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Abstract
Background
Hypertension and vascular dysfunction are major health concerns, and studies have suggested different interventions, including dietary nitrate (NO3), to improve it. We sought to elucidate the effects of dietary NO3 on plasma NO3 and nitrite (NO2) levels and to determine the shape of the effect of dietary NO3 on blood pressure (BP) and vascular health biomarkers.

Methods
PubMed, Scopus, and Web of Science were searched up to February 2024 for eligible randomized controlled trials (RCTs). The pooled results were reported as weighted mean differences (WMD) and 95% confidence intervals (CIs).

Results
Our analysis of 75 RCTs involving 1823 participants revealed that per each millimole (mmol) increase in the administered NO3 dose, both acute (WMD: 32.7µmol/L; 95%CI: 26.1, 39.4) and chronic-term (WMD: 19.6µmol/L; 95%CI: 9.95, 29.3) plasma NO3 levels increased. Per each mmol increase in NO3 intake, a reduction in systolic BP levels was observed in the acute (WMD: -0.28mmHg; 95%CI: -0.40, -0.17), short-term (WMD: -0.24mmHg; 95%CI: -0.40, -0.07), and medium-term (WMD: -0.48mmHg; 95%CI: -0.71, -0.25) periods. Furthermore, a decrease in diastolic BP for each mmol increase in NO3 intake (WMD: -0.12 mmHg; 95% CI: -0.21, -0.03) was shown. Moreover, a linear dose-response relationship was indicated between each mmol of NO3 intake and medium-term pulse wave velocity (WMD: -0.07 m/s; 95%CI: -0.11, -0.03), medium-term flow-mediated dilation (WMD: 0.30%; 95%CI: 0.15, 0.46), and medium-term augmentation index (WMD: -0.57%; 95%CI: -0.98, -0.15).

Conclusion
We observed dose-dependent increases in plasma NO3 and NO2 levels, along with consequent reductions in BP and enhancements in vascular health following dietary NO3 supplementation. Future high-quality, population-specific studies with optimized dietary NO3 dosages are needed to strengthen the certainty of the evidence.

Registration
The protocol for this systematic review was registered in PROSPERO under the registration number CRD42024535335.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12937-025-01114-8.
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Introduction
Elevated blood pressure (BP) contributes to the incidence, mortality, and disability associated with cardiovascular diseases (CVDs) [1, 2]. It is estimated that the upward trend in the prevalence of hypertension (HTN) will continue and reach 1.5 billion people worldwide by 2025 [3].
Meanwhile, arterial stiffness measured by pulse wave velocity (PWV) [4–6] or augmentation index (AI) [7], and endothelial function measured by flow-mediated dilation (FMD) [8] is an independent predictor of future cardiac events [9, 10] and plays a significant role in the pathogenesis of atherogenesis and HTN [11, 12]. Considering the bidirectional relationship between BP and vascular health, therapeutic strategies for improving them are needed to prevent cardiovascular morbidity and mortality [13–16].
Pharmacotherapy has a significant effect in lowering BP [17] but also has side effects and medication resistance [18], in which only a third of individuals undergoing pharmacological treatment achieve adequate BP control [19]. Effective, low-cost, sustainable strategies are needed to manage BP and vascular dysfunction. Meanwhile, nonpharmacologic interventions, including dietary approaches, are a cornerstone for managing high BP [20].
Dietary interventions showed promise in reducing BP levels and improving vascular dysfunction [21–24], offering safe, affordable options easily integrated into daily life [25, 26]. Dietary recommendations include sodium-restricted diets [27], and adopting the Dietary Approach to Stop Hypertension (DASH) diet, which emphasizes increasing fruits and vegetable consumption [28]. Previous clinical trials have utilized dietary vegetables such as beetroot and lettuce as rich sources of nitrate (NO3) (> 2500 mg NO3/kg) [29]. The ingestion of dietary NO3 can lead to the production of nitric oxide (NO), which in turn causes vasodilation [30–32]. Additionally, dietary NO3 demonstrates anti-inflammatory and anti-aggregation properties and may impact energy production performance [33–35].
Previous studies have extensively explored the efficacy of dietary NO3 in reducing BP levels and improving vascular health markers, but some limitations should be addressed. Prior meta-analyses have failed to adequately differentiate between NO3 salts and dietary NO3 effects [36–40] and have mainly focused on NO3 from beetroot, leaving the consumption of NO3 from other dietary sources unexplored [41–44]. An umbrella review indicated that the effects of dietary NO3 on BP levels become more pronounced with higher doses, yet they did not clarify the shape of the association between dietary NO3 dosage and BP levels [22]. Additionally, previous studies have highlighted vasodilation due to elevated serum NO3 and nitrite (NO2) levels. Still, the extent of this effect and the relationship between dietary NO3 dosage and serum NO3 and NO2 levels remain uncertain. Some studies suggested that the impact of dietary NO3 on BP levels can be independent of the quantity of NO3 consumed [44]. Conversely, others proposed that this effect depends on the NO3 content in dietary sources [22].
We undertook a systematic review and meta-analysis to elucidate the potential dose-dependent impacts of dietary NO3 on plasma NO3 and NO2 as reservoirs for NO. We also aimed to determine the optimal dosage of dietary NO3 that positively affects BP levels and vascular health markers and stratify results based on the source of dietary NO3 and HTN status. Furthermore, we conducted a safety analysis to evaluate the risk of adverse events following dietary NO3 supplementation.

Materials and methods
The present dose-response meta-analysis has been conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement [45] and also followed the guidelines of the Declaration of Helsinki. The protocol for this systematic review was registered in PROSPERO under the registration number CRD42024535335.
Systematic search
We systematically searched PubMed, Scopus, and ISI Web of Science up to February 2024. We employed keywords related to intervention, outcome, and study design to identify potential eligible randomized controlled trials (RCTs). A detailed search strategy is provided in Supplementary Table 1. We manually reviewed the reference lists of existing related reviews to augment the database search. Our search was restricted to studies published in English. Teams of two reviewers independently screened titles and abstracts according to pre-defined inclusion and exclusion criteria to identify potentially eligible RCTs.

Eligibility criteria
We employed the PICOS framework (population, intervention, comparator, outcome, and study design) to establish our inclusion and exclusion criteria. Eligible for inclusion in the present meta-analysis were published human interventional studies that met the following criteria: (1) RCTs, whether with parallel or crossover design, conducted on adults aged 18 years or older; (2) Investigating the effect of dietary NO3 on systolic BP (SBP), diastolic BP (DBP), ambulatory SBP, ambulatory DBP, mean arterial pressure (MAP), heart rate (HR), ambulatory HR, PWV, FMD, and AI, or measured plasma NO2 and NO3 levels. (3) Investigating the effect of various doses of dietary NO3 on BP, HR, vascular health biomarkers, or plasma NO2 and NO3 levels, compared to a placebo; (4) Considering changes in BP, HR, vascular health biomarkers, or plasma NO2 and NO3 levels as either primary or secondary outcomes; (5) Presenting mean and standard deviation (SD) of changes in BP, HR, vascular health biomarkers, or plasma NO2 and NO3 levels across study arms, or provided adequate information for estimation; and (6) Reporting the number of participants in each study arm. Studies with a non-randomized design, quasi-experimental trials, those involving adolescents (under 18 years old), pregnant and lactating women, and trials incorporating exercise plans alongside dietary NO3 interventions were excluded from the analysis.

Data extraction
Two reviewers (MHR and AMH), working independently and in duplicate, screened the full texts of eligible RCTs and extracted the following data: author and year of publication, location of the population, study design, duration of the study, characteristics of the population (sex and health status), total sample size, intervention details (type and dose of dietary NO3), comparison groups, and studied outcomes. Any discrepancies between the two reviewers were resolved through discussion.

Risk of bias assessment
Two reviewers (MHR and SGH), independently and in duplicate conducted the risk of bias assessments using the Cochrane risk of bias tool [46]. RCTs were assigned an overall quality score based on bias domains: good (≤ 1 item was unclear and none were high), fair (≤ 2 items were unclear or at least one was high), and high risk of bias (≥ 2 items were high). Any discrepancies in the risk of bias assessment were resolved through discussion.

Statistical analysis
We calculated the weighted mean difference (WMD) and 95% confidence interval (CI) of change to report the meta-analysis results. To conduct our meta-analysis, we used a random effect model [47] and followed a comprehensive method previously described [48]. We performed a random-effects pairwise meta-analysis to examine the impact of dietary NO3 supplementation on plasma NO3 and NO2 levels, considering both acute (within a few hours of supplementation) and chronic (after several days of supplementation) levels [47]. Additionally, we utilized the one-stage approach introduced by Crippa and Orsini et al. [49] to compute the mean difference and its corresponding SD for changes in the studied outcomes across various dietary NO3 dosages within the intervention group compared to the control group in each trial. We examined other studied outcomes across three supplementation durations: acute (within a few hours of supplementation), short-term (1–7 days of supplementation), and medium-term (more than a week of supplementation) [22].
The potential publication bias was evaluated through Egger’s test [50], Begg’s test [51], and visual examination of funnel plots. We quantitatively assessed heterogeneity using the I2 statistic and conducted a χ2 test for homogeneity (P-heterogeneity > 0.10) [52]. For the safety analysis (comparative effects of dietary NO3 on adverse events and withdrawal due to intervention), we calculated relative effects based on the number of participants and events in both the intervention and control groups.
We conducted a one-stage weighted mixed-effects meta-analysis to elucidate the effect of various doses of dietary NO3 on BP, HR, vascular health biomarkers, or plasma NO2 and NO3 levels [49]. Nonlinear dose-response relationships were assessed using restricted cubic splines with 3 knots at Harrell’s recommended centiles (10%, 50%, and 90%). The fitness of the non-linear model was determined by the significance of the Wald test [49, 53]. Finally, we conducted a sensitivity analysis to assess the impact of dietary NO3 on BP separately in hypertensive individuals and in studies that supplemented beetroot. Statistical analyses were performed using STATA software version 17.0, with significance set at a two-tailed P value of less than 0.05.

Grading the evidence
We employed the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) tool to assess the overall certainty of the evidence (CoE) for each outcome [54] based on a minimally contextualized and null effect approach [55]. Two pairs of authors, MN and MHR, independently conducted the GRADE assessment, and any discrepancies were resolved through consensus to reach a unified conclusion.
There are sets of criteria responsible for downgrading or upgrading the evidence. These criteria include limitations of the study (based on the risk of bias as assessed by the Cochrane Risk of Bias tool) [56], inconsistency (referring to substantial unexplained heterogeneity between studies; I2 ≥ 50% and P heterogeneity < 0.10) [57], indirectness (pertaining to factors related to population, intervention, comparator, or outcome that limit the generalizability of the findings) [58], imprecision (indicated by small sample size, wide 95% CIs for the WMDs or when the point estimate was not statistically significant. Of note, we used linear dose-response point estimate for the BP and vascular health biomarkers.) [59], and potential evidence of publication bias. However, a large effect size and dose-response gradient contribute to upgrading the CoE. Therefore, given that our study is a dose-response meta-analysis, we could upgrade the CoE when the dose significantly influenced the outcomes. The GRADE system categorizes CoE as high, moderate, low, or very low, as follows: (1) Very low: The actual effect is highly uncertain and may significantly deviate from the estimated effect; (2) Low: The actual effect may substantially deviate from the estimated effect, and further research is highly likely to impact both our CoE in the estimated effect and the effect estimate itself; (3) Moderate: CoE levels when the estimated effect closely approximates the actual effect. Further research can significantly influence our confidence in the estimated effect and may alter the estimate; and (4) High: CoE levels when there is a substantial degree of certainty that the actual effect aligns with the estimated effect. Additional research is unlikely to alter our confidence in the estimated effect.


