies on BJ supplementation in COPD, three 
studies were parallel,14–16 and nine studies were cross
over studies.17–25 The imbalance in the study design 
necessitates a more nuanced analytical approach to pre
vent bias and misrepresentation.
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This meta-analysis addressed these gaps by stratifying 
the analysis based on study design, as recommended by 
Cochrane,13 and incorporated rigorous quality assessment 
frameworks, including Grading of Recommendations 
Assessment, Development, and Evaluation (GRADE) 
methodology26 for evaluating evidence certainty. This 
comprehensive approach ensures that our findings provide 
a reliable foundation for understanding the therapeutic 
potential of nitrate-rich BJ for COPD management. By 
clarifying the efficacy of BJ supplementation through a 
stratified lens, in this study we aimed to inform future 
research and clinical applications, offering insights into 
optimizing interventions to improve patient outcomes.

METHODS

We conducted a systematic review and meta-analysis of 
randomized controlled trials , following the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines.27 This manuscript was registered in 
the PROSPERO database (CRD42024540181).

Eligibility Criteria

Study Design, Intervention, Comparison, and Outcomes. The 
research question and eligibility criteria were defined 
according to the PICOS framework (participants, inter
ventions, comparisons, outcomes, and study design). 
Accordingly, the following were included:

(P): Participants were adult patients diagnosed with 
mild-to-moderate COPD without severe comorbidities, 
such as pulmonary hypertension, chronic heart failure, or 
asthma, according to international guidelines.28

(I): Intervention assessed was the consumption of 
nitrate-rich BJ, as opposed to other nitrate sources, com
pared to placebo.

(C): Comparators were placebo or nitrate-depleted 
BJ, matched for volume, appearance, and taste when 
reported.

(O): Outcomes primarily included exercise capacity 
evaluated using the 6-minute walk test (6MWT, distance, 
meters), incremental shuttle walk test (ISWT, distance, 
meters), and endurance shuttle walk test (ESWT, dis
tance, meters). Secondary outcomes included levels of 
nitrate (NO−

3 , µM), nitrite (NO−
2 , µM), and exhaled NO 

fraction (FeNO, ppb, µg/L in aqueous solutions), which 
were assessed as biomarkers of NO bioavailability; sys
tolic blood pressure (SBP; mmHg), diastolic blood pres
sure (DBP; mmHg), mean arterial pressure (MAP; 
mmHg), and heart rate (HR; bpm), which were evaluated 
as complementary physiological parameters related to 
cardiovascular function during exercise.

(S): Study designs included parallel and crossover 
RCTs.

Exclusion criteria were as follows: (1) individuals 
aged >80 years; (2) study participants with other associ
ated cardiovascular diseases; (3) nonrandomized, observa
tional, and cohort studies; (4) conference abstracts 
without a full published article; and (5) studies with 
inconsistencies or those that did not provide enough data 
to calculate the effect size (ES). Title/abstract and full- 
text screenings were conducted in duplicate by 2 inde
pendent reviewers (G.R.C. and J.S.). If necessary, a third 
author (W.A.S.) resolved disagreements, establishing a 
consensus.

Search Strategy

We systematically searched for published studies in 
SCOPUS, LILACS, PubMed, Embase, Web of Science, 
Cochrane Library and Science Direct from database 
inception to December 30, 2024 (see item 1.1, Online 
Supplemental, for more details on the search strategy).

Study Selection

Using Rayyan Platform Professional software,29 2 
reviewers (G.R.C. or A.S.S.F.) independently screened all 
identified references for inclusion based on the study title 
and abstract. Two reviewers (G.R.C. or A.S.S.F.) inde
pendently assessed the full text to include potentially eli
gible studies, with disagreements resolved by consensus 
or, if necessary, consultation with a third reviewer (L.A. 
M. or A.M.G.).

