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Background: One mechanism that can explain the link between processed meat consumption 

and colorectal cancer (CRC) is the production of carcinogenic N-nitroso compounds (NOCs) 

in the gastrointestinal tract. Oral and gut microbes metabolize ingested proteins (a source of 

secondary and tertiary amines and amides) and can reduce nitrate to nitrite, generating potentially 

carcinogenic NOCs.

Objective: We evaluated whether nitrate/nitrite in processed meat or water influences the fecal or 

salivary microbiota.

Design: In this dietary intervention study, 63 volunteers consumed diets high in conventional 

processed meats for two weeks, switched to diets high in poultry for two weeks, and then 

consumed phytochemical-enriched conventional processed or low-nitrite processed meat diets 

for two weeks. During the intervention, they drank water with low nitrate concentrations and 

consumed a healthy diet with low antioxidants. Then the volunteers drank nitrate-enriched water 

for 1 week, in combination with one of the four different diets. We measured creatinine-adjusted 

urinary nitrate levels and characterized the oral and fecal microbiota using 16S rRNA amplicon 

sequencing.

Results: Using linear mixed models, we found that, compared to baseline, urinary nitrate 

levels were reduced during the phytochemical-enriched low-nitrite meat diet (p-value=0.009) 

and modestly during the poultry diet (p-value=0.048). In contrast, urinary nitrate increased after 1­

week of drinking nitrate-enriched water (p-value<10−5). Nitrate-enriched water, but not processed 

meats with or without phytochemicals, altered the saliva microbial population (p-value ≤0.001), 

and significantly increased abundance of 8 bacterial taxa, especially genus Neisseria and other 

nitrate-reducing taxa. Meats, phytochemicals and nitrate-enriched water had no significant effects 

on saliva alpha diversity or any diversity parameter measured for the fecal microbiota.

Conclusion: These findings support the hypothesis that drinking high nitrate water increases oral 

nitrate-reducing bacteria, which likely results in increased NOC. However, meat nitrate/nitrite at 

the levels tested had no effect on either the gut or oral bacteria.

Keywords

processed meat; water nitrate; nitrite; oral and fecal microbiome; phytochemicals

Introduction

The World Cancer Research Fund [1, 2] reports convincing evidence that the consumption 

of red and particularly processed meat is associated with increased colorectal cancer (CRC) 

risk. Moreover, in 2015 the International Agency for Research on Cancer (IARC) classified 

processed meat as carcinogenic for humans (Group 1 carcinogen), based on sufficient 

evidence in humans that the consumption of processed meat causes CRC. [3] On the other 

hand, white meat and fish have been associated with reduced risk of mortality from cancer, 

heart disease, and other health outcomes. [4]

One mechanism that might explain the link between processed meat consumption and 

CRC is the production of carcinogenic N-nitroso compounds (NOCs) in the gastrointestinal 

tract. [5–8] Exposure to carcinogenic NOCs occurs via dietary intake of processed meat 
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with pre-formed NOCs [9] or through the reaction of nitrosating agents formed from 

ingested nitrite and nitrate with amines and amides in meat proteins. Nitrate in drinking 

water also contributes to the formation of NOCs. Ingested nitrate is absorbed in the upper 

gastrointestinal tract, distributed via the blood circulation, and actively transported into 

saliva. Salivary levels may be up to 20-times higher than levels in plasma. [10–13] In the 

oral cavity, approximately 6–7% of nitrate is reduced to nitrite by nitrate-reducing activity 

of the oral microbiota. [12, 14] Nitrite is generated in the oral cavity and secreted nitrate 

is swallowed, thereby reentering the gastrointestinal tract. High consumption of red meat 

combined with drinking high-nitrate water is known to increase endogenous NOC formation 

in humans. [15–19] In 2006, the IARC concluded that “ingested nitrate or nitrite under 

conditions that result in endogenous nitrosation is probably carcinogenic to humans (2A).” 

[8]

New technologies have produced new processed meat products that contain low or no 

nitrite by introducing mixtures of biologically active compounds from herbs and natural 

plant extracts. These compounds include vitamin C, tocopherols, flavonoids, carotenoids, 

glycol alkaloids, and others that can be found in a wide range of vegetables and fruits. 