Results
Study selection
The flow diagram for study selection is presented as Fig. 1. Initially, our systematic search in databases yielded 6061 results, of which 1493 were duplicates. The remaining records (n = 4568) underwent initial screening based on the title and abstract review. Out of these, 141 records required full-text review, leading to the inclusion of 75 RCTs [30, 60–133] and the exclusion of 66 studies due to added exercise plan to the main intervention (n = 21), did not report pre/post-intervention data (n = 35), did not illustrate clear diagram (n = 2), not suitable control group (n = 7) and conducted on pregnant women (n = 1).
[image: ]
Fig. 1The PRISMA flow diagram for the selection of the included studies



Study characteristics
Supplementary Table 2 outlines the primary characteristics of the included RCTs. Our inclusion of 75 RCTs encompassed 86 studies, accounting for variations in follow-up duration or NO3 supplementation dosage among participants. Across all the RCTs included, there were 1823 participants.
Among the 86 studies, 12 followed a parallel design, while the remaining used a crossover design. Additionally, 2 studies were triple-blind, 62 were double-blind, 7 were single-blind, and 15 were open-label. Of all included studies, 47 were on healthy participants, 14 were on individuals with HTN or pre-HTN, 6 were on hypertensive individuals with heart failure (HF), type 2 diabetes mellitus (T2DM), or chronic obstructive pulmonary disease (COPD), and the remaining studies (n = 19) focused on other medical conditions. Of note, the mean age of study participants ranged from 18.6 to 72.5 years. Dietary NO3 supplementation was administered in various forms, including beetroot (n = 70), spinach (n = 5), lettuce (n = 1), or a NO3-rich diet (n = 10). Additionally, the intervention types were varied and included juice (n = 68), gel (n = 1), cereal bar (n = 1), extract (n = 2), or dietary plan (n = 14). Additionally, the daily dose of dietary NO3 intake ranged from 0.35 to 27.84 mmol. The study duration ranged from a minimum of 30 min in the acute phase to a maximum of 91 days in the chronic phase. Except for three studies, where participants received water [110] or had no intervention [130, 134], in all the other studies, individuals in the control groups consumed specified placebos (such as usual or low NO3 diet, NO3-depleted juice, cereal bar, or gel) compared to the intervention groups.

Meta-analysis
Pair-wise analysis for the effect of dietary NO3 on plasma levels of NO2 and NO3
As indicated in Supplementary Fig. 1, our findings revealed that dietary NO3 supplementation significantly influenced plasma NO2 levels both in acute (WMD: 0.25 µmol/L; 95% CI: 0.10, 0.40; I2: 97.8) and chronic (WMD: 0.46 µmol/L; 95% CI: 0.23, 0.69; I2: 99.7) terms. Additionally, dietary NO3 supplementation had a significant effect on acute (WMD: 390 µmol/L; 95% CI: 333, 446; I2: 99.5) and chronic (WMD: 175 µmol/L; 95% CI: 88.0, 262; I2: 99.9) plasma NO3 levels.

Dose-response analysis for the effect of dietary NO3 on plasma levels of NO2 and NO3
Our study showed a dose-response relationship between dietary NO3 and plasma NO3 and NO2 levels. As indicated in Fig. 2 and Supplementary Table 3, up to a dose of 2 mmol of NO3 per day, there were no significant changes in plasma NO3 levels. However, at doses higher than 2 mmol per day, plasma NO3 levels increased linearly. Moreover, as depicted in Supplementary Fig. 2, for each mmol increase in NO3 dose, plasma NO3 levels increased both in acute (WMD: 32.7 µmol/L; 95% CI: 26.1, 39.4; I2: 99.3) and chronic (WMD: 19.6 µmol/L; 95% CI: 9.95, 29.3; I2: 99.8) terms. It has also been observed that per each mmol increase in NO3 intake, plasma NO2 levels changed both in acute (WMD: 0.02 µmol/L; 95% CI: 0.02, 0.03; I2: 93.9) and chronic (WMD: 0.06 µmol/L; 95% CI: 0.02, 0.09; I2: 99.7) terms.
[image: ]
Fig. 2Non-linear dose-response analysis for the effects of dietary nitrate (mmol/day) on WMDs of plasma levels of (a) chronic NO3, (b) acute NO3, (c) chronic NO2, and (d) acute NO2



Dose-response analysis for the effect of beetroot on plasma levels of NO2 and NO3
Our study showed a dose-response relationship between beetroot consumption and plasma NO3 and NO2 levels. As depicted in Fig. 3 and Supplementary Table 4, the most significant increase in chronic plasma NO3 levels was observed at a dosage of 250 ml per day (WMD: 202 µmol/L; 95% CI: 102, 303), beyond which the effect plateaued. Additionally, per each 70 ml dose of beetroot intake (Supplementary Fig. 3), acute (WMD: 188 µmol/L; 95% CI: 161, 215; I2: 99.5) and chronic (WMD: 73.3 µmol/L; 95% CI: 59.6, 87.1; I2: 98.6) plasma NO3 levels were increased. Moreover, the dose of beetroot intake exhibits a non-linear relationship with plasma NO2 levels. The maximum change in chronic plasma NO2 levels was observed at a daily dose of 250 ml of beetroot intake (WMD: 0.36 µmol/L; 95% CI: 0.15, 0.57), beyond which the effect declined. Acute plasma NO2 levels were increased up to a dose of 160 ml of beetroot per day (WMD: 0.25 µmol/L; 95% CI: 0.17, 0.33), after which the effect plateaued. Additionally, per each 70 ml increase in beetroot intake, we observed an increase in acute (WMD: 0.10 µmol/L; 95% CI: 0.08, 0.12; I2: 95.2) and chronic (WMD: 0.11 µmol/L; 95% CI: 0.08, 0.13; I2: 97.6) plasma NO2 levels.
[image: ]
Fig. 3Non-linear dose-response analysis for the effects of beetroot (ml/day) on WMDs of plasma levels of (a) chronic NO3, (b) acute NO3, (c) chronic NO2, and (d) acute NO2



Dose-response analysis for the effect of dietary NO3 on BP and vascular health biomarkers
As depicted in Fig. 4 and Supplementary Figs. 4 and 5, there was a dose-response relationship between dietary NO3 dosage and levels of SBP (acute, short, and medium-term), DBP (acute-term), MAP (medium-term), PWV (medium-term), FMD (acute and medium-term), and AI (medium-term). For each mmol increase in NO3 intake (Supplementary Fig. 6), there was a decrease in SBP levels in the acute (WMD: -0.28 mmHg; 95% CI: -0.40, -0.17; I2: 31.0), short-term (WMD: -0.24 mmHg; 95% CI: -0.40, -0.07; I2: 32.5), and medium-term (WMD: -0.48 mmHg; 95% CI: -0.71, -0.25; I2: 53.6) periods. Additionally, a linear relationship was observed between NO3 intake and acute-term DBP, with a decrease in DBP for each mmol increase in NO3 intake (WMD: -0.12 mmHg; 95% CI: -0.21, -0.03; I2: 43.4). There was a non-linear dose-response relationship between dietary NO3 with medium-term MAP, that the greatest effect observed at a dose of 3 mmol dietary NO3 per day (WMD: -4.43 mmHg; 95% CI: -7.84, -1.03). However, there was no significant decrease in medium-term MAP at doses higher than 5 mmol dietary NO3 per day (Supplementary Table 5). Furthermore, for each mmol increase in dietary NO3 dosage, a linear dose-response relationship was observed between NO3 dose and medium-term PWV (WMD: -0.07 m/s; 95% CI: -0.11, -0.03; I2: 0.00), medium-term FMD (WMD: 0.30%; 95% CI: 0.15, 0.46; I2: 67.2), and medium-term AI (WMD: -0.57%; 95% CI: -0.98, -0.15; I2: 82.3).
[image: ]
Fig. 4 Non-linear dose-response analysis for the effects of dietary nitrate (mmol/day) on the WMDs of (a) acute-term SBP, (b) short-term SBP, (c) medium-term SBP, (d) acute-term DBP, (e) short-term DBP, and (f) medium-term DBP


We also performed a dose-response analysis in hypertensive individuals (Fig. 5 and Supplementary Fig. 7). Dietary NO3 had a linear dose-response relationship with acute-term SBP, indicating that for each one mmol increase in NO3 intake, acute-term SBP decreased linearly (WMD: -0.38 mmHg; 95% CI: -0.62, -0.13; I2: 0.00).
[image: ]
Fig. 5Forest plot of the linear dose-response analysis indicating WMDs and the 95% CI for the impact of each mmol increase in dietary nitrate dosage on acute-term SBP among hypertensive individuals



Dose-response analysis for the effect of beetroot on BP
A significant dose-response relationship was observed between the dietary beetroot intake and levels of SBP (acute, short, and medium-term), DBP (acute-term), and MAP (acute-term) (Supplementary Figs. 8 and 9). A significant linear relationship was indicated between dietary beetroot intake and acute-term SBP, DBP, and MAP, such that for every 70 ml increase in the beetroot intake, acute-term SBP (WMD: -1.23 mmHg; 95% CI: -1.80, -0.66; I2: 39.3), acute-term DBP (WMD: -0.57 mmHg; 95% CI: -0.96, -0.17; I2: 46.3), and acute-term MAP (WMD: -0.82 mmHg; 95% CI: -1.54, -0.10; I2: 72.0) decreased linearly (Supplementary Fig. 10). Also, there was a non-linear relationship between dietary beetroot intake and short and medium-term SBP (Supplementary Table 6). Specifically, short-term SBP showed the greatest reduction up to the use of a dose of 100 ml dietary beetroot per day (WMD: -2.68 mmHg; 95% CI: -4.43, -0.93), beyond which the observed reduction effect minimized and was insignificant. Similarly, there was a non-linear relationship between dietary beetroot intake and medium-term SBP; the most significant reduction was observed at a dose of 150 ml beetroot per day (WMD: -4.56 mmHg; 95% CI: -6.42, -2.71), after which the effect plateaued.

Publication bias
While significant publication bias was not detected concerning the impact of dietary NO3 on chronic plasma levels of NO3 (P = 0.748) and NO2 (P = 0.266), visual inspection of funnel plots and Egger’s test revealed significant publication bias for acute NO3 (P = 0.001) and NO2 (P = 0.019) plasma levels. This amount of publication bias indicates that smaller, non-significant studies may be missed from the analysis (Supplementary Fig. 11).


Risk of bias assessment
As shown in Supplementary Table 7, more than 80% of the included studies (62 out of 75) had fair or good quality. Among them, 28 RCTs exhibited good quality, with a low risk of bias across most domains, although some exceptions were noted for outcome assessment blinding or the potential for missing data. Furthermore, among the RCTs with a fair quality (n = 34), the primary reasons for fair quality were an unclear description of outcome assessment blinding and the random sequence generation method. Additionally, among the 13 RCTs that were classified as poor quality, the predominant issues included a lack of blinding among participants and personnel or the utilization of unsuitable allocation concealment methods.

Grading the evidence
The CoE for both pairwise and linear dose-response analysis results was provided in Supplementary Table 8. Plasma NO2 and NO3 levels in the chronic term and SBP (acute and short-term) and DBP (acute-term) were rated as Moderate due to their significant and homogeneous results. Also, acute plasma NO2 received a Low CoE due to suspected publication bias, while medium-term SBP was rated Low due to heterogeneity in results. Medium-term MAP and FMD received a Low CoE due to small sample sizes. Additionally, acute plasma NO3 was rated Very Low due to suspected publication bias, while medium-term PWV received a Very Low rating due to homogeneity in the origin of published clinical trials and small sample size. Acute FMD was rated Very Low due to non-significant results with serious heterogeneity, and medium-term AI received a Very Low rating due to serious heterogeneity and small sample size. Notably, the risk of bias was serious for all outcomes except for acute and medium-term FMD.

Safety analysis
Seventeen RCTs [69–72, 74, 76, 77, 82, 83, 85, 94, 100, 101, 108, 110, 113, 114] reported data on adverse events. Supplementary Table 9 provides detailed information on the number of adverse events observed in each trial. Adverse events typically consist of discoloration of stool and urine, commonly known as beeturia. Studies reported that this discoloration is a typical effect of beetroot supplementation, but it did not result in participant withdrawal or study discontinuation. Also, certain studies have reported side effects such as abdominal pain [70], diarrhea [69], nausea [77], and headache, along with gastrointestinal discomfort [94]. Furthermore, two studies [83, 113] indicated that some participants were excluded from the study due to reported unpalatability of the juice [113] and gastritis [83]. The safety analysis results (Supplementary Figs. 12, 13) revealed that dietary NO3 supplementation did not lead to an increase in adverse events (Risk ratio: 1.00, 95% CI 0.35, 2.82 I2 = 0.00%) or withdrawal from the study (Risk ratio: 0.42, 95% CI 0.07, 2.68; I2 = 0.00%).