Data Collection

Two reviewers (G.R.C. and A.S.S.F.) independently 
extracted the data from each study using a standardized 
data collection form. Discrepancies were resolved by con
sensus or, if necessary, by consultation with a third 
reviewer (A.D.). Available data were extracted as outlined 
in the protocol, including the characteristics of the 
included studies, study design, demographic and clinical 
details of the study population, details of the intervention 
and comparison groups (BJ and placebo), and study out
comes. Attempts were made to contact the corresponding 
authors of the included studies to obtain the essential 
aggregate-level data. No imputation was performed for 
missing data.

Risk of Bias Assessment

The risk of bias in the studies was analyzed using version 2 
of the Cochrane risk of bias tool for RCTs.13,30 Two authors 
(L.A.M. and G.R.C.) independently assessed the risk of bias. 
The risk of bias was assessed for all outcomes of interest. 

Nutrition ReviewsVR Vol. 00(00):1–15                                                                                                                                                                3 

D
ow

nloaded from
 https://academ

ic.oup.com
/nutritionreview

s/advance-article/doi/10.1093/nutrit/nuag013/8658431 by Yale Library user on 20 April 2026



Any discrepancies were resolved by consensus or, if neces
sary, consultation with a third reviewer (F.V.L.).

Certainty of Evidence

The included studies were assessed using the GRADE26

method to examine the quality of evidence according to 
the Cochrane Handbook31 using a desktop version of the 
GRADEpro Guideline Development Tool (www.grade
pro.org; McMaster University and Evidence Prime, 
Canada) to generate evidence profiles.

Data Synthesis

We performed random-effects meta-analyses, with the 
pooled mean difference (MD) for measures within the 
same study design or the standardized mean difference 
(SMD) for comparisons across different study designs, 
following the recommendations outlined in the Cochrane 
Handbook, as pooled-effect size and 2-sided 95% CI.31

For data presented in figures (such as mean and SD 
or SE), webPlotDigitizer software was used, following the 
guidelines outlined in the Cochrane Handbook.31 Data 
presented as medians and IQRs were converted to mean 
and SD. Heterogeneity was assessed using I2 statistics. 
The random-effects model was applied because of the 
considerable variability in several experimental factors 
(eg, test, dose duration, and dose amount) across trials. 
To minimize potential bias from repeated measures in 
crossover trials, we prioritized data from the first inter
vention period whenever available, thereby reducing the 
risk of carryover effects. When first-period data were not 
reported, outcomes were extracted from the postinter
vention period and analyzed as if the trial had a parallel 
design. This conservative approach, in line with 
Cochrane recommendations, underestimates rather than 
inflates effect sizes, ensuring consistency and clinical rele
vance across studies (Cochrane Handbook, Section 
16.4.4).

Subgroup and Sensitivity Analyses

Subgroup analyses were conducted for exercise capacity 
categorized by study design and BJ dose frequency. 
Sensitivity analyses were performed to assess the impact 
of crossover study inclusion on overall effect estimates 
and heterogeneity. Sensitivity analyses for SBP and DBP 
were performed using the leave-one-out method to eval
uate the impact of each study on pooled analysis. For sen
sitivity analysis, we created 2 subgroup analyses that have 
not been explored in studies, which are the analysis of the 
number of doses consumed during the protocol divided 
by the ideal dose (recommended nitrate dose [3.05 μM 
per day] used for blood pressure outcomes [SBP and 

DBP], high dose >10, low dose <10 recommended doses/ 
d). Sensitivity analyses for exercise capacity were con
ducted based on the dosage consumed, the intervention 
duration (during the short term, <7 days, or long term, 
>30 days), and the type of exercise test used (6 MWT, 
ISWT, or ESWT) to evaluate the distance covered. All 
statistical analyses were performed using the “meta” (ver
sion 7.0.0) and “metaphor” (version 4.6.0) packages of R 
studio software version 2023.12.1þ 402 for Mac (R 
Foundation, Vienna, Austria). Forest plots were created 
using R Studio, incorporating R.