[20, 21] These compounds may also have anti-carcinogenic effects. [20] Many reduce the 

formation of NOCs in the human body when consumed simultaneously with meat products, 

and synergistic combinations may be more effective in promoting gut health than single 

compounds. [22, 23]

Because certain bacteria and other microbes can reduce ingested nitrate to nitrite, [8, 

24, 25] the microbial population (microbiota) of the mouth and distal gut are central to 

the generation of NOCs. However, the relationship of the microbiota to intakes of NOC 

precursors including meats and nitrite and nitrate is poorly characterized. To address this 

knowledge gap, we characterized the oral and distal gut microbiota over the course of seven 

weeks among 63 volunteers sequentially assigned to first consume processed meat, then 

white meat as a washout period, then processed meat enriched with natural compounds, and 

then nitrate-enriched drinking water.

Subjects and methods

Recruitment of volunteers

Seventy-eight healthy volunteers were recruited using advertisements in local newspapers 

as well as other media. Volunteers met with the principal investigator (TMdK, KM), were 

provided an information brochure, and were given one week to decide whether to participate 

in the study. Volunteers were included in the study if they were between ages 18–70, in good 

health, with a body mass index (BMI) between 18–25 kg/m2. Exclusion criteria included 

high alcohol use during the six months before participation in this research (i.e., for males, 

more than 4 drinks on any single day or more than 14 drinks per week; for females, more 

than 3 drinks on any single day or more than 7 drinks per week), presence of any diseases 

related to the gastrointestinal tract, kidney, liver, heart or lungs, presence of symptoms 

related to diseases of the gastrointestinal tract (i.e., vomiting, diarrhoea or constipation, 

and altered stool, such as blood in stool), presence of diseases related to the endocrine or 

metabolic system, anaemia, HIV infection, or any type of hepatitis. Volunteers were also 
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excluded if they used antibiotics or other prescription medication in the last 3 months, were 

current smokers, vegetarian, pregnant, or participating in other intervention studies during 

the intervention phase of this study. Participants of each sex were randomly assigned to one 

of the two experimental groups. Subjects were randomized based on the subject number 

given in sequence as determined by the date of signing the informed consent. The subjects 

were then divided based on study start rotating between group 1 and group 2. The participant 

flowchart is depicted in Supplementary Figure 1. Participants were blinded to which group 

they were assigned. The investigators conducting the intervention were not blinded; however 

the laboratory and statistical analyses were blinded.

The protocol of the study was evaluated and approved by the local Medical Ethics 

Review Committee of the Maastricht University Medical Centre (registration number: 

NL43956.068.13) and had Office of Human Subjects Research clearance from the 

National Institutes of Health (FWA number 00005152). The study is registered under 

ClinicalTrials.gov Protocol Record NCT04138654.

Study design and interventions

The dietary intervention study is outlined in Figure 1. For each study group, Group 1 (n=31) 

and Group 2 (n=32), there were 3 meat intervention phases lasting two weeks each and 

1 nitrate-enriched water phase lasting 1 week. All volunteers underwent the first phase of 

meat intervention, which consisted of conventional processed meats (diet A) for 2 weeks and 

the second phase of meat intervention, which was a washout phase of poultry (i.e., chicken 

and turkey; diet B) for 2 weeks. For the third phase, Group 1 consumed conventional 

processed meat supplemented with natural phytochemical compounds (diet C) for 2 weeks, 

while Group 2 consumed low-nitrite processed meat supplemented with phytochemical 

compounds (diet D) for 2 weeks. During these 3 meat intervention phases, volunteers drank 

study-provided bottled water with low nitrate levels (1.9 mg/L nitrate). For the final nitrate­

enriched water phase lasting 1 week, all volunteers drank nitrate-enriched water individually 

adjusted at the Acceptable Daily Intake level (3.7 mg/kg body weight), taking dietary nitrate 

intake into account. [26] During the nitrate-enriched water period,volunteers were randomly 

assigned conventional processed meat (diet A, n=15), poultry (diet B, n=16), conventional 

processed meats supplemented with natural phytochemical compounds (diet C, n=16), or 

low-nitrite processed meat supplemented with phytochemical compounds (diet D, n=16).

The study intervention comprised a maximum of 300 grams of meat per day per 80kg 

body weight. [27, 28] This amount is within the range of daily meat consumption in the 

Netherlands (mean 150 grams per day in the Netherlands national food survey), and midway 

between the median daily intake and the 90th percentile in the Nederlandse Organisatie voor 

Toegepast Natuurwetenschappelijk Onderzoek (TNO; English: Netherlands Organization for 

Applied Scientific Research) food consumption survey from 1997–1998 for the age group of 

20–55 years. Furthermore, this amount of meat was previously shown to induce significant 

effects on excreted levels of NOCs. [28, 29]

Individual food packages were compiled for each volunteer in consultation with a dietician. 