Discussion
Our comprehensive analysis of 1,823 participants revealed a significant dose-response relationship between dietary NO3 dosage and plasma NO3 and NO2 levels. We also found dose-dependent effects of dietary NO3 on SBP, DBP, MAP, PWV, FMD, and AI levels. The reduction in BP was more pronounced in individuals with HTN compared to the general population. Additionally, dietary NO3 supplementation did not significantly lead to complications or withdrawals from the study.
Excessive NO3 levels in food sources are a significant concern. However, the recommended daily intake of NO3 from meats and drinking water may not apply to vegetables and requires reassessment [39]. While NO3 intake from meats can form carcinogenic compounds, vegetables are rich in polyphenols and antioxidants that prevent the formation of N-nitroso compounds by facilitating the conversion of NO2 to NO [135]. Currently, the acceptable daily limit for NO3 intake is 3.7 mg/kg of body weight per day [40]. However, the NO3 doses among included studies in our meta-analysis exceeded this acceptable daily intake (0.31 to 24.6 mg/kg for 70 kg individuals) Therefore, the optimal dosage of dietary NO3 supplementation for achieving beneficial effects on cardiovascular health parameters has yet to be firmly established.
We observed the dose-dependent effects of dietary NO3 dosage on plasma NO3 and NO2 levels, both in acute and chronic periods. Additionally, we found that the optimal dietary NO3 dose to significantly increase plasma NO3 levels is above 3 mmol per day, after which plasma NO3 levels increase linearly. This finding aligns with the established NO3–NO2–NO pathway, where dietary NO3 is converted to NO2 by bacteria in the tongue, further metabolized into NO in the stomach, and then reabsorbed into the bloodstream [136, 137]. Continuous NO3 intake sustains increased plasma NO3 levels [138, 139], consequently lowering BP and potentially mitigating the risk of atherosclerosis and all-cause mortality [140, 141].
Moreover, our results revealed linear dose-response effects of beetroot on plasma NO3 and NO2 concentrations up to 200–250 ml of beetroot per day. The definitive mechanisms underlying the observed plateauing or decline of plasma NO3 and NO2 levels after reaching peak values at specified doses remain elusive and necessitate further exploration. One plausible explanation could be that higher doses result in the saturation of absorption mechanisms, thereby diminishing the efficacy of NO3 conversion NO and reducing cellular sensitivity to NO [142–144]. The inconsistency in NO3 levels among different interventions could potentially explain this finding and may be attributed to varietal differences, cultivation methods, storage conditions, and processing techniques [145–147]. Moreover, it was mentioned that the slope of the BP curves or serum NO3 levels, following the dosage of dietary NO3, exceeded those associated with beetroot dosage. These findings may imply that the observed effects on BP reduction were primarily attributable to the NO3 content rather than other bioactive compounds present in the entire food matrix [148, 149].
According to our results, dietary NO3 supplementation leads to linear reductions in SBP (acute, short, and medium-term), as well as DBP in the acute phase, and exhibited a non-linear reduction in MAP over the medium-term. Given that a reduction of at least 2 mmHg in BP is typically considered a clinically significant unintended BP-lowering effect [17], our findings suggest that a daily NO3 dose of 8 mmol is required to achieve a significant reduction in BP. Furthermore, our sensitivity analysis unveiled a notably robust linear dose-response association between dietary NO3 and acute SBP reduction among hypertensive individuals. For each mmol increment in dietary NO3 dosage, we observed a 0.38 mmHg reduction in acute SBP within the hypertensive subgroup, contrasting with a 0.28 mmHg reduction in the overall population analysis. This finding implies that hypertensive populations may experience more significant advantages from dietary NO3 supplementation, possibly owing to their impaired NO bioavailability [150]. As HTN frequently involves endothelial dysfunction and diminished NO synthesis [151], augmenting NO bioavailability via dietary NO3 supplementation may directly oppose the underlying mechanisms contributing to elevated BP in this demographic. NO is involved in reducing BP by inducing vasodilation, achieved through the attenuation of cardiovascular sympathetic tone and neural control modulation [102, 152–154].
The BP reduction achieved through dietary NO3 is similar to the most effective nonpharmacological and pharmacologic interventions in terms of lowering BP. A network meta-analysis has indicated that the DASH diet exhibits the most significant effect on reducing SBP (6.97 mmHg) and DBP (3.54 mmHg) among individuals with pre-HTN and HTN [155]. The advantages of adhering to the DASH diet can be attributed to including vegetables rich in NO3 [39]. The latest recommendations from the International Society of HTN highlight the potential BP-lowering effect of vegetables as a source of NO3 [156]. A meta-analysis of 68 clinical trials revealed that a single antihypertensive medication can lower SBP and DBP by 12 and 7 mmHg, respectively [17], while a combination therapy can result in a reduction of up to 18.9 mmHg in SBP [157].
Nevertheless, dietary NO3 achieved reductions in BP without adding to the number of pills patients had to take or increasing the risk of medication interactions and adverse side effects. Recent research has indicated that mineralocorticoid antagonists may not be effective in lowering BP in individuals with heart failure [158]. Contrary to dietary NO3, organic NO3s like isosorbide monoNO3 have shown ineffectiveness in enhancing the quality of life for heart failure patients and may potentially induce hypotension and endothelial dysfunction [159]. Also, nitroglycerin and other NO3-containing medications may not be optimal choices for individuals with severe valvular stenosis or heart failure due to their adverse effects and propensity to provoke tachycardia [160, 161]. Our safety analysis indicates that the rarely reported complications linked to dietary intake of NO3 are not expected to impede its utilization. Moreover, dietary NO3 shows an enhanced pathway in hypoxic and acidic environments, like ischemic tissue [159]. Consequently, the BP-lowering properties of dietary NO3 could potentially lead to a decrease in the number or dosage of common antihypertensive medications needed to attain optimal control.
Recent studies indicate that relying solely on pharmacological treatments may not always yield positive results, as some individuals may develop resistance to them [162]. Therefore, a comprehensive approach that includes a combination of pharmacological treatments, supplements, and lifestyle interventions appears to be more effective in managing BP [163]. A study comparing different treatments for resistant HTN found that combining spironolactone with triple-drug therapy significantly reduced SBP by 13.30 mm Hg [164]. Meanwhile, a clinical trial indicated that following the DASH diet, along with weight management, psychological counseling, and an exercise plan, can effectively lower both clinic and ambulatory BP by up to 12.5 mmHg and enhance endothelial function in individuals with resistant HTN [163].
Furthermore, our analysis revealed a linear dose-dependent improvement of endothelial function (increased FMD), as well as a decrease in arterial stiffness of small muscular arteries (measured by AI) and elastic aorta (measured by PWV). The simultaneous enhancements in FMD, PWV, and AI indicate that dietary NO3 could potentially yield beneficial outcomes for cardiac function. A meta-analysis showed that each 1% increase in FMD caused a 13% decrease in the risk of cardiovascular events [8]. Therefore, a 1.85% enhancement in FMD due to dietary NO3 supplementation [22] could potentially lead to a 24% decrease in cardiovascular events.
Considering the bidirectional relationship between BP and vascular health, it is unclear if lowering BP improves vascular health or vice versa [165]. In general, oxidative stress plays a significant role in causing endothelial dysfunction by reducing the NO availability [166]. This leads to changes in the structure of the arterial wall, including smooth muscle cell proliferation, collagen deposition, and elastin fragmentation [167]. The enhancement of vascular health appears to rely on additional beneficial compounds found in dietary NO3 sources. One possible explanation for these effects is the potential ability to inhibit NADPH oxidase activity and directly neutralize free radicals [168]. Furthermore, dietary NO3 supplementation enhances the levels of plasma NO3 and NO, which play a crucial role in maintaining a healthy endothelial function [169]. This is attributed to its vasodilatory, antiatherogenic, and antiproliferative properties [169]. The ability of dietary NO3 to boost NO production may be linked to the antioxidant properties of its active components such as ascorbic acid, and betalain, which help minimize the scavenging of NO by superoxide [169]. These active ingredients may also improve collagen synthesis [170–172]. Dietary NO3 supplements have been found to enhance vascular health facilitating the relaxation of smooth muscles, stimulating potassium channels, improving the effectiveness of oxidative phosphorylation, and boosting mitochondrial respiration [41, 173, 174].
Various nutritional interventions, including potassium [175], and omega-3 [176], have been implemented for improving arterial stiffness and endothelial function. However, their impact is not as significant as the effect of dietary NO3 on vascular health markers [22]. A network meta-analysis revealed that current vitamin interventions do not significantly enhance arterial stiffness [177]. Nevertheless, prolonged vitamin D supplementation could effectively reduce PWV by 0.15 m/s [177]. Furthermore, a meta-analysis of 22 clinical trials demonstrated that a moderate weight loss of 8% of initial body weight may result in a decrease in PWV by 0.32 m/s [178]. A comprehensive analysis indicated that mineralocorticoid receptor inhibitors have a notable advantage over other antihypertensive medications in enhancing PWV (-0.75 m/s), AI (-6.74%), and FMD (1.18%), regardless of BP levels [179]; This impact is similar and nearly identical to the findings of the Norouzzadeh et al. study that focused on the effect of dietary NO3 supplementation on changes in PWV (-0.75 m/s), AI (-7.19%), and FMD (1.22%) [22].
Our study possesses numerous strengths, including a comprehensive assessment of outcomes, a dose-response analysis, an assessment of the certainty of the evidence, and a comprehensive safety analysis. However, our study had limitations, primarily due to the high heterogeneity observed among the included studies. Nevertheless, it is important to note that this level of heterogeneity was unavoidable. Additionally, the studies included in our study did not consider the baseline dietary NO3 intake from participants’ regular diets, apart from the supplemental NO3 interventions. This may have introduced unmeasured variability in the overall NO3 intake.
While the primary outcomes of this study were of acceptable certainty, the CoE for some outcomes was rated as low or very low. This indicates that future studies may influence the findings, meaning the observed effects could differ from the actual effects. The main factors contributing to the downgrading of evidence included high heterogeneity, publication bias, and a limited number of studies. Future research should focus on specific age and population groups to address these issues to reduce heterogeneity. Additionally, as the number of studies increases, the risk of publication bias is expected to decrease, leading to a more robust evidence base across different outcomes. Notably, elderly individuals who have a higher prevalence of atherosclerosis and those with chronic conditions such as cardiovascular disease and HTN may benefit more from dietary NO3 supplementation. Also, among the sources of heterogeneity, the dose of NO3 used is a key factor. Intervention effectiveness depends on potency (the amount of active ingredients present) and purity (the absence of contaminants). Future studies should ensure appropriate doses of NO3 sources, accounting for NO3 equivalents and other bioactive compounds, to enhance the reliability and applicability of findings.
Further studies could investigate how dietary NO3s may synergistically impact when combined with the DASH or Mediterranean diets. It is important to study the long-term safety of dietary NO3, and future studies should carefully monitor NO3 intake from different sources, especially in control groups.

Conclusions
In conclusion, dose-dependent effects have been established between dietary NO3 and plasma NO3 and NO2 levels, BP, and vascular health markers. Due to the high NO3 content and other active ingredients in dietary NO3 sources, they may effectively regulate BP and enhance arterial stiffness and endothelial function. Moreover, individuals with HTN may derive greater benefits from these sources. The observed effects are at times on par with or comparable to existing treatments, including dietary and pharmaceutical interventions. Before clinical application, further research is required to validate the long-term safety and adherence to dietary NO3 supplementation.

Acknowledgements
We appreciate the “Student Research Committee” at Iran University of Medical Sciences for their support of this study.

Author contributions
MHR: Conceptualization, Methodology, Investigation, Validation, Writing - Review & Editing (Equal contribution) MN: Conceptualization, Methodology, Investigation, Validation, Writing - Review & Editing (Equal contribution) SGH: Writing - Original Draft, Data Curation AMH: Writing - Original Draft, Data Curation NS: Writing - Original Draft HH: Writing - Review & Editing, Visualization, Validation SM: Writing - Review & Editing, Visualization, Validation FS: Writing - Review & Editing, Visualization HF: Writing - Review & Editing, Visualization FT: Writing - Review & Editing, Supervision MKH: Writing - Review & Editing, Supervision PM: Supervision. All authors read and approved the final version of the manuscript.

Funding
None.

Data availability
No datasets were generated or analysed during the current study.

Declarations
Ethics approval and consent to participate
The study followed the Declaration of Helsinki and received approval from the Ethics Committee of the Iran University of Medical Sciences (IR.IUMS.REC.1403.406).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


[image: Creative Commons]Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which permits any non-commercial use, sharing, 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 you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. 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-nc-nd/​4.​0/​.