RESULTS

Study Description

The initial search yielded 490 results for December 30, 
2024. After removing duplicate entries and applying the 
eligibility criteria, 12 records were selected for full-text 
review, all of which were included in this meta-analysis 
(flow diagram of the systematic search—Flowchart 1). 
Two studies were parallel and 10 were crossover. These 
studies encompassed 357 participants, of whom 243 
(68%) were randomized to receive BJ (either nitrate rich 
or nitrate depleted). The follow-up duration ranged from 
1 to 12 weeks. The mean patient age was 66.8 years (SD, 
2.28 years), with forced expiratory volume in 1 second 
(FEV1) values ranging from 39.6% to 69.2% of the pre
dicted value of 55.5% (5.80). The individual study charac
teristics and definitions of BJ and placebo are shown in 
Tables 1 and 2. Variations in BJ definitions across studies 
have been attributed to differences in juice quantity, 
nitrate concentrations, and intake frequency. Four studies 
used a single dose,18,19,21,22 whereas 8 employed multiple 
doses.14–17,20,23–25

Main Outcomes

Exercise Capacity. The pooled standardized mean differ
ence (SMD) for exercise capacity with BJ supplementa
tion compared to placebo is summarized in Figure 1A, 
stratified by study design, intervention duration, exercise 
test types, and BJ dosages. BJ supplementation signifi
cantly improved exercise capacity (SMD¼ 0.31; 95% CI, 
0.10-0.53; P< .01, I2 ¼ 0%). Parallel RCTs (n¼ 2 studies) 
with long-term (≥56 days) interventions demonstrated 
marked improvements (SMD¼ 0.52; 95% CI, 0.23-0.81; 
I2 ¼ 0%), whereas short-term (<30 days) interventions in 
6 crossover studies yielded no effects (SMD¼ 0.06; 95% 
CI, −0.25 to 0.38; I2 ¼ 0%). In parallel RCTs, both the 
6MWT and the ISWT significantly improved exercise 
capacity (6MWT: SMD¼ 0.60; 95% CI, 0.12-1.08; ISWT: 
SMD¼ 0.47; 95% CI, 0.11-0.83, Figure 1B). In crossover 
trials, no significant effects were observed across the 
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6MWT, ISWT, and ESWT (P¼ .27). Higher BJ doses in 
RCTs yielded significant benefits (SMD¼ 0.52; 95% CI, 
0.23-0.81, I2 ¼ 0%, Figure 1C), while crossover studies, 
regardless of the doses, demonstrated no effect.

The dose-dependent subgroup analysis highlighted a 
critical trend: Higher doses of BJ in parallel RCTs signifi
cantly improved exercise capacity (SMD¼ 0.52; 95% CI, 
0.23-0.81; I2 ¼ 0%), while both higher and lower doses in 
crossover studies showed negligible effects with no 
impact, demonstrating a satisfactory difference between 
the groups (SMD¼ 0.31; 95% CI, 0.10-0.53; I2 ¼ 0%, 
P¼ .08).

Plasma NO−
3 , NO−

2 Levels, and FeNO

Figure 2 illustrates the effects of BJ on NO−
3 , NO−

2 (µM), 
and FeNO levels (ppb). BJ supplementation significantly 
increased NO−

3 levels in 7 crossover studies 
(MD¼445.59 µM; 95% CI, 272.10-619.07; I2 ¼ 99%; 
P< .01) and NO−

2 levels in 5 crossover studies 
(MD¼ 372.00 µM; 95% CI, 297.16-446.85; I2 ¼ 22%; 
P< .01). FeNO levels showed no significant changes in 3 
studies (SMD¼ 1.47; 95% CI, −0.56 to 3.51; I2 ¼ 97%; 
P¼ .16).