These food packages contained all daily nutritional requirements and could be consumed 

over the day. Antioxidants in fruits and vegetables were kept at a low, but healthy level. 
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[28] The food package for the processed-meat phase contained a variety of commercially 

available cooked and dry-cured processed red meats containing conventional levels of nitrite. 

In phase 3, the meats for the phytochemical phase were enriched with proprietary natural 

compounds in combination with meat products like those in the first phase for Group 1 

or with meat product with reduced levels of nitrite for Group 2. These natural-compound 

enriched meat products were tested to meet all quality standards for conventional meat 

products. The poultry washout phase packages contained unprocessed cooked chicken and 

turkey.

Specimen Collection

Urine, saliva, and feces were collected at five time points (T1-T5); at baseline (T1), at the 

end of each intervention phase, including conventional processed meat (Diet A; T2), poultry 

washout (Diet B); T3), conventional processed meat with phytochemicals (Diet C) or low 

nitrite processed meat with phytochemicals (Diet D; T4), and the high nitrate water plus Diet 

A, Diet B, Diet C, or Diet D (T5) (Figure 1). Urine was collected over 24 hours in a 2L 

bottle without preservative and kept at a cool, but not refrigerated, temperature for up to 1 

day. Upon delivery to the study center, each bottle was weighed, mixed, and stored in 10 

mL aliquots at −80°C. Feces were collected at home in a bag, from which approximately 

1 gram was immediately scooped out by the participant and stored in a tube containing 1 

mL of RNAlater to stabilize the genetic material. RNAlater-stabilized fecal specimens were 

stored in a cold spot until they were handed in to the study center and stored at −20°C. 

Saliva specimens were collected in the study center. Antiseptic mouthwashes were not used 

during the study as it may have an effect on oral bacteria. Volunteers were asked to collect 

this specimen in the morning before eating, drinking, or brushing their teeth by letting the 

saliva pool in the oral cavity and drooling into a vial. About 2–5 mL saliva was collected and 

promptly stored at −80°C.

Urine nitrate and creatinine measurement

Urine samples (0.25 mL) were analysed for nitrate using ion chromatography with tandem 

mass spectrometry (IC-MS/MS) by the Division of Laboratory Sciences at the National 

Center for Environmental Health, Centers for Disease Control and Prevention (CDC). [30] 

Urinary creatinine was measured using an automatic colormetric method on a Beckman 

Synchron AS/ASTRA clinical analyser (Beckman Instruments Inc., Brea, CA). [31] Nitrate 

concentrations were divided by creatinine concentrations to normalize analyte concentration 

and expressed as mg nitrate per g creatinine). Each batch of unknown samples contained 

at least two pools of known quality control samples and blanks to assess method accuracy, 

precision and contaminations. All batches met the CDC quality control standards. [32]

DNA extraction and sequencing

Saliva and fecal specimens were thawed at 4°C and kept on ice during plating. Both saliva 

and fecal specimens were sampled using a swab (Puritan Cotton Tipped Applicators – 

Puritan Medical Products), which was then used for the DNA extraction.

DNA extraction, polymerase chain reaction (PCR) amplification and amplicon preparation 

for sequencing were performed as described in the Earth Microbiome Project 
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web page http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/dna-extraction­

protocol/ at the Knight Laboratory, University of California, San Diego. DNA was extracted 

using the MO-BIO PowerMag Soil DNA Isolation Kit with beadbeating. Polymerase chain 

reaction (PCR) amplification was performed using the universal bacterial primer set 515F/

806R for the V4 region of the 16S rRNA gene. [33, 34] Negative controls included 

no-template controls for DNA extraction and PCR amplification. Finally, all barcoded 

amplicons were pooled in equal concentrations for sequencing on the Illumina MiSeq 

sequencing platform.