References
	1.
Luo D, Cheng Y, Zhang H, Ba M, Chen P, Li H, et al. Association between high blood pressure and long term cardiovascular events in young adults: systematic review and meta-analysis. BMJ. 2020;370:m3222. https://​doi.​org/​10.​1136/​bmj.​m3222.CrossrefPubMedPubMedCentral


	2.
Adler TE, Usselman CW, Takamata A, Stachenfeld NS. Blood pressure predicts endothelial function and the effects of Ethinyl estradiol exposure in young women. Am J Physiol Heart Circ Physiol. 2018;315(4):H925–33. https://​doi.​org/​10.​1152/​ajpheart.​00188.​2018.CrossrefPubMed


	3.
Lip GYH, Coca A, Kahan T, Boriani G, Manolis AS, Olsen MH, et al. Hypertension and cardiac arrhythmias: executive summary of a consensus document from the European heart rhythm association (EHRA) and ESC Council on hypertension, endorsed by the heart rhythm society (HRS), Asia-Pacific heart rhythm society (APHRS), and sociedad Latinoamericana de estimulación cardíaca y electrofisiología (SOLEACE). Eur Heart J Cardiovasc Pharmacother. 2017;3(4):235–50. https://​doi.​org/​10.​1093/​ehjcvp/​pvx019.CrossrefPubMed


	4.
Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, et al. Expert consensus document on arterial stiffness: methodological issues and clinical applications. Eur Heart J. 2006;27(21):2588–605. https://​doi.​org/​10.​1093/​eurheartj/​ehl254.CrossrefPubMed


	5.
Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovascular events and all-cause mortality with arterial stiffness: a systematic review and meta-analysis. J Am Coll Cardiol. 2010;55(13):1318–27. https://​doi.​org/​10.​1016/​j.​jacc.​2009.​10.​061.CrossrefPubMed


	6.
Townsend RR, Wilkinson IB, Schiffrin EL, Avolio AP, Chirinos JA, Cockcroft JR, et al. Recommendations for improving and standardizing vascular research on arterial stiffness: A scientific statement from the American heart association. Hypertension. 2015;66(3):698–722. https://​doi.​org/​10.​1161/​hyp.​0000000000000033​.CrossrefPubMed


	7.
Vlachopoulos C, Aznaouridis K, O’Rourke MF, Safar ME, Baou K, Stefanadis C. Prediction of cardiovascular events and all-cause mortality with central haemodynamics: a systematic review and meta-analysis. Eur Heart J. 2010;31(15):1865–71. https://​doi.​org/​10.​1093/​eurheartj/​ehq024.CrossrefPubMed


	8.
Inaba Y, Chen JA, Bergmann SR. Prediction of future cardiovascular outcomes by flow-mediated vasodilatation of brachial artery: a meta-analysis. Int J Cardiovasc Imaging. 2010;26(6):631–40. https://​doi.​org/​10.​1007/​s10554-010-9616-1.CrossrefPubMed


	9.
Maruhashi T, Soga J, Fujimura N, Idei N, Mikami S, Iwamoto Y, et al. Endothelial dysfunction, increased arterial stiffness, and cardiovascular risk prediction in patients with coronary artery disease: FMD-J (Flow-Mediated dilation Japan) study A. J Am Heart Assoc. 2018;7(14). https://​doi.​org/​10.​1161/​jaha.​118.​008588.


	10.
Bérard E, Bongard V, Ruidavets JB, Amar J, Ferrières J. Pulse wave velocity, pulse pressure and number of carotid or femoral plaques improve prediction of cardiovascular death in a population at low risk. J Hum Hypertens. 2013;27(9):529–34. https://​doi.​org/​10.​1038/​jhh.​2013.​8.CrossrefPubMed


	11.
Shirwany NA, Zou MH. Arterial stiffness: a brief review. Acta Pharmacol Sin. 2010;31(10):1267. https://​doi.​org/​10.​1038/​aps.​2010.​123.CrossrefPubMedPubMedCentral


	12.
Konukoglu D, Uzun H. Endothelial dysfunction and hypertension. Adv Exp Med Biol. 2017;956:511–40. http://​doi.​org/​10.​1007/​5584_​2016_​90.PubMed


	13.
Boutouyrie P, Lacolley P, Briet M, Regnault V, Stanton A, Laurent S, et al. Pharmacological modulation of arterial stiffness. Drugs. 2011;71(13):1689–701. https://​doi.​org/​10.​2165/​11593790-000000000-00000.CrossrefPubMed


	14.
Nowak KL, Rossman MJ, Chonchol M, Seals DR. Strategies for achieving healthy vascular aging. Hypertension. 2018;71(3):389–402. https://​doi.​org/​10.​1161/​hypertensionaha.​117.​10439.CrossrefPubMed


	15.
Landmesser U, Hornig B, Drexler H. Endothelial function: a critical determinant in atherosclerosis? Circulation. 2004;109(21 Suppl 1). https://​doi.​org/​10.​1161/​01.​CIR.​0000129501.​88485.​1f.


	16.
Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis. Circulation. 2004;109(23 Suppl 1):Iii27. https://​doi.​org/​10.​1161/​01.​CIR.​0000131515.​03336.​f8.CrossrefPubMed


	17.
Thomopoulos C, Parati G, Zanchetti A. Effects of blood pressure Lowering on outcome incidence in hypertension: 4. Effects of various classes of antihypertensive drugs–overview and meta-analyses. J Hypertens. 2015;33(2):195–211. https://​doi.​org/​10.​1097/​hjh.​0000000000000447​.CrossrefPubMed


	18.
French MT, Mundt MP, Fleming M, Zavala SK. The cost of medical care for patients with diabetes, hypertension and both conditions: does alcohol use play a role? J Intern Med. 2005;258(1):45–54. https://​doi.​org/​10.​1111/​j.​1365-2796.​2005.​01501.​x.CrossrefPubMed


	19.
Chow CK, Teo KK, Rangarajan S, Islam S, Gupta R, Avezum A, et al. Prevalence, awareness, treatment, and control of hypertension in rural and urban communities in high-, middle-, and low-income countries. JAMA. 2013;310(9):959–68. https://​doi.​org/​10.​1001/​jama.​2013.​184182.CrossrefPubMed


	20.
James PA, Oparil S, Carter BL, Cushman WC, Dennison-Himmelfarb C, Handler J, et al. 2014 evidence-based guideline for the management of high blood pressure in adults: report from the panel members appointed to the eighth joint National committee (JNC 8). JAMA. 2014;311(5):507–20. https://​doi.​org/​10.​1001/​jama.​2013.​284427.CrossrefPubMed


	21.
Appel LJ. The effects of dietary factors on blood pressure. Cardiol Clin. 2017;35(2):197–212. https://​doi.​org/​10.​1016/​j.​ccl.​2016.​12.​002.CrossrefPubMed


	22.
Norouzzadeh M, Rashedi MH, Payandeh N, Harijani AM, Shahinfar H. The effects of dietary nitrate on blood pressure and vascular health: an umbrella review and updated Meta-Analysis and meta-regression. J Funct Foods. 2024;114:106082.


	23.
Shafabakhsh R, Milajerdi A, Reiner Ž, Kolahdooz F, Amirani E, Mirzaei H, et al. The effects of Catechin on endothelial function: A systematic review and meta-analysis of randomized controlled trials. Crit Rev Food Sci Nutr. 2020;60(14):2369–78. https://​doi.​org/​10.​1080/​10408398.​2019.​1639037.CrossrefPubMed


	24.
Norouzzadeh M, Hasan Rashedi M, Shahinfar H, Rahideh ST. Dose-dependent effect of tart Cherry on blood pressure and selected inflammation biomarkers: A GRADE-assessed systematic review and meta-analysis of randomized controlled trials. Heliyon. 2023;9(9):e19987. https://​doi.​org/​10.​1016/​j.​heliyon.​2023.​e19987.CrossrefPubMedPubMedCentral


	25.
Anand SS, Hawkes C, De Souza RJ, Mente A, Dehghan M, Nugent R, et al. Food consumption and its impact on cardiovascular disease: importance of solutions focused on the globalized food system: a report from the workshop convened by the world heart federation. J Am Coll Cardiol. 2015;66(14):1590–614.PubMedPubMedCentral


	26.
Chiva-Blanch G, Visioli F. Polyphenols and health: moving beyond antioxidants. J Berry Res. 2012;2(2):63–71.


	27.
Whelton PK, Carey RM, Mancia G, Kreutz R, Bundy JD, Williams B. Harmonization of the American college of cardiology/american heart association and European society of Cardiology/European society of hypertension blood pressure/hypertension guidelines: comparisons, reflections, and recommendations. Eur Heart J. 2022;43(35):3302–11.PubMedPubMedCentral


	28.
Appel LJ, Moore TJ, Obarzanek E, Vollmer WM, Svetkey LP, Sacks FM, et al. A clinical trial of the effects of dietary patterns on blood pressure. DASH collaborative research group. N Engl J Med. 1997;336(16):1117–24. https://​doi.​org/​10.​1056/​nejm199704173361​601.CrossrefPubMed


	29.
Milton-Laskibar I, Martínez JA, Portillo MP. Current knowledge on beetroot bioactive compounds: role of nitrate and betalains in health and disease. Foods. 2021;10(6):1314.PubMedPubMedCentral


	30.
Ashworth A, Mitchell K, Blackwell JR, Vanhatalo A, Jones AM. High-nitrate vegetable diet increases plasma nitrate and nitrite concentrations and reduces blood pressure in healthy women. Public Health Nutr. 2015;18(14):2669–78. https://​doi.​org/​10.​1017/​S136898001500003​8.CrossrefPubMedPubMedCentral


	31.
Lundberg JO, Govoni M. Inorganic nitrate is a possible source for systemic generation of nitric oxide. Free Radic Biol Med. 2004;37(3):395–400.PubMed


	32.
Liu Y, Croft KD, Hodgson JM, Mori T, Ward NC. Mechanisms of the protective effects of nitrate and nitrite in cardiovascular and metabolic diseases. Nitric Oxide. 2020;96:35–43. https://​doi.​org/​10.​1016/​j.​niox.​2020.​01.​006.CrossrefPubMed


	33.
Carlström M, Lundberg JO, Weitzberg E. Mechanisms underlying blood pressure reduction by dietary inorganic nitrate. Acta Physiol (Oxf). 2018;224(1):e13080. https://​doi.​org/​10.​1111/​apha.​13080.CrossrefPubMed


	34.
Bailey SJ, Winyard P, Vanhatalo A, Blackwell JR, Dimenna FJ, Wilkerson DP, et al. Dietary nitrate supplementation reduces the O2 cost of low-intensity exercise and enhances tolerance to high-intensity exercise in humans. J Appl Physiol (1985). 2009;107(4):1144–55. https://​doi.​org/​10.​1152/​japplphysiol.​00722.​2009.CrossrefPubMed


	35.
Jones AM. Influence of dietary nitrate on the physiological determinants of exercise performance: a critical review. Appl Physiol Nutr Metab. 2014;39(9):1019–28. https://​doi.​org/​10.​1139/​apnm-2014-0036.CrossrefPubMed


	36.
Alsulayyim AS, Alasmari AM, Alghamdi SM, Polkey MI, Hopkinson NS. Impact of dietary nitrate supplementation on exercise capacity and cardiovascular parameters in chronic respiratory disease: a systematic review and meta-analysis. BMJ Open Respir Res. 2021;8(1). https://​doi.​org/​10.​1136/​bmjresp-2021-000948.