Blood Pressure–Stratified Analysis and Heart Rate

The pooled results for SBP, DBP, MAP, and HR are sum
marized in Figure 3. BJ supplementation significantly 
reduced SBP overall (SMD ¼ –0.44; 95% CI, –0.85 to 
–0.03; I2 ¼ 76%; P¼ .04). Subgroup analyses indicated 
that heterogeneity in SBP responses was primarily influ
enced by variability in BJ dosage and intervention dura
tion, with greater inconsistency in shorter protocols and 
lower-dose interventions. DBP demonstrated a modest 
but significant reduction (SMD ¼ –0.21; 95% CI, –0.40 to 
–0.02; I2 ¼ 0%; P¼ .03), with crossover studies adminis
tering low BJ doses showing the clearest reductions 
(SMD ¼ –0.50; 95% CI, –0.90 to –0.10; I2 ¼ 0%). MAP 
showed the most pronounced reduction across cardiovas
cular outcomes (SMD ¼ –0.47; 95% CI, –0.71 to –0.22; 
I2 ¼ 0%; P< .01). In contrast, HR did not differ signifi
cantly across subgroups (P¼ .64).

Quality of Studies and Grading the Strength of Evidence

When the RoB2 tool was used to evaluate both study 
designs (crossover and parallel RCTs), a wide range of 
bias risks was observed among the outcomes analyzed, 
with a predominance of high-risk studies. Key sources of 
bias included incomplete blinding, selective outcome 
reporting, and variability in intervention protocols. The 
results of the RoB2 assessment and grading of the 
strength of evidence are presented in Tables 3 and 4. 

Based on the GRADE framework, evidence for exercise 
capacity outcomes was rated with moderate certainty, 
while evidence for SBP and DBP outcomes ranged 
from low to moderate certainty, reflecting both the 
high heterogeneity and risk of bias in some studies 
(Online Supplementary Material, Table S1).

DISCUSSION

This systematic review and meta-analysis provides 
updated insights into the effects of nitrate supplementa
tion from BJ on exercise capacity and blood pressure 
responses in COPD patients. Our findings indicate that 
nitrate-rich BJ significantly enhances exercise capacity 
and improves physiological parameters, such as SBP, 
DBP, and MAP, while increasing circulating NO−

3 and 
NO−

2 levels. These results offer substantial evidence for 
nitrate-rich BJ as a potential adjunctive therapy in COPD 
management, particularly concerning cardiovascular and 
exercise-related outcomes.

Comparisons With Previous Studies

Previous systematic reviews3,4,11,12 have yielded conflict
ing results regarding the impact of BJ on exercise capacity 
in COPD patients, mainly due to methodological limita
tions. Most notably, these reviews did not stratify analy
ses by study design, which may have introduced bias. In 
contrast, our study adhered to the Cochrane guidelines13

by stratifying data based on the study design, thus provid
ing a more robust interpretation of the effects of BJ sup
plementation. We found that while crossover trials 
yielded inconsistent effects,17,19,23–25 parallel RCTs14–16

demonstrated significant improvements in exercise 
capacity, especially with long-term interventions and 
higher doses of BJ. This stratification clarifies the ambi
guity surrounding earlier findings.

Mechanistic Pathways

The beneficial effects of BJ are primarily attributed to its 
high NO−

3 content, which undergoes biotransformation 
via the enterosalivary pathway. Upon ingestion, dietary 
nitrate is absorbed by the upper gastrointestinal tract and 
circulates to the salivary glands, where it is concentrated 
and converted to NO−

2 by commensal oral bacteria. NO−
2 

is then swallowed and reduced to NO under acidic gastric 
conditions or enzymatically within hypoxic tissues.32–34

This bioconversion significantly enhances the bioavail
ability of NO, which is crucial for its vasodilatory, anti- 
inflammatory, and mitochondrial efficiency–enhancing 
effects.
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Figure 1. Pooled standardized mean differences for exercise capacity categorized according to the following: (A) by 
study design and duration vs comparator groups; (B) by study design and type of exercise test assessment vs compa
rator groups, and (C) by study design and dosage administered vs comparator groups.
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1. Vascular Effects: NO acts as a potent vasodilator by 
stimulating soluble guanylyl cyclase in vascular smooth 
muscle cells, increasing cyclic guanosine monophos
phate (cGMP) levels, and promoting relaxation.35,36

This mechanism improves endothelial function, 
reduces systemic vascular resistance, and enhances 
blood flow, particularly in exercising the muscles. 