Bioinformatics

Reads were demultiplexed and quality filtered using QIIME 1.9.1. The DADA2 pipeline 

[35] was used to generate a sequence feature table and a phylogenetic tree based on 

paired-end sequences. Chimeric sequences were removed. Non-bacteria sequence features 

were filtered from the sequence feature table. The sequences were aligned with the SILVA 

v123 database to get taxonomy information. For fecal samples, 1969 sequence features were 

identified for 378 samples. For saliva samples, 1433 sequence features were identified for 

360 samples. After a sequence variant table with taxonomy information was generated, a 

relative abundance table was created for each subject without rarefaction. For both fecal and 

saliva samples, richness and alpha diversity metrics (observed sequence variants, Shannon 

index, and Phylogenetic Diversity (PD) whole tree) were calculated based on rarefaction 

values from 2,000 to 10,000 reads. Beta diversity metrics (Bray Curtis, unweighted UniFrac, 

weighted UniFrac, and Jaccard distance) and principal coordinates analyses based on these 

metrics were generated based on rarefaction to 10,000 reads.

Statistics

We evaluated linear associations of each intervention phase with saliva and fecal microbial 

alpha diversity metrics (observed sequence variants, Shannon index, and PD whole tree), 

adjusting for sex, BMI (kg/m2, continuous), and age (years, continuous). We also estimated 

the associations of the covariates with observed sequence variants and Shannon index 

diversity. We evaluated the differences in microbiome beta diversity between different 

study time points (T1-T5) using a newly developed approach, the Generalized Linear 

Mixed Model - Microbiome Regression-based Kernel Association Test (GLMM-MiRKAT), 

[36] which explicitly takes into account samples from repeated measures from the same 

individual and captures within-individual correlations via a random effects model.

Individual taxon analysis was conducted at the class and the genus level. Taxa that were 

not detected in more than 70% of samples were removed from the analysis (results were 

similar when removing a lower percentage of taxa). We conducted additional analyses 

for the fecal microbiota assessing all taxa previously associated with CRC, including 

Fusobacterium, Porphyromonas, Parvimonas, Peptostreptococcus, Gemella, Prevotella, 

Solobacterium, Dialister, and Family Clostridiales [Wirbel, 2019 #49]. For each taxon, 

a paired Wilcoxon rank sum test was used to compare the relative abundance between 

different time points. Taxa were considered to be significantly differentially abundant at 

false discovery rate (FDR) < 0.05. For regression models involving the relative abundances 

of taxa, a log (base 10) transformation of the relative abundances was applied. To remove 
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the zero counts, a pseudo-count of 1 was added to all the taxa. For a sensitivity analysis, 

we applied the analysis of composition of microbiomes (ANCOM) method, based on 

compositional log-ratios, for comparison.

We evaluated multivariable linear associations of each intervention phase with creatinine­

adjusted urinary nitrate concentrations using a linear mixed model with subject-specific 

random effects to capture the within-subject correlation. We further used this approach to 

evaluate the association between microbiome beta diversity and creatinine-adjusted urine 

nitrate level. All analyses were conducted using R, version 3.6.0.

Results

Of the 78 participants recruited, 63 (81%) completed the study. Sixty participants had all five 

timepoints, one participant had four timepoints, one had three timepoints, and one had two 

timepoints. Most dropouts were due mostly to the common cold and not likely to be related 

to the intervention. Male and female participants were equally distributed between Group 

1 (Diet C: conventional nitrite processed meat with phytochemicals) and Group 2 (Diet D: 

lower nitrite-processed meat with phytochemicals)(Table 1). Age, BMI, average pre-study 

meat consumption, and physical activity were not significantly different between the two 

groups (Table 1).

Saliva microbiome with each intervention

After taking out the quality control samples and samples with poor amplification we had 

microbiome profiling of the 309 saliva specimens (six samples missing spanning three 

participants, otherwise 5 per participant) revealed taxa in 16 phyla, 31 classes, and 196 

genera. As shown in Table 2, compared to baseline values of observed sequence variants 

and Shannon index, nitrate-enriched water significantly reduced saliva richness (β=−3.90; 

P=0.028), whereas Shannon index was marginally increased with conventional processed 

meat (β=0.10; P=0.068) and particularly with phytochemical-enriched conventional 

processed meat (β=0.14; P=0.037). Observed sequence variants and Shannon index had 

discrepant associations with age, sex, and two of the intervention periods. No consistent, 

significant associations were found with PD whole tree indices (data not presented).