	37.
Yang H, He S, Chen F, Liang L, Pan J. Efficacy and safety of nitrate supplementation on exercise tolerance in chronic obstructive pulmonary disease: A systematic review and meta-analysis. Med (Baltim). 2022;101(2):e28578. https://​doi.​org/​10.​1097/​md.​0000000000028578​.Crossref


	38.
Zhang Y, Zhang H, An W, Li D, Qin L. Regulatory effect of dietary nitrate on blood pressure: a meta-analysis of randomized controlled trials. Food Funct. 2023;14(4):1839–50. https://​doi.​org/​10.​1039/​d2fo03140j.CrossrefPubMed


	39.
Li D, Nishi SK, Jovanovski E, Zurbau A, Komishon A, Mejia SB, et al. Repeated administration of inorganic nitrate on blood pressure and arterial stiffness: a systematic review and meta-analysis of randomized controlled trials. J Hypertens. 2020;38(11):2122–40. https://​doi.​org/​10.​1097/​hjh.​0000000000002524​.CrossrefPubMed


	40.
Jackson JK, Patterson AJ, MacDonald-Wicks LK, Oldmeadow C, McEvoy MA. The role of inorganic nitrate and nitrite in cardiovascular disease risk factors: a systematic review and meta-analysis of human evidence. Nutr Rev. 2018;76(5):348–71. https://​doi.​org/​10.​1093/​nutrit/​nuy005.CrossrefPubMed


	41.
Alshafie S, El-Helw GO, Fayoud AM, Elrashedy AA, Gbreel MI, Alfayoumi SS, et al. Efficacy of dietary nitrate-rich beetroot juice supplementation in patients with chronic obstructive pulmonary disease (COPD): A systematic review and meta-analysis. Clin Nutr ESPEN. 2021;42:32–40. https://​doi.​org/​10.​1016/​j.​clnesp.​2021.​01.​035.CrossrefPubMed


	42.
Benjamim CJR, Porto AA, Valenti VE, Sobrinho A, Garner DM, Gualano B, et al. Nitrate derived from beetroot juice lowers blood pressure in patients with arterial hypertension: A systematic review and Meta-Analysis. Front Nutr. 2022;9:823039. https://​doi.​org/​10.​3389/​fnut.​2022.​823039.CrossrefPubMedPubMedCentral


	43.
Bahrami LS, Arabi SM, Feizy Z, Rezvani R. The effect of beetroot inorganic nitrate supplementation on cardiovascular risk factors: A systematic review and meta-regression of randomized controlled trials. Nitric Oxide. 2021;115:8–22. https://​doi.​org/​10.​1016/​j.​niox.​2021.​06.​002.CrossrefPubMed


	44.
Bahadoran Z, Mirmiran P, Kabir A, Azizi F, Ghasemi A. The Nitrate-Independent blood Pressure-Lowering effect of beetroot juice: A systematic review and Meta-Analysis. Adv Nutr. 2017;8(6):830–8. https://​doi.​org/​10.​3945/​an.​117.​016717.CrossrefPubMedPubMedCentral


	45.
Page MJ, Moher D, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. PRISMA 2020 explanation and elaboration: updated guidance and exemplars for reporting systematic reviews. BMJ (Clinical Res ed). 2021;372:n160. https://​doi.​org/​10.​1136/​bmj.​n160.Crossref


	46.
Higgins JP, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, et al. The Cochrane collaboration’s tool for assessing risk of bias in randomised trials. BMJ. 2011;343:d5928. https://​doi.​org/​10.​1136/​bmj.​d5928.CrossrefPubMedPubMedCentral


	47.
DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials. 1986;7(3):177–88. https://​doi.​org/​10.​1016/​0197-2456(86)90046-2.CrossrefPubMed


	48.
Norouzzadeh M, Rashedi MH, Shahinfar H, Rahideh ST. Dose-Dependent effect of tart Cherry on selected cardiometabolic risk factors: A GRADE-Assessed systematic review and Dose-Response Meta-Analysis of randomized controlled trials. Diabetes & Metabolic Syndrome: Clinical Research & Reviews; 2024. p. 103026.


	49.
Crippa A, Orsini N. Dose-response meta-analysis of differences in means. BMC Med Res Methodol. 2016. https://​doi.​org/​10.​1186/​s12874-016-0189-0.CrossrefPubMedPubMedCentral


	50.
Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test. BMJ. 1997;315(7109):629–34. https://​doi.​org/​10.​1136/​bmj.​315.​7109.​629.CrossrefPubMedPubMedCentral


	51.
Begg CB, Mazumdar M. Operating characteristics of a rank correlation test for publication bias. Biometrics. 1994;50(4):1088–101.PubMed


	52.
Higgins JP, Savović J, Page MJ, Elbers RG, Sterne JA. Assessing risk of bias in a randomized trial. Cochrane handbook for systematic reviews of interventions. 2019:205– 28.


	53.
Harrell FE. Regression modeling strategies. Bios. 2017;330(2018):14.


	54.
Guyatt G, Oxman AD, Akl EA, Kunz R, Vist G, Brozek J, et al. GRADE guidelines: 1. Introduction-GRADE evidence profiles and summary of findings tables. J Clin Epidemiol. 2011;64(4):383–94. https://​doi.​org/​10.​1016/​j.​jclinepi.​2010.​04.​026.CrossrefPubMed


	55.
Zeng L, Brignardello-Petersen R, Hultcrantz M, Mustafa RA, Murad MH, Iorio A, et al. GRADE guidance 34: update on rating imprecision using a minimally contextualized approach. J Clin Epidemiol. 2022;150:216–24.PubMed


	56.
Guyatt GH, Oxman AD, Vist G, Kunz R, Brozek J, Alonso-Coello P, et al. GRADE guidelines: 4. Rating the quality of evidence–study limitations (risk of bias). J Clin Epidemiol. 2011;64(4):407–15. https://​doi.​org/​10.​1016/​j.​jclinepi.​2010.​07.​017.CrossrefPubMed


	57.
Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al. GRADE guidelines: 7. Rating the quality of evidence–inconsistency. J Clin Epidemiol. 2011;64(12):1294–302. https://​doi.​org/​10.​1016/​j.​jclinepi.​2011.​03.​017.CrossrefPubMed


	58.
Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al. GRADE guidelines: 8. Rating the quality of evidence–indirectness. J Clin Epidemiol. 2011;64(12):1303–10. https://​doi.​org/​10.​1016/​j.​jclinepi.​2011.​04.​014.CrossrefPubMed


	59.
Guyatt GH, Oxman AD, Kunz R, Brozek J, Alonso-Coello P, Rind D, et al. GRADE guidelines 6. Rating the quality of evidence–imprecision. J Clin Epidemiol. 2011;64(12):1283–93. https://​doi.​org/​10.​1016/​j.​jclinepi.​2011.​01.​012.CrossrefPubMed


	60.
Bailey SJ, Fulford J, Vanhatalo A, Winyard PG, Blackwell JR, DiMenna FJ, et al. Dietary nitrate supplementation enhances muscle contractile efficiency during knee-extensor exercise in humans. J Appl Physiol. 2010;109(1):135–48.PubMed


	61.
Bakker E, Engan H, Patrician A, Schagatay E, Karlsen T, Wisløff U, et al. Acute dietary nitrate supplementation improves arterial endothelial function at high altitude: a double-blinded randomized controlled cross over study. Nitric Oxide. 2015;50:58–64.PubMed


	62.
Blekkenhorst LC, Lewis JR, Prince RL, Devine A, Bondonno NP, Bondonno CP, et al. Nitrate-rich vegetables do not lower blood pressure in individuals with mildly elevated blood pressure: a 4-wk randomized controlled crossover trial. Am J Clin Nutr. 2018;107(6):894–908.PubMed


	63.
Bock JM, Hanson BE, Asama TF, Feider AJ, Hanada S, Aldrich AW, et al. Acute inorganic nitrate supplementation and the hypoxic ventilatory response in patients with obstructive sleep apnea. J Appl Physiol. 2021;130(1):87–95.PubMed


	64.
Bock JM, Ueda K, Schneider AC, Hughes WE, Limberg JK, Bryan NS, et al. Inorganic nitrate supplementation attenuates peripheral chemoreflex sensitivity but does not improve cardiovagal baroreflex sensitivity in older adults. Am J Physiol Heart Circ Physiol. 2018;314(1):H45–51.PubMed


	65.
Bondonno CP, Liu AH, Croft KD, Ward NC, Shinde S, Moodley Y, et al. Absence of an effect of high nitrate intake from beetroot juice on blood pressure in treated hypertensive individuals: a randomized controlled trial. Am J Clin Nutr. 2015;102(2):368–75.PubMed


	66.
Bondonno CP, Liu AH, Croft KD, Ward NC, Yang X, Considine MJ, et al. Short-term effects of nitrate-rich green leafy vegetables on blood pressure and arterial stiffness in individuals with high-normal blood pressure. Free Radic Biol Med. 2014;77:353–62.PubMed


	67.
Burleigh M, Liddle L, Muggeridge DJ, Monaghan C, Sculthorpe N, Butcher J, et al. Dietary nitrate supplementation alters the oral Microbiome but does not improve the vascular responses to an acute nitrate dose. Nitric Oxide. 2019;89:54–63.PubMed


	68.
Choi H-M, Kim B-H, Nho H, Kim K-A, Park J, Chang M-J et al. Dietary nitrate supplementation attenuates blood pressure in young prehypertensive men during exercise. 2016.


	69.
Coggan AR, Hoffman RL, Gray DA, Moorthi RN, Thomas DP, Leibowitz JL, et al. A single dose of dietary nitrate increases maximal knee extensor angular velocity and power in healthy older men and women. Journals Gerontology: Ser A. 2020;75(6):1154–60.


	70.
Coggan AR, Leibowitz JL, Spearie CA, Kadkhodayan A, Thomas DP, Ramamurthy S, et al. Acute dietary nitrate intake improves muscle contractile function in patients with heart failure: a double-blind, placebo-controlled, randomized trial. Circulation: Heart Fail. 2015;8(5):914–20.


	71.
Curtis KJ, O’Brien KA, Tanner RJ, Polkey JI, Minnion M, Feelisch M, et al. Acute dietary nitrate supplementation and exercise performance in COPD: a double-blind, placebo-controlled, randomised controlled pilot study. PLoS ONE. 2015;10(12):e0144504.PubMedPubMedCentral


	72.
de Oliveira GV, Morgado M, Pierucci AP, Alvares TS. A single dose of a beetroot-based nutritional gel improves endothelial function in the elderly with cardiovascular risk factors. J Funct Foods. 2016;26:301–8.


	73.
de Vries CJ, DeLorey DS. Effect of acute dietary nitrate supplementation on sympathetic vasoconstriction at rest and during exercise. J Appl Physiol (1985). 2019;127(1):81–8. https://​doi.​org/​10.​1152/​japplphysiol.​01053.​2018.CrossrefPubMed


	74.
dos Santos Baião D, d’El-Rei J, Alves G, Neves MF, Perrone D, Del Aguila EM, et al. Chronic effects of nitrate supplementation with a newly designed beetroot formulation on biochemical and hemodynamic parameters of individuals presenting risk factors for cardiovascular diseases: A pilot study. J Funct Foods. 2019;58:85–94.


	75.
Eggebeen J, Kim-Shapiro DB, Haykowsky M, Morgan TM, Basu S, Brubaker P, et al. One week of daily dosing with beetroot juice improves submaximal endurance and blood pressure in older patients with heart failure and preserved ejection fraction. JACC: Heart Fail. 2016;4(6):428–37.PubMed


	76.
Eglin CM, Costello JT, Bailey SJ, Gilchrist M, Massey H, Shepherd AI. Effects of dietary nitrate supplementation on the response to extremity cooling and endothelial function in individuals with cold sensitivity. A double blind, placebo controlled, crossover, randomised control trial. Nitric Oxide. 2017;70:76–85.PubMed


	77.
Friis AL, Steenholt CB, Løkke A, Hansen M. Dietary beetroot juice–effects on physical performance in COPD patients: a randomized controlled crossover trial. Int J Chronic Obstr Pulm Dis. 2017:1765–73.


	78.
Fulford J, Winyard PG, Vanhatalo A, Bailey SJ, Blackwell JR, Jones AM. Influence of dietary nitrate supplementation on human skeletal muscle metabolism and force production during maximum voluntary contractions. Pflügers Archiv-European J Physiol. 2013;465:517–28.