These effects are amplified in patients with COPD, 
who often experience endothelial dysfunction and 
impaired oxygen delivery. 

2. Mitochondrial Efficiency: NO improves mitochondrial 
efficiency by modulating oxygen consumption 
through competitive inhibition of cytochrome c oxi
dase in the electron transport chain.37 This cascade 

Figure 2. Pooled mean differences for: (A) nitrate (NO−
3 ) vs comparator groups, (B) nitrite (NO−

2 ) vs comparator 
groups, and (C) pooled standardized mean differences for exhaled nitric oxide fraction (FeNO) vs comparator groups.
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reduces the oxygen cost of ATP production, particu
larly under hypoxic conditions, which is critical for 
COPD patients during exercise. 

3. Reduced Oxygen Cost of Exercise: By enhancing the 
matching of oxygen delivery to oxygen demand and 
improving vasodilation, BJ supplementation reduced 
the oxygen cost of exercise. This effect is particularly 
beneficial for COPD patients who frequently experi
ence dynamic hyperinflation and inefficient oxygen 
utilization during physical activity.1,37

4. Anti-inflammatory Properties: NO exerts anti- 
inflammatory effects by inhibiting leukocyte adhesion 
to the endothelium and reducing the production of 
pro-inflammatory cytokines.38,39 These properties 
may mitigate the chronic systemic inflammation 
observed in COPD and contribute to improved cardi
ovascular and pulmonary outcomes. 

5. Pulmonary Hemodynamics: NO derived from BJ also 
demonstrates promising effects on pulmonary hemo
dynamics. It improves pulmonary vascular resistance 
and promotes vasodilation within the pulmonary cir
culation, potentially reducing pulmonary artery pres
sure. These effects are critical for COPD patients, who 
often experience elevated pulmonary vascular resist
ance and pulmonary hypertension.40 Improved oxy
gen uptake and optimized ventilation-perfusion 

matching in the lungs may also contribute to 
enhanced exercise tolerance and reduced dyspnea. 
Additionally, increased NO availability can mitigate 
hypoxia-induced vasoconstriction, which exacerbates 
pulmonary hypertension during exercise or at rest. 

Cardiovascular Benefits

In addition to enhancing exercise capacity, BJ supplemen
tation significantly improved blood pressure outcomes. 
The overall analysis demonstrated significant reductions 
in the SBP, DBP, and MAP. Specifically, SBP decreased 
by an SMD of −0.44, while DBP showed a smaller but 
statistically significant reduction (SMD¼−0.21). These 
findings align with the understanding that increased NO 
availability from dietary nitrate improves endothelial 
function, reduces vascular resistance, and enhances blood 
flow.16,36,41 This effect is particularly beneficial in COPD 
patients, who often face increased cardiovascular risk due 
to systemic inflammation and endothelial dysfunction.40

Clinical Applications

The clinical relevance of these findings lies in the poten
tial of BJ to complement the current COPD management 
strategies. As a dietary intervention, BJ offers a cost- 

Figure 3. Sensitivity analysis categorized by study design type and quantity of beetroot juice consumed according to 
the evaluated outcome: (A) systolic blood pressure compared to placebo groups; (B) diastolic blood pressure com
pared to placebo groups; (C) mean arterial pressure (MAP), and (D) heart rate (HR).
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effective, noninvasive approach that can be integrated 
into rehabilitation programs to enhance exercise toler
ance and cardiovascular health. The blood pressure–low
ering effects observed with BJ supplementation may also 
benefit COPD patients with concurrent hypertension or 
increased cardiovascular risk. Moreover, the potential 
role of BJ in mitigating pulmonary hypertension offers a 
dual advantage in improving systemic and pulmonary 
vascular health.