GLMM-MiRKAT [37] was used to investigate associations of saliva microbiome beta 

diversity with the intervention, adjusted for age, BMI and sex. A significant shift in saliva 

microbial community composition was observed between the conclusion of the nitrate­

enriched water phase (T5) and all the previous time points (T1-T4) (omnibus p< 0.05, Table 

3 and Figure 2). For example, comparing the nitrate-enriched water phase (T5) to baseline 

(T1), we observed a significant shift in saliva microbial community using Bray-Curtis 

(p-value<0.001), weighted UniFrac (p-value<0.01), unweighted UniFrac (p-value<0.001), 

and Jaccard distances (p-value<0.001), (omnibus p-value<0.001 for all four distances). 

Compared to T1, there was a significant shift in beta diversity at T2 (omnibus p-value=0.02; 

Table 3) and T3 (omnibus p-value=0.01). There was no significant change between other 

time points.
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Nine of 12 taxa in saliva changed significantly (FDR < 0.05) from T1 to T5, as shown in 

Figure 3. Relative abundance of three Betaproteobacteria genera increased, especially taxa 

in the genus Neisseria (+45%) as well as Kingella (+23% and Lautropia (+19%). Five other 

taxa increased by 16% or more, and four taxa decreased by 8–12%. Using multivariate 

ANCOM to account for the compositional nature of the relative abundance data, we found 

similar statistically significant increases in Neisseria, Capnocytophaga, Alloprevotella, and 

Haemophilus and decreases in Streptococcus from T1 to T5 (Supplementary Figure 2, 

available online). Comparisons in the taxa between different intervention periods are shown 

in Supplementary Table 1, available online.

Fecal microbiome with each intervention

After taking out the quality control samples and samples with poor amplification we 

had microbiome profiling of the 309 fecal specimens (5 per participant) revealed taxa 

in 14 phyla, 30 classes, and 114 genera. There were no significant differences in fecal 

microbiome alpha diversity with any of the interventions. Moreover, unlike alterations in 

the saliva microbiome composition with nitrate-enriched water, no comparable alterations 

in composition (beta diversity) with the dietary or nitrate interventions were found in the 

fecal microbiome (Table 3). Furthermore, there were no changes in taxa abundance across 

time-point comparisons (Supplementary Table 2, available online).

Urine nitrate with each intervention

A multivariable linear mixed model was used to test for effects of the interventions 

on creatinine-adjusted urine nitrate levels compared to T1. As shown in Table 4 (and 

graphically in Supplementary Figure 3, available online), creatinine-adjusted urine nitrate 

levels were markedly increased with the nitrate-enriched water (β=603.74, p-value<0.001). 

Compared to baseline, creatinine-adjusted urine nitrate levels were substantially reduced by 

low-nitrite, phytochemical-enriched processed meat (β= −216.82, p-value=0.01), modestly 

reduced by the poultry diet (β=−132.83, p-value =0.05), but not significantly reduced by 

conventional processed meat or by conventional meat with phytochemical enrichment. Sex, 

age, and BMI were not significantly associated with creatine-adjusted urine nitrate levels.

Urine nitrate levels with microbiome composition and taxonomy

GLMM-MiRKAT [37] was used to evaluate associations of creatinine-adjusted urinary 

nitrate concentrations with beta diversity of the salivary and fecal microbiome. Adjusted for 

intervention period, sex, BMI, and age, salivary microbiome composition was significantly 

associated with creatinine-adjusted urine nitrate level [weighted UniFrac (p-value = 0.001), 

Bray-Curtis distances (p-value = 0.004)]. However, using unweighted UniFrac distance and 

Jaccard, the association was not significant (p-value = 0.37 and p-value = 0.05, respectively), 

suggesting that highly abundant taxa were probably driving the association. The omnibus 

test considering all the three distances showed a significant association (p-value< 0.001). 

There was no significant association between the fecal microbiome and creatinine-adjusted 

urine nitrate levels using any of the distance metrics.

Linear mixed models were implemented to evaluate associations of urine nitrate levels 

with individual taxa (after log transformation), adjusted for intervention period, sex, BMI, 
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and age (Supplementary Table 3, available online). Urinary nitrate levels were significantly 

associated with four saliva genera. Of the significant taxa, there was a positive association 

with three genera, including two from the class Betaproteobacteria (Neisseria, FDR=0.007; 

and Comamonas, FDR= 0.03), and one from class Flavobacteria (Capnocytophaga, FDR= 

0.005). Veillonella (FDR=0.005) was negatively associated with creatinine-adjusted urine 

nitrate levels. After FDR correction, none of the fecal microbiome taxa (genus or class 

level) were significantly associated with urine nitrate level (data not shown), including those 

previously associated with CRC.