	79.
Gilchrist M, Winyard PG, Aizawa K, Anning C, Shore A, Benjamin N. Effect of dietary nitrate on blood pressure, endothelial function, and insulin sensitivity in type 2 diabetes. Free Radic Biol Med. 2013;60:89–97.PubMed


	80.
Hughes WE, Kruse NT, Ueda K, Feider AJ, Hanada S, Bock JM, et al. Dietary nitrate does not acutely enhance skeletal muscle blood flow and vasodilation in the lower limbs of older adults during single-limb exercise. Eur J Appl Physiol. 2020;120:1357–69.PubMed


	81.
Joris PJ, Mensink RP. Beetroot juice improves in overweight and slightly obese men postprandial endothelial function after consumption of a mixed meal. Atherosclerosis. 2013;231(1):78–83.PubMed


	82.
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(2):320–7.PubMed


	83.
Kapil V, Milsom AB, Okorie M, Maleki-Toyserkani S, Akram F, Rehman F, et al. Inorganic nitrate supplementation lowers blood pressure in humans: role for nitrite-derived NO. Hypertension. 2010;56(2):274–81.PubMed


	84.
Kemmner S, Lorenz G, Wobst J, Kessler T, Wen M, Günthner R, et al. Dietary nitrate load lowers blood pressure and renal resistive index in patients with chronic kidney disease: A pilot study. Nitric Oxide. 2017;64:7–15.PubMed


	85.
Kerley CP, Dolan E, James PE, Cormican L. Dietary nitrate lowers ambulatory blood pressure in treated, uncontrolled hypertension: a 7-d, double-blind, randomised, placebo-controlled, cross-over trial. Br J Nutr. 2018;119(6):658–63.PubMed


	86.
Kerley CP, James PE, McGowan A, Faul J, Cormican L. Dietary nitrate improved exercise capacity in COPD but not blood pressure or pulmonary function: a 2 week, double-blind randomised, placebo-controlled crossover trial. Int J Food Sci Nutr. 2019;70(2):222–31.PubMed


	87.
Kim DJ-K, Roe CA, Somani YB, Moore DJ, Barrett MA, Flanagan M, et al. Effects of acute dietary nitrate supplementation on aortic blood pressures and pulse wave characteristics in post-menopausal women. Nitric Oxide. 2019;85:10–6.PubMedPubMedCentral


	88.
Kim JK, Moore DJ, Maurer DG, Kim-Shapiro DB, Basu S, Flanagan MP, et al. Acute dietary nitrate supplementation does not augment submaximal forearm exercise hyperemia in healthy young men. Appl Physiol Nutr Metab. 2015;40(2):122–8. https://​doi.​org/​10.​1139/​apnm-2014-0228.CrossrefPubMed


	89.
Lansley KE, Winyard PG, Fulford J, Vanhatalo A, Bailey SJ, Blackwell JR, et al. Dietary nitrate supplementation reduces the O2 cost of walking and running: a placebo-controlled study. J Appl Physiol (1985). 2011;110(3):591–600. https://​doi.​org/​10.​1152/​japplphysiol.​01070.​2010.CrossrefPubMed


	90.
Lara J, Ogbonmwan I, Oggioni C, Zheng D, Qadir O, Ashor A, et al. Effects of handgrip exercise or inorganic nitrate supplementation on 24-h ambulatory blood pressure and peripheral arterial function in overweight and obese middle age and older adults: a pilot RCT. Maturitas. 2015;82(2):228–35.PubMed


	91.
Lee J-S, Stebbins CL, Jung E, Nho H, Kim J-K, Chang M-J, et al. Effects of chronic dietary nitrate supplementation on the hemodynamic response to dynamic exercise. Am J Physiology-Regulatory Integr Comp Physiol. 2015;309(5):R459–66.


	92.
Litwin NS, Van Ark HJ, Hartley SC, Michell KA, Vazquez AR, Fischer EK, et al. Impact of red beetroot juice on vascular endothelial function and cardiometabolic responses to a high-fat meal in middle-aged/older adults with overweight and obesity: a randomized, double-blind, placebo-controlled, crossover trial. Curr Developments Nutr. 2019;3(11):nzz113.


	93.
Mayra ST, Johnston CS, Sweazea KL. High-nitrate salad increased plasma nitrates/nitrites and brachial artery flow-mediated dilation in postmenopausal women: a pilot study. Nutr Res. 2019;65:99–104.PubMed


	94.
Miller GD, Marsh AP, Dove RW, Beavers D, Presley T, Helms C, et al. Plasma nitrate and nitrite are increased by a high-nitrate supplement but not by high-nitrate foods in older adults. Nutr Res. 2012;32(3):160–8. https://​doi.​org/​10.​1016/​j.​nutres.​2012.​02.​002.CrossrefPubMedPubMedCentral


	95.
Raubenheimer K, Hickey D, Leveritt M, Fassett R, Ortiz de Zevallos Munoz J, Allen JD, et al. Acute effects of nitrate-rich beetroot juice on blood pressure, hemostasis and vascular inflammation markers in healthy older adults: a randomized, placebo-controlled crossover study. Nutrients. 2017;9(11):1270.PubMedPubMedCentral


	96.
Schneider AC, Hughes WE, Ueda K, Bock JM, Casey DP. Reduced blood pressure responsiveness to skeletal muscle metaboreflex activation in older adults following inorganic nitrate supplementation. Nitric Oxide. 2018;78:81–8.PubMed


	97.
Shaltout HA, Eggebeen J, Marsh AP, Brubaker PH, Laurienti PJ, Burdette JH, et al. Effects of supervised exercise and dietary nitrate in older adults with controlled hypertension and/or heart failure with preserved ejection fraction. Nitric Oxide. 2017;69:78–90.PubMedPubMedCentral


	98.
Shepherd AI, Costello JT, Bailey SJ, Bishop N, Wadley AJ, Young-Min S et al. Beet the cold: beetroot juice supplementation improves peripheral blood flow, endothelial function, and anti-inflammatory status in individuals with Raynaud’s phenomenon. J Appl Physiol. 2019.


	99.
Shepherd AI, Gilchrist M, Winyard PG, Jones AM, Hallmann E, Kazimierczak R, et al. Effects of dietary nitrate supplementation on the oxygen cost of exercise and walking performance in individuals with type 2 diabetes: a randomized, double-blind, placebo-controlled crossover trial. Free Radic Biol Med. 2015;86:200–8.PubMed


	100.
Shepherd AI, Wilkerson DP, Dobson L, Kelly J, Winyard PG, Jones AM, et al. The effect of dietary nitrate supplementation on the oxygen cost of cycling, walking performance and resting blood pressure in individuals with chronic obstructive pulmonary disease: a double blind placebo controlled, randomised control trial. Nitric Oxide. 2015;48:31–7.PubMed


	101.
Siervo M, Oggioni C, Jakovljevic DG, Trenell M, Mathers JC, Houghton D, et al. Dietary nitrate does not affect physical activity or outcomes in healthy older adults in a randomized, cross-over trial. Nutr Res. 2016;36(12):1361–9.PubMed


	102.
Siervo M, Shannon O, Kandhari N, Prabhakar M, Fostier W, Köchl C, et al. Nitrate-Rich beetroot juice reduces blood pressure in Tanzanian adults with elevated blood pressure: A Double-Blind randomized controlled feasibility trial. J Nutr. 2020;150(9):2460–8. https://​doi.​org/​10.​1093/​jn/​nxaa170.CrossrefPubMedPubMedCentral


	103.
Stanaway L, Rutherfurd-Markwick K, Page R, Wong M, Jirangrat W, Teh KH, et al. Acute supplementation with nitrate-rich beetroot juice causes a greater increase in plasma nitrite and reduction in blood pressure of older compared to younger adults. Nutrients. 2019;11(7):1683.PubMedPubMedCentral


	104.
Sundqvist ML, Larsen FJ, Carlström M, Bottai M, Pernow J, Hellénius M-L, et al. A randomized clinical trial of the effects of leafy green vegetables and inorganic nitrate on blood pressure. Am J Clin Nutr. 2020;111(4):749–56.PubMedPubMedCentral


	105.
Thompson C, Vanhatalo A, Jell H, Fulford J, Carter J, Nyman L, et al. Dietary nitrate supplementation improves sprint and high-intensity intermittent running performance. Nitric Oxide. 2016;61:55–61. https://​doi.​org/​10.​1016/​j.​niox.​2016.​10.​006.CrossrefPubMed


	106.
Turner E, Mushtaq S. Acute and chronic effects of beetroot supplementation on blood pressure and arterial stiffness in humans. Proc Nutr Soc. 2015;74(OCE1):E112.


	107.
van der Avoort CM, Ten Haaf DS, Bongers CC, van Oorschot F, Verdijk LB, van Loon LJ, et al. Increasing nitrate-rich vegetable intake lowers ambulatory blood pressure in (pre) hypertensive middle-aged and older adults: a 12-wk randomized controlled trial. J Nutr. 2021;151(9):2667–79.PubMed


	108.
Velmurugan S, Gan JM, Rathod KS, Khambata RS, Ghosh SM, Hartley A, et al. Dietary nitrate improves vascular function in patients with hypercholesterolemia: a randomized, double-blind, placebo-controlled study. Am J Clin Nutr. 2016;103(1):25–38.PubMed


	109.
Walker MA, Bailey TG, McIlvenna L, Allen JD, Green DJ, Askew CD. Acute dietary nitrate supplementation improves flow mediated dilatation of the superficial femoral artery in healthy older males. Nutrients. 2019;11(5):954.PubMedPubMedCentral


	110.
Webb AJ, Patel N, Loukogeorgakis S, Okorie M, Aboud Z, Misra S, et al. Acute blood pressure lowering, vasoprotective, and antiplatelet properties of dietary nitrate via bioconversion to nitrite. Hypertension. 2008;51(3):784–90.PubMed


	111.
Zafeiridis A, Triantafyllou A, Papadopoulos S, Koletsos N, Touplikioti P, Zafeiridis AS, et al. Dietary nitrate improves muscle microvascular reactivity and lowers blood pressure at rest and during isometric exercise in untreated hypertensives. Microcirculation. 2019;26(3):e12525.PubMed


	112.
Bondonno CP, Yang X, Croft KD, Considine MJ, Ward NC, Rich L, et al. Flavonoid-rich apples and nitrate-rich spinach augment nitric oxide status and improve endothelial function in healthy men and women: a randomized controlled trial. Free Radic Biol Med. 2012;52(1):95–102. https://​doi.​org/​10.​1016/​j.​freeradbiomed.​2011.​09.​028.CrossrefPubMed


	113.
Alasmari AM, Alsulayyim AS, Alghamdi SM, Philip KEJ, Buttery SC, Banya WAS, et al. Oral nitrate supplementation improves cardiovascular risk markers in COPD: ON-BC a randomised controlled trial. Eur Respir J. 2023. https://​doi.​org/​10.​1183/​13993003.​02353-2022.Crossref


	114.
Pavitt MJ, Lewis A, Buttery SC, Fernandez BO, Mikus-Lelinska M, Banya WAS, et al. Dietary nitrate supplementation to enhance exercise capacity in hypoxic COPD: EDEN-OX, a double-blind, placebo-controlled, randomised cross-over study. Thorax. 2022;77(10):968–75. https://​doi.​org/​10.​1136/​thoraxjnl-2021-217147.CrossrefPubMed


	115.
Hogwood AC, Ortiz de Zevallos J, Weeldreyer N, Clark JR, Mazzella V, Cain L, et al. The acute effects of exercise intensity and inorganic nitrate supplementation on vascular health in females after menopause. J Appl Physiol (1985). 2023;135(5):1070–81. https://​doi.​org/​10.​1152/​japplphysiol.​00559.​2023.CrossrefPubMed


	116.
Jockel-Schneider Y, Goßner SK, Stölzel P, Haubitz I, Carle R, Petersen N, et al. Impact of dietary nitrate on the recovery of Therapy-related vascular health impairments following standard periodontal aftercare therapy: a Hypothesis-generating subanalysis. Planta Med. 2023;89(11):1045–51. https://​doi.​org/​10.​1055/​a-2110-1897.CrossrefPubMed


	117.
Babateen AM, Shannon OM, O’Brien GM, Olgacer D, Koehl C, Fostier W, et al. Moderate doses of dietary nitrate elicit greater effects on blood pressure and endothelial function than a high dose: A 13-week pilot study. Nutr Metab Cardiovasc Dis. 2023;33(6):1263–7. https://​doi.​org/​10.​1016/​j.​numecd.​2023.​02.​024.CrossrefPubMed


	118.
Berry MJ, Miller GD, Kim-Shapiro DB, Fletcher MS, Jones CG, Gauthier ZD, et al. A randomized controlled trial of nitrate supplementation in well-trained middle and older-aged adults. PLoS ONE. 2020;15(6):e0235047. https://​doi.​org/​10.​1371/​journal.​pone.​0235047.CrossrefPubMedPubMedCentral


	119.
Gallardo EJ, Gray DA, Hoffman RL, Yates BA, Moorthi RN, Coggan AR. Dose-Response effect of dietary nitrate on muscle contractility and blood pressure in older subjects: A pilot study. J Gerontol Biol Sci Med Sci. 2021;76(4):591–8. https://​doi.​org/​10.​1093/​gerona/​glaa311.Crossref


	120.
Gonzalez AM, Accetta MR, Spitz RW, Mangine GT, Ghigiarelli JJ, Sell KM. Red spinach extract supplementation improves cycle time trial performance in recreationally active men and women. J Strength Cond Res. 2021;35(9):2541–5. https://​doi.​org/​10.​1519/​jsc.​0000000000003173​.CrossrefPubMed


	121.
Haun CT, Kephart WC, Holland AM, Mobley CB, McCloskey AE, Shake JJ, et al. Differential vascular reactivity responses acutely following ingestion of a nitrate rich red spinach extract. Eur J Appl Physiol. 2016;116(11–12):2267–79. https://​doi.​org/​10.​1007/​s00421-016-3478-8.CrossrefPubMed