By providing additive benefits without significant 
adverse effects, BJ supplementation can also serve as an 
adjunct to pharmacological therapies. The role of BJ in 
promoting endothelial health and reducing systemic 
inflammation may also slow disease progression and 
improve the quality of life of COPD patients. However, 
further research is needed to standardize dosing regi
mens, identify optimal treatment durations, and evaluate 
long-term outcomes.

Comparison with Other Populations

Studies on BJ have extensively documented its blood 
pressure–lowering effects in the cardiac and respiratory 
populations. BJ contains a high concentration of NO−

3 , 
with 6.2 mmol of NO−

3 per 0.5 L juice.5 Studies have 
reported favorable results in reducing blood pressure in 
healthy individuals,42–44 heart failure patients,33,45 and 
COPD patients.14–25 A reduction of approximately 

3.55 mmHg for SBP and 1.32 mmHg for DBP is typically 
expected in these populations,4 consistent with findings 
from aerobic exercise studies,46 in which SBP and DBP 
were reduced by −3.84 mmHg (95% CI, −4.97 to 
−2.72 mmHg) and −2.58 mmHg (95% CI, −3.35 to 
−1.81 mmHg), respectively. The reduction in SBP and 
DBP related to the administered dosage did not differ by 
subgroup analysis, showing that high doses favor SBP 
reduction. In contrast, both high and low doses favor 
DBP reduction.

Risks of Long-Term BJ Use

Although BJ supplementation offers several benefits, its 
long-term use is not without potential risks. Excessive 
NO−

3 intake may lead to methemoglobinemia, a condi
tion in which elevated methemoglobin levels impair 
blood oxygen delivery. Although this condition is rare, 
individuals with predisposing conditions or genetic 
enzyme deficiencies may be more susceptible to 
infection.47

Moreover, chronic high-dose NO−
3 supplementation 

may affect the balance of the oral microbiota. Disruptions 
in nitrate-reducing bacteria can alter the enterosalivary 
nitrate-nitrite-NO pathway and diminish the efficacy of 
supplementation over time.48 There is also concern 
regarding interactions with medications, such as phos
phodiesterase inhibitors or antihypertensives, which may 
amplify the blood pressure-lowering effects and lead to 
hypotension.49

Additionally, the long-term use of BJ may contribute 
to excessive caloric intake if consumed in large quantities, 
potentially leading to weight gain, particularly in COPD 
patients with reduced physical activity levels. Patients 
with comorbidities such as diabetes may also need to 
monitor the sugar content of commercially available BJ 
products.50

Last, NO−
3 supplementation has raised theoretical 

concerns regarding the formation of carcinogenic N- 
nitroso compounds, especially when combined with 
high-protein diets. Although no conclusive evidence links 
dietary nitrate to increased cancer risk, further research is 
warranted to ensure the safety of chronic BJ use.51,52

Methodological Limitations

Although our meta-analysis provided valuable insights, 
several limitations must be acknowledged. First, there 
was considerable heterogeneity across the included trials, 
particularly in crossover designs. Variability in BJ dosage, 
intervention duration, and exercise test type contributed 
to this heterogeneity. These differences influenced the 
pooled effect sizes and limited the ability to identify con
sistent patterns across the studies.

Flowchart 1. Flow diagram of the systematic search.
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Second, most of the included studies had small sam
ple sizes, with an average effect size of 0.25, and only 2 
studies reported effect sizes greater than 0.4. These small 
sample sizes may limit the generalizability of our findings 
and reduce the statistical power to detect significant dif
ferences, particularly in specific patient subgroups.