Discussion

In this 7-week dietary intervention trial we found that drinking nitrate-enriched water 

resulted in significantly increased nitrate levels in urine. Compared to baseline, urine 

nitrate levels decreased after switching to a low nitrate diet that included low nitrate 

water, especially after consuming phytochemical-enriched low nitrite processed meat 

for 2 weeks. Of most interest, drinking nitrate-enriched water significantly altered the 

microbial population of the saliva, with 45% increased relative abundance of the gram­

negative diplococcus, Neisseria (subphylum Betaproteobacteria). Neisseria mucosa, a highly 

prevalent species in the human mouth, effectively reduces nitrate to nitrite. [38] This 

increase was not observed with any of the processed meat periods. Growth of these 

organisms with supplemental nitrate is expected, as nitrate-reducing bacteria depend upon 

nitrate as an essential source of nitrogen for growth, metabolic energy, and redox balancing. 

[39]

The role of the oral microbiome in the nitrate-nitrite-nitric oxide pathway is an important 

focus of research because ingested nitrite reacts in the acidic stomach to form nitrosating 

agents and nitric oxide (NO). NO reduces hypertension, whereas, nitrosating agents can 

react with dietary or pharmaceutical sources of amines and amides to form carcinogenic 

NOC. Consensus is lacking on the risks and benefits of drinking water and dietary sources 

of nitrate and nitrite for human health. [16, 40] However, relatively small differences may 

have effects at the population level especially when nitrate is consumed through drinking 

water without concomitant intake of antioxidants that inhibit endogenous nitrosation. [8, 16] 

Willis et al. evaluated the oral microbiome of 1500 adolescents and teachers in large areas of 

Spain, observing that relative abundances of many oral bacteria correlated significantly with 

metrics of locally consumed tap water. [41] When our 63 participants were switched to high 

nitrate water, there was a notable shift in oral microbial community.

More than a dozen common, nitrate-reducing oral microbes have been reported. [42, 43] 

Nitrate reduction is a conventional biochemical assay used to distinguish the pathogens N. 
meningitides and N. gonorrhoeae (https://www.cdc.gov/std/gonorrhea/lab/biochemical.htm). 

For example, Vanhatalo and colleagues [44] tested the effect of 10 days of oral nitrate 

versus placebo on the oral microbiome in normo-tensive young adults and septuagenarians. 

Oral nitrate did not affect blood pressure in the young adults, but modestly decreased it 

in the septuagenarians. Without adjusting for multiple comparisons, they found that nitrate 

supplementation for 10 days increased the relative abundance of Neisseria by 3.5-fold. 

Nitrate supplementation also increased Rothia 1.3-fold and decreased Prevotella (0.60-fold) 
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and Veillonella (0.65-fold). Our results corroborate theirs with respect to both increased 

Neisseria and decreased Veillonella. Vanhatalo, et al postulated that Veillonella’s ability to 

reduce nitrate but its paradoxical decrease with nitrate supplementation might be attributable 

to markedly increased pH with their supplement, beetroot juice. [44] Further, a previous 

study conducted in the American Gut Project, found that relative abundance of nitrate­

reducing Streptoccoccus was associated with migraines, a nitrate-induced condition. No 

other taxa they identified in the study of migraines were statistically significantly different 

by the timepoints in our study. [45]

The strengths of this study were the carefully controlled diets based on postulated, 

biologically and potentially clinically important effects of processed meat on nitrate, nitrite, 

and resulting NOC levels. We had sufficient sample size, retention over the 7 weeks, and 

adherence to the diets to detect the postulated increase in urine nitrate levels with the water 

nitrate intervention. Although not noted by Vanhatalo et al.,[44] we observed that nitrate­

enriched water significantly reduced saliva richness (probably reflecting markedly increased 

abundance of Neisseria discussed above). We also found that Shannon index was marginally 

increased with conventional processed meat and particularly with phytochemical-enriched 

conventional processed meat. The diets and nitrate-enriched water had no demonstrable 

effect on the fecal microbiome. Importantly, for longitudinal comparisons of beta diversity, 

we developed and herein applied a new approach called GLMM-MiRKAT [36, 37] to 

account for repeated, within-subject measures, thereby avoiding seriously inflated type I 

error that can occur due to within-subject correlation.