	122.
Jovanovski E, Bosco L, Khan K, Au-Yeung F, Ho H, Zurbau A, et al. Effect of spinach, a high dietary nitrate source, on arterial stiffness and related hemodynamic measures: A randomized, controlled trial in healthy adults. Clin Nutr Res. 2015;4(3):160–7. https://​doi.​org/​10.​7762/​cnr.​2015.​4.​3.​160.CrossrefPubMedPubMedCentral


	123.
Lbban E, Macey A, Rundle J, Ashor A, Idris I, Siervo M. Effects of dietary nitrate and vitamin C co-ingestion on blood pressure and hand-grip strength in young adults. Int J Vitam Nutr Res. 2023. https://​doi.​org/​10.​1024/​0300-9831/​a000799.CrossrefPubMed


	124.
Mattos S, Cunha MR, Marques BC, J DE-R, Baião DDS, Paschoalin VMF, et al. Acute effects of dietary nitrate on central pressure and endothelial function in hypertensive patients: A randomized, Placebo-Controlled crossover study. Arq Bras Cardiol. 2023;120(1):e20220209. https://​doi.​org/​10.​36660/​abc.​20220209.CrossrefPubMed


	125.
Pekas EJ, Wooden TK, Yadav SK, Park SY. Body mass-normalized moderate dose of dietary nitrate intake improves endothelial function and walking capacity in patients with peripheral artery disease. Am J Physiol Regul Integr Comp Physiol. 2021;321(2):R162. https://​doi.​org/​10.​1152/​ajpregu.​00121.​2021.CrossrefPubMedPubMedCentral


	126.
Somani YB, Soares RN, Gosalia J, Delgado JM, Flanagan M, Basu S, et al. A single dose of dietary nitrate supplementation protects against endothelial ischemia–reperfusion injury in early postmenopausal women. Appl Physiol Nutr Metab. 2022;47(7):749–61. https://​doi.​org/​10.​1139/​apnm-2021-0693.CrossrefPubMedPubMedCentral


	127.
Zoughaib WS, Hoffman RL, Yates BA, Moorthi RN, Lim K, Coggan AR. Short-term beetroot juice supplementation improves muscle speed and power but does not reduce blood pressure or oxidative stress in 65–79 y old men and women. Nitric Oxide - Biology Chem. 2023;138–139:34–41. https://​doi.​org/​10.​1016/​j.​niox.​2023.​05.​005.Crossref


	128.
Esen O, Cepicka L, Gabrys T, Karayigit R. High-Dose nitrate supplementation attenuates the increased blood pressure responses to isometric blood flow restriction exercise in healthy males. Nutrients. 2022;14(17). https://​doi.​org/​10.​3390/​nu14173645.


	129.
Heredia-Martinez A, Rosa-Diez G, Ferraris JR, Sohlenius-Sternbeck AK, Nihlen C, Olsson A, et al. Plasma nitrate and nitrite kinetics after single intake of beetroot juice in adult patients on chronic Hemodialysis and in healthy volunteers: A randomized, single-Blind, Placebo-Controlled, crossover study. Nutrients. 2022;14(12). https://​doi.​org/​10.​3390/​nu14122480.


	130.
Karimzadeh L, Sohrab G, Hedayati M, Ebrahimof S, Emami G, Razavion T. Effects of concentrated beetroot juice consumption on glycemic control, blood pressure, and lipid profile in type 2 diabetes patients: randomized clinical trial study. Ir J Med Sci. 2023;192(3):1143–53. https://​doi.​org/​10.​1007/​s11845-022-03090-y.CrossrefPubMed


	131.
Liu AH, Bondonno CP, Croft KD, Puddey IB, Woodman RJ, Rich L, et al. Effects of a nitrate-rich meal on arterial stiffness and blood pressure in healthy volunteers. Nitric Oxide. 2013;35:123–30. https://​doi.​org/​10.​1016/​j.​niox.​2013.​10.​001.CrossrefPubMed


	132.
Morishima T, Iemitsu M, Fujie S, Ochi E. Prior beetroot juice ingestion offsets endothelial dysfunction following prolonged sitting. J Appl Physiol (1985). 2022;133(1):69–74. https://​doi.​org/​10.​1152/​japplphysiol.​00200.​2022.CrossrefPubMed


	133.
Wickham KA, Steele SW, Cheung SS. Effects of acute dietary nitrate supplementation on cold-induced vasodilation in healthy males. Eur J Appl Physiol. 2021;121(5):1431–9. https://​doi.​org/​10.​1007/​s00421-021-04621-8.CrossrefPubMed


	134.
Lara J, Ogbonmwan I, Oggioni C, Zheng D, Qadir O, Ashor A, et al. Effects of handgrip exercise or inorganic nitrate supplementation on 24-h ambulatory blood pressure and peripheral arterial function in overweight and obese middle age and older adults: A pilot RCT. Maturitas. 2015;82(2):228–35. https://​doi.​org/​10.​1016/​j.​maturitas.​2015.​07.​028.CrossrefPubMed


	135.
IARC monographs on the evaluation of carcinogenic risks to humans. Ingested nitrate and nitrite, and cyanobacterial peptide toxins. IARC Monogr Eval Carcinog Risks Hum. 2010;94:v–vii.


	136.
d’El-Rei J, Cunha AR, Trindade M, Neves MF. Beneficial effects of dietary nitrate on endothelial function and blood pressure levels. Int J Hypertens. 2016;2016:6791519. https://​doi.​org/​10.​1155/​2016/​6791519.CrossrefPubMedPubMedCentral


	137.
Siervo M, Lara J, Ogbonmwan I, Mathers JC. Inorganic nitrate and beetroot juice supplementation reduces blood pressure in adults: a systematic review and meta-analysis. J Nutr. 2013;143(6):818–26. https://​doi.​org/​10.​3945/​jn.​112.​170233.CrossrefPubMed


	138.
Webb AJ, Patel N, Loukogeorgakis S, Okorie M, Aboud Z, Misra S, et al. Acute blood pressure lowering, vasoprotective, and antiplatelet properties of dietary nitrate via bioconversion to nitrite. Hypertension. 2008;51(3):784–90. https://​doi.​org/​10.​1161/​hypertensionaha.​107.​103523.CrossrefPubMed


	139.
van Velzen AG, Sips AJ, Schothorst RC, Lambers AC, Meulenbelt J. The oral bioavailability of nitrate from nitrate-rich vegetables in humans. Toxicol Lett. 2008;181(3):177–81. https://​doi.​org/​10.​1016/​j.​toxlet.​2008.​07.​019.CrossrefPubMed


	140.
Blekkenhorst LC, Bondonno CP, Lewis JR, Devine A, Woodman RJ, Croft KD, et al. Association of dietary nitrate with atherosclerotic vascular disease mortality: a prospective cohort study of older adult women. Am J Clin Nutr. 2017;106(1):207–16. https://​doi.​org/​10.​3945/​ajcn.​116.​146761.CrossrefPubMed


	141.
Sitia S, Tomasoni L, Atzeni F, Ambrosio G, Cordiano C, Catapano A, et al. From endothelial dysfunction to atherosclerosis. Autoimmun Rev. 2010;9(12):830–4. https://​doi.​org/​10.​1016/​j.​autrev.​2010.​07.​016.CrossrefPubMed


	142.
Mensinga TT, Speijers GJ, Meulenbelt J. Health implications of exposure to environmental nitrogenous compounds. Toxicol Rev. 2003;22(1):41–51. https://​doi.​org/​10.​2165/​00139709-200322010-00005.CrossrefPubMed


	143.
González-Soltero R, Bailén M, de Lucas B, Ramírez-Goercke MI, Pareja-Galeano H, Larrosa M. Role of oral and gut microbiota in dietary nitrate metabolism and its impact on sports performance. Nutrients. 2020;12(12). https://​doi.​org/​10.​3390/​nu12123611.


	144.
Ashor AW, Lara J, Siervo M. Medium-term effects of dietary nitrate supplementation on systolic and diastolic blood pressure in adults: a systematic review and meta-analysis. J Hypertens. 2017;35(7):1353–9. https://​doi.​org/​10.​1097/​hjh.​0000000000001305​.CrossrefPubMed


	145.
Weitzberg E, Lundberg JO. Novel aspects of dietary nitrate and human health. Annu Rev Nutr. 2013;33:129–59. https://​doi.​org/​10.​1146/​annurev-nutr-071812-161159.PubMed


	146.
Gallardo EJ, Coggan AR. What’s in your beet juice?? Nitrate and nitrite content of beet juice? products marketed to athletes. Int J Sport Nutr Exerc Metab. 2019;29(4):345–9. https://​doi.​org/​10.​1123/​ijsnem.​2018-0223.CrossrefPubMedPubMedCentral


	147.
Yasaminshirazi K, Hartung J, Fleck M, Graeff-Hönninger S. Impact of cold storage on bioactive compounds and their stability of 36 organically grown beetroot genotypes. Foods. 2021;10(6). https://​doi.​org/​10.​3390/​foods10061281.


	148.
Hobbs DA, Goulding MG, Nguyen A, Malaver T, Walker CF, George TW, et al. Acute ingestion of beetroot bread increases Endothelium-Independent vasodilation and lowers diastolic blood pressure in healthy men: A randomized controlled trial. J Nutr. 2013;143(9):1399–405. https://​doi.​org/​10.​3945/​jn.​113.​175778.CrossrefPubMed


	149.
Hobbs DA, Kaffa N, George TW, Methven L, Lovegrove JA. Blood pressure-lowering effects of beetroot juice and novel beetroot-enriched bread products in normotensive male subjects. Br J Nutr. 2012;108(11):2066–74. https://​doi.​org/​10.​1017/​S000711451200019​0.CrossrefPubMed


	150.
Forte P, Copland M, Smith LM, Milne E, Sutherland J, Benjamin N. Basal nitric oxide synthesis in essential hypertension. Lancet. 1997;349(9055):837–42. https://​doi.​org/​10.​1016/​S0140-6736(96)07631-3.CrossrefPubMed


	151.
Low-Density Lipoprotein-Cholesterol-Induced Endothelial Dysfunction and Oxidative Stress. The role of Statins. Antioxid Redox Signal. 2014;20(8):1216–37. https://​doi.​org/​10.​1089/​ars.​2013.​5537.Crossref


	152.
Notay K, Incognito AV, Millar PJ. Acute beetroot juice supplementation on sympathetic nerve activity: a randomized, double-blind, placebo-controlled proof-of-concept study. Am J Physiol Heart Circ Physiol. 2017;313(1):H59. https://​doi.​org/​10.​1152/​ajpheart.​00163.​2017.CrossrefPubMed


	153.
Kerley CP, Dolan E, James PE, Cormican L. Dietary nitrate lowers ambulatory blood pressure in treated, uncontrolled hypertension: a 7-d, double-blind, randomised, placebo-controlled, cross-over trial. Br J Nutr. 2018;119(6):658–63. https://​doi.​org/​10.​1017/​s000711451800014​4.CrossrefPubMed


	154.
Broxterman RM, La Salle DT, Zhao J, Reese VR, Richardson RS, Trinity JD. Influence of dietary inorganic nitrate on blood pressure and vascular function in hypertension: prospective implications for adjunctive treatment. J Appl Physiol (1985). 2019;127(4):1085–94. https://​doi.​org/​10.​1152/​japplphysiol.​00371.​2019.CrossrefPubMed


	155.
Fu J, Liu Y, Zhang L, Zhou L, Li D, Quan H, et al. Nonpharmacologic interventions for reducing blood pressure in adults with prehypertension to established hypertension. J Am Heart Assoc. 2020;9(19):e016804. https://​doi.​org/​10.​1161/​jaha.​120.​016804.CrossrefPubMedPubMedCentral


	156.
Unger T, Borghi C, Charchar F, Khan NA, Poulter NR, Prabhakaran D, et al. 2020 International society of hypertension global hypertension practice guidelines. Hypertension. 2020;75(6):1334–57. https://​doi.​org/​10.​1161/​hypertensionaha.​120.​15026.CrossrefPubMed


	157.
Wald DS, Law M, Morris JK, Bestwick JP, Wald NJ. Combination therapy versus monotherapy in reducing blood pressure: meta-analysis on 11,000 participants from 42 trials. Am J Med. 2009;122(3):290–300. https://​doi.​org/​10.​1016/​j.​amjmed.​2008.​09.​038.CrossrefPubMed