Third, although our analysis demonstrated signifi
cant improvements in exercise capacity and blood pres
sure, the clinical relevance of these findings, especially in 
patients with severe COPD, remains uncertain. Further 
research is needed to evaluate the long-term and clinically 
meaningful benefits of BJ supplementation in patients 
with more severe COPD. Last, the heterogeneity of pro
tocols across studies was a notable factor.

The intervention per participant ranged from 1 to 
90 days, the administered dosages varied from 3.05 to 

13.5 mmol, and the number of doses ranged from 2 to 
236. Our meta-analysis is to our knowledge the first to 
systematically account for BJ dosage, study design, and 
intervention duration. By incorporating these variables 
into our analysis, we were able to mitigate potential bias 
and enhance the robustness of our findings. Additionally, 
the potential for information bias in some reviews should 
be considered as it may lead to erroneous interpretation 
of the data. As noted in previous reviews, this bias further 
complicates accurate assessments of the true efficacy of BJ 
in patients with COPD.

CONCLUSION

Supplementation with BJ represents a promising nonphar
macological intervention for improving cardiovascular 

Table 3. Risk of bias according to study design: RoB2 for RCT parallels
Study Randomization 

Process
Intervention 

Bias
Incomplete out

come data
Outcome 

measurement
Outcome 
reporting

Overall risk 
of bias

Alasmari  
et al.,  
202412

Low risk Low risk Low risk Low risk Low risk Low risk

Behnia et al., 
201813

Some  
concerns

Low risk Low risk Some  
concerns

Some  
concerns

Some 
concerns

Pavitt et al., 
202014

Low risk Low risk Low risk Low risk Low risk Low risk

Abbreviations: RCT, parallel-group randomized controlled trial; RoB 2, revised tool for assessing risk of bias in 
randomized trials.

Table 4. Risk of bias according to study design: RoB2 for crossover design
Study Randomiz

ation 
Process

Carryover 
Effect

Interventi
on Bias

Incomplete 
Outcome 

Data

Outcome 
Measurem

ent

Outcome 
Reporting

Overall 
Risk of Bias

Beijers et al., 
201715

Some 
concerns

Some 
concerns

Some 
concerns

Low Risk Some 
concerns

Low Risk Some 

concerns
Berry et al., 

201516
Low Risk Low Risk Some 

concerns
Low Risk Low Risk Low Risk Low Risk

Curtis et al., 
201517

Some 
concerns

Some 
concerns

Some 
concerns

Low Risk Low Risk Some 
concerns

Some 

concerns
Friis et al., 

201718
Low Risk Some 

concerns
Some 

concerns
Some 

concerns
Low Risk Low Risk Some 

concerns
Kerley et al., 

201519
Some 

concerns
Some 

concerns
Some 

concerns
Low Risk Low Risk Low Risk Some 

concerns
Kerley et al., 

201920
Low Risk Low Risk Low Risk Low Risk Low Risk Low Risk Low Risk

Leong et al., 
201521

Some 
concerns

Some 
concerns

Some 
concerns

Low Risk Some 
concerns

Some 
concerns

Some 

concerns
Pavitt et al., 

202014
Low Risk Low Risk Low Risk Low Risk Low Risk Low Risk Low Risk

Pavitt et al., 
202222

Some 
concerns

Some 
concerns

Some 
concerns

Some 
concerns

Some 
concerns

Some 
concerns

Some 

concerns
Abbreviations: RoB 2, revised tool for assessing risk of bias in randomized crossover trials.
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health and exercise capacity in patients with COPD. 
Future research should prioritize refining dosing strategies, 
evaluating long-term effects, and elucidating the precise 
mechanisms underlying the benefits of dietary NO−

3 to 
maximize their therapeutic potential in this vulnerable 
population. Our findings indicate that BJ can significantly 
enhance exercise capacity, particularly in long-duration 
protocols, endurance exercises, and higher supplementa
tion doses.
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