Limitations were that the sample size may have been insufficient or that a two-week 

intervention period may have been too brief to detect small effects on the microbiota. 

This limitation is particularly relevant to the distal gut, as our study’s diets and nitrate­

enriched water had no demonstrable effect on the fecal microbiome. In previous reports, 

fecal microbiota community composition differed with long-term carbohydrate-predominant 

versus animal fat/protein-predominant diet. [46] However, as in our study, these fecal 

microbiota community groups were not altered with processed meat or white meat 

interventions. Of note, we only changed the type of meat (rather than the amount) and kept 

other foods and protein content constant. It is plausible that more drastic changes in the diet 

may be necessary to induce changes in the fecal microbiome. For example, in the study by 

David et al, in which they used a crossover feeding study design to compare fecal microbial 

changes during a soley animal-based vs. a solely vegetarian-based diet, they observed strong 

differences in multiple taxa in the fecal microbiome. [47]

This study provides basic insights on the effects of diet, especially drinking water, on the 

microbiota and the nitrate-nitrite-nitric oxide pathway. However, much more research in this 

domain, including the consequent effects on health, is clearly needed. Careful attention and 

adherence to best practices will be critically required for all studies of dietary effects on the 

microbiome and health. [48]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Evaluated if meat nitrate/nitrite or water nitrate influence gut or oral 

microbiota

• Volunteers ate and drank varying levels of nitrate/nitrite in meat and water

• Meat nitrate/nitrite had no effect on either the gut or oral bacteria

• High Nitrate water increased oral genus Neisseria and other nitrate-reducing 

taxa

• High nitrate water raises oral nitrate-reducing bacteria increasing 

carcinogenic NOCs
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Figure 1: 
Study design and timeline of diet and nitrate water interventions (N=63). 1Group 1: 

Conventional processed meat with phytochemicals in the third dietary period (n=31); Group 

2: Low nitrite processed meat with phytochemicals in the third dietary period (n=32). 2T1 

= biological sample collected at baseline (N=62);T2 = biological sample collected from 

participants after two weeks of consuming conventional processed meats (Diet A, N=63); 

T3 = biological sample collected from participants after two weeks of consuming poultry 

(Diet B, N=63); T4 = biological sample collected from participants after two weeks of 

consuming either conventional processed meat with phytochemicals (Diet C, Group 1, n=31) 

or low nitrite processed meat with phytochemicals (Diet D, Group 2, n=32); T5 = biological 

sample collected from participants after one week of drinking water nitrate at acceptable 

daily intake (7mg/kg body weight) combined with one of the four prior diets.
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Figure 2. 
Plots of the first and second principal coordinates (PCO1, PCO2) of A) Bray Curtis, B) 

U.UniFrac (unweighted Unifrac), C) W.Unifrac (weighted Unifrac), and D) Jaccard distance 

estimates of microbiome beta diversity (community composition) in saliva at T1 (baseline, 

open circles) and end of the last intervention (high nitrate water, black solid triangles) 

(N=63). P-values, for difference in beta diversity (composition) from baseline to end of 

interventions, are from GLMM-MiRKAT models adjusted for sex, body mass index (kg/m2, 

continuous), and age (years, continuous). P-values were considered significant at <0.05.
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Figure 3. 
Bar plot of the 12 genera with significantly (defined by false discovery rate (FDR) < 0.1) 

changed relative abundance (RA) from baseline to end of the trial (T1 to T5, respectively). 

The y-axis is calculated as the average of the log10
RA at T5
RA at T1 . Positive values indicate an 

increase in relative abundance at T5, (i.e., at the end of the nitrate-enriched water period), 

compared to T1(baseline) (N=63). Eight taxa increased in relative abundance, especially 

in the Betaproteobacteria Neisseria genus; four taxa decreased in relative abundance. Taxa 

were considered to be significantly differentially abundant at false discovery rate (FDR) < 

0.05
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Table 1.

Study participant characteristics
1
 by dietary intervention group (N=63)

Total (N=63) Group 1
2
 (n=31) Group 2

3
 (n=32)

Male (%) 46.0 41.9 50.0

Age (years) 25.4 ± 8.5 25.9 ± 9.3 24.6 ± 7.6

Body mass index (kg/m2) 22.3 ± 2.1 22.0 ± 2.1 22.6 ± 2.1

Meat consumption before intervention (g/day) 254 ± 38.0 248 ± 38 259 ± 37

Physical activity (hours/week) 6.5 ± 3.8 7.1 ± 4.2 5.9 ± 3.3

1
All values are mean ± standard deviation or percentages

2
Group 1 diets included the conventional processed meat with phytochemicals intervention

3
Group 2 diets included the low nitrite processed meat with phytochemicals intervention
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Table 2.