	158.
Bazoukis G, Thomopoulos C, Tse G, Tsioufis C. Is there a blood pressure Lowering effect of MRAs in heart failure? An overview and meta-analysis. Heart Fail Rev. 2018;23(4):547–53. https://​doi.​org/​10.​1007/​s10741-018-9689-9.CrossrefPubMed


	159.
Lv F, Zhang J, Tao Y. Efficacy and safety of inorganic nitrate/nitrite supplementary therapy in heart failure with preserved ejection fraction. Front Cardiovasc Med. 2023;10:1054666. https://​doi.​org/​10.​3389/​fcvm.​2023.​1054666.CrossrefPubMedPubMedCentral


	160.
Boden WE, Padala SK, Cabral KP, Buschmann IR, Sidhu MS. Role of short-acting nitroglycerin in the management of ischemic heart disease. Drug Des Devel Ther. 2015;9:4793–805. https://​doi.​org/​10.​2147/​dddt.​S79116.CrossrefPubMedPubMedCentral


	161.
Elkayam U, Bitar F, Akhter MW, Khan S, Patrus S, Derakhshani M. Intravenous nitroglycerin in the treatment of decompensated heart failure: potential benefits and limitations. J Cardiovasc Pharmacol Ther. 2004;9(4):227–41. https://​doi.​org/​10.​1177/​1074248404009004​03.CrossrefPubMed


	162.
Carey RM, Calhoun DA, Bakris GL, Brook RD, Daugherty SL, Dennison-Himmelfarb CR, et al. Resistant hypertension: detection, evaluation, and management: A scientific statement from the American heart association. Hypertension. 2018;72(5):e53–90. https://​doi.​org/​10.​1161/​hyp.​0000000000000084​.CrossrefPubMed


	163.
Blumenthal JA, Hinderliter AL, Smith PJ, Mabe S, Watkins LL, Craighead L, et al. Effects of lifestyle modification on patients with resistant hypertension: results of the TRIUMPH randomized clinical trial. Circulation. 2021;144(15):1212–26. https://​doi.​org/​10.​1161/​circulationaha.​121.​055329.CrossrefPubMedPubMedCentral


	164.
Tian Z, Vollmer Barbosa C, Lang H, Bauersachs J, Melk A, Schmidt BMW. Efficacy of Pharmacological and interventional treatment for resistant hypertension: a network meta-analysis. Cardiovasc Res. 2024;120(1):108–19. https://​doi.​org/​10.​1093/​cvr/​cvad165.CrossrefPubMed


	165.
Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Levy D, et al. Aortic stiffness, blood pressure progression, and incident hypertension. JAMA. 2012;308(9):875–81. https://​doi.​org/​10.​1001/​2012.​jama.​10503.CrossrefPubMedPubMedCentral


	166.
Cao Y, Guo P, Xu Y, Zhao B. Simultaneous detection of NO and ROS by ESR in biological systems. Methods Enzymol. 2005;396:77–83. https://​doi.​org/​10.​1016/​s0076-6879(05)96008-4.CrossrefPubMed


	167.
Schnabel R, Larson MG, Dupuis J, Lunetta KL, Lipinska I, Meigs JB, et al. Relations of inflammatory biomarkers and common genetic variants with arterial stiffness and wave reflection. Hypertension. 2008;51(6):1651–7. https://​doi.​org/​10.​1161/​hypertensionaha.​107.​105668.CrossrefPubMed


	168.
Yousefian M, Shakour N, Hosseinzadeh H, Hayes AW, Hadizadeh F, Karimi G. The natural phenolic compounds as modulators of NADPH oxidases in hypertension. Phytomedicine. 2019;55:200–13. https://​doi.​org/​10.​1016/​j.​phymed.​2018.​08.​002.CrossrefPubMed


	169.
He Y, Liu J, Cai H, Zhang J, Yi J, Niu Y, et al. Effect of inorganic nitrate supplementation on blood pressure in older adults: A systematic review and meta-analysis. Nitric Oxide. 2021;113–114:13–22. https://​doi.​org/​10.​1016/​j.​niox.​2021.​04.​006.CrossrefPubMed


	170.
Mirmiran P, Houshialsadat Z, Gaeini Z, Bahadoran Z, Azizi F. Functional properties of beetroot (Beta vulgaris) in management of cardio-metabolic diseases. Nutr Metab (Lond). 2020;17:3. https://​doi.​org/​10.​1186/​s12986-019-0421-0.CrossrefPubMed


	171.
Ninfali P, Angelino D. Nutritional and functional potential of beta vulgaris Cicla and rubra. Fitoterapia. 2013;89:188–99. https://​doi.​org/​10.​1016/​j.​fitote.​2013.​06.​004.CrossrefPubMed


	172.
da Silva DVT, Paschoalin VMF, Beetroot. A remarkable vegetable: its nitrate and phytochemical contents can be adjusted in novel formulations to benefit health and support cardiovascular disease therapies. Antioxidants. 2020;9(10):960.PubMedPubMedCentral


	173.
Ben-Shlomo Y, Spears M, Boustred C, May M, Anderson SG, Benjamin EJ, et al. Aortic pulse wave velocity improves cardiovascular event prediction: an individual participant meta-analysis of prospective observational data from 17,635 subjects. J Am Coll Cardiol. 2014;63(7):636–46. https://​doi.​org/​10.​1016/​j.​jacc.​2013.​09.​063.CrossrefPubMed


	174.
Ashor AW, Chowdhury S, Oggioni C, Qadir O, Brandt K, Ishaq A, et al. Inorganic nitrate supplementation in young and old obese adults does not affect acute glucose and insulin responses but lowers oxidative stress. J Nutr. 2016;146(11):2224–32. https://​doi.​org/​10.​3945/​jn.​116.​237529.CrossrefPubMed


	175.
D’Elia L, Cappuccio FP, Masulli M, La Fata E, Rendina D, Galletti F. Effect of potassium supplementation on endothelial function: A systematic review and Meta-Analysis of intervention studies. Nutrients. 2023;15(4). https://​doi.​org/​10.​3390/​nu15040853.


	176.
Lee YS, Park JW, Joo M, Moon S, Kim K, Kim MG. Effects of Omega-3 fatty acids on Flow-mediated dilatation and carotid intima media thickness: A Meta-analysis. Curr Atheroscler Rep. 2023;25(10):629–41. https://​doi.​org/​10.​1007/​s11883-023-01137-8.CrossrefPubMed


	177.
Saz-Lara A, Cavero-Redondo I, Martínez-Vizcaíno V, Martínez-Ortega IA, Notario-Pacheco B, Pascual-Morena C. The comparative effects of different types of oral vitamin supplements on arterial stiffness: A network Meta-Analysis. Nutrients. 2022;14(5). https://​doi.​org/​10.​3390/​nu14051009.


	178.
Petersen KS, Blanch N, Keogh JB, Clifton PM. Effect of weight loss on pulse wave velocity: systematic review and meta-analysis. Arterioscler Thromb Vasc Biol. 2015;35(1):243–52. https://​doi.​org/​10.​1161/​atvbaha.​114.​304798.CrossrefPubMed


	179.
Sakima A, Arima H, Matayoshi T, Ishida A, Ohya Y. Effect of mineralocorticoid receptor Blockade on arterial stiffness and endothelial function: A Meta-Analysis of randomized trials. Hypertension. 2021;77(3):929–37. https://​doi.​org/​10.​1161/​hypertensionaha.​120.​16397.CrossrefPubMed




Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Plasma nitrate, dietary nitrate, blood pressure, and vascular health biomarkers: a GRADE-Assessed systematic review and dose-response meta-analysis of randomized controlled trials


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12937_2025_1114_Fig4_HTML.png
o
—

Mean Difference (mmHg)

SBP, Acute-term

104

154

0 1 20
Dietary Nitrate (mmol/d)

Picsersssenss < 0.001; Proninesiy = 0.140

d) DBP, Acute-term

Mean Difference (mmHg)

104

10 15 20
Dietary Nitrate (mmol/d)

Puose-response = 0.048; Poqineary = 0.546

b) SBP, Short-term

Mean Difference (mmHg)

15

20

T T T T

0 5 10 15
Dietary Nitrate (mmol/d)

Pusaosgorss = 0.007; Prarty = 0.703

DBP, Short-term

Mean Difference (mmHg)

10

25

n
~

Mean Difference (mmHg)

SBP, Medium-term

Dietary Nitrate (mmol/d)

Peosoresgorse < 0.007; Proy = 0.631

f) DBP, Medium-term

Mean Difference (mmHg)

5 10 15
Dietary Nitrate (mmol/d)

Pacssrssponse = 0.757; Proninsarty = 0.470

20

25

10 20
Dietary Nitrate (mmol/d)

0.082; Propinsary = 0.371

o PO





OEBPS/css/envelope.png





OEBPS/images/12937_2025_1114_Fig3_HTML.png
Mean Difference (umol/L)

Mean Difference (umol/L)

) Plasma NO3 (chronic)

0 100 200 300
Beetroot (ml/d)

Paonscesprnn < 0.00; Prcyinensy = 0.035

Plasma NO2 (chronic)

400

0 100 200 300
Beetroot (ml/d)

Poseressonse < 0.001; Proninearsy = 0.006

2.0e+03
1.8e+03
1.6e+03
1.4e+03
1.2e+03
1.0e+03 4

Mean Difference (umol/L)

Q.
S

Mean Difference (umol/L)

200 Tl
-400 S~

Plasma NO3 (acute)

800
600
400
200

'R

0 100 200 300 400 500
Beetroot (ml/d)

Paose.resporse < 0.001; Prgninearsy = 0.329

Plasma NO2 (acute)

/ -

0 G s e T S TR TRI

0 5 10 15 20 25 30
Dietary Nitrate (mmol/d)

Poserespanse < 0.001; Proninearir, = 0.400





OEBPS/images/12937_2025_1114_Fig2_HTML.png
a) Plasma NO3 (chronic) b) Plasma NO3 (acute)

1.8e+03-
1.4e+03-
1.6e+03
1.2+03
3 T 1.4e+034
S 1.0e+03 S
£ E 1.2e+03
2 8001 2
8 8 1.0e+034
6 600 ]
£ 400 g ™
o S 00
© o
g 20 S 4001
200
T T T T T T T T T T T T |
0 5 10 15 20 25 0 5 10 15 20 25 30
Dietary Nitrate (mmol/d) Dietary Nitrate (mmol/d)
Prose-response < 0.001; Prgo.inearey < 0.001 Puose.response < 0.001; Prgoinearty = 0.006
Plasma NO2 (chronic) Plasma NO2 (acute)
5 d
s 3
2 5
s 8
o g .
=} c
c ©
(] (]
2 s
-44 -4
— T T T 0 5 10 15 20 25 30
0 2 4 6 8 10 12 14 16 18 20

Dietary Nitrate (mmold) Dietary Nitrate (mmol/d)

Plose-respanse < 0.001; Preqingarey = 0.400
Pnavesgorse < 0.001: P ooy = 0456 e N





OEBPS/css/sidebar.gif





OEBPS/images/12937_2025_1114_Fig5_HTML.png
Zafeiridis
Pekas

Heredia-Martinez (b)

Mattos

Overall, DL (I = 0.0%, p = 0.588)

2015
2016
2017
2017
2019
2021
2022

L 3

(95% CI)

0.10 (-0.62, 0.82)
-0.05 (-0.74, 0.64)
-0.66 (-1.81,0.50)
-1.38 (-7.24, 4.49)
-0.72 (-1.46, 0.02)
-0.70 (-1.24,-0.15)
0.58 (-2.08, 3.24)
-0.35 (-0.74, 0.04)
-0.38 (-0.62,-0.13)

11.63
12.58
449
017
10.91
2014
0.85
3923

100.00

NOTE: Weights are from random-effects model






OEBPS/css/cc-by-nc-nd.png
(OO





OEBPS/images/12937_2025_1114_Fig1_HTML.png
Identification

Records identified from databases
(n =6061)

PubMed (n=1885)
WOS (n=2152)
Scopus (n=2024)

!

Screening

Included

Records screened (n =4568)

Records removed before screening:
Duplicate records (n =1493)

Records excluded (n =4427)

Reports sought for retrieval (n =141)

_—

!

Reports not retrieved (n =0)

Reports assessed for eligibility (n =141)

Included trials (n =75)

Reports excluded:
Exercise intervention (n =21)
No pre/post-intervention data (n =35)
Not applicable data on the diagram (n=2)
Not suitable control (n=7)
Pregnant patrticipants (n=1)