Beta coefficients and 95% confidence intervals for associations of dietary interventions and participant 

chracteristics with saliva microbiota alpha diversity metrics (N=63)

Observed sequence variants Shannon index

Intervention period vs. baseline β (95% CI)
1

P-value β (95% CI)
1

P-value

Conventional processed meat 3.62 (−0.43, 7.67) 0.079 0.10 (−0.01, 0.20) 0.068

Poultry 0.61 (−3.43, 4.64) 0.767 0.03 (−0.08, 0.13) 0.586

Conventional processed meat + phytochemicals 2.35 (−2.65, 7.35) 0.355 0.14 (0.01, 0.27) 0.037

Low nitrite processed meat + phytochemicals 0.21 (−4.78, 5.19) 0.935 0.01 (−0.12, 0.14) 0.842

High nitrate water −3.90 (−7.38, −0.43) 0.028 0.02 (−0.07, 0.11) 0.603

Participant characteristics

Sex −0.91 (−9.95, 8.14) 0.842 0.21 (0.02, 0.41) 0.031

Body mass index (kg/m2) −0.39 (−2.59, 1.82) 0.725 −0.02 (−0.07, 0.03) 0.418

Age (years) 0.72 (0.21, 1.24) 0.007 0.01 (−0.003, 0.02) 0.165

1
Estimated using a linear mixed model with subject specific random effect adjusted for age (years, continuous), sex, and body mass index (kg/m2, 

continuous)
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Table 3.

Pairwise comparisons of saliva and fecal microbial community beta diversities (Bray-Curtis, unweighted 

Unifrac, weighted Unifrac and Jaccard distances)
2
 (N=63)

Saliva microbiome Fecal microbiome

Pairwise 

Comparisons
1

Bray-
Curtis

Unweighted 
UniFrac

Weighted 
Unifrac

Jaccard 
distances

Omnibus 
test

Bray-
Curtis

Unweighted 
UniFrac

Weighted 
Unifrac

Jaccard 
distances

Omnibus 
test

T2 vs. T1 0.005 0.734 0.115 0.135 0.017 0.588 0.264 0.574 0.142 0.347

T3 vs. T1 0.016 0.286 0.014 0.002 0.007 0.411 0.661 0.513 0.501 0.777

T3 vs. T2 0.806 0.935 0.594 0.702 0.927 0.164 0.044 0.230 0.039 0.119

T4 vs. T1 0.123 0.990 0.271 0.076 0.227 0.831 0.826 0.704 0.308 0.665

T4 vs. T2 0.801 0.748 0.896 0.190 0.477 0.863 0.154 0.806 0.522 0.377

T4 vs. T3 0.557 0.586 0.656 0.930 0.910 0.843 0.731 0.344 0.848 0.700

T5 vs. T1 <0.001 0.008 <0.001 <0.001 <0.001 0.508 0.491 0.285 0.048 0.136

T5 vs. T2 0.002 0.225 0.008 0.228 0.006 0.099 0.240 0.057 0.105 0.180

T5 vs. T3 0.005 0.084 0.033 0.121 0.018 0.693 0.902 0.453 0.263 0.586

T5 vs. T4 0.001 0.042 0.022 0.016 0.002 0.180 0.580 0.045 0.098 0.145

1
Pairwise comparisons of interventions (T1=baseline; T2=end of Diet A phase, conventional processed meat for Groups 1 and 2; T3=end of Diet 

B phase, poultry wash out for Groups 1 and 2; T4=end of Diets C or D phase, conventional processed meats with phytochemicals or low nitrite 
processed meat with phytochemicals, respectively; T5=end of high nitrate-enriched water + either Diet A, B, C, or D phase

2
P-values of pairwise comparisons estimated using a Generalized Linear Mixed Model - Microbiome Regression-based Kernel Association Test 

(GLMM-MiRKAT) adjusted for age (years, continuous), sex, and body mass index (kg/m2, continuous). All statistical tests were two-sided.
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Table 4.

Beta coefficients and 95% confidence intervals for effects of each intervention phase on creatinine-adjusted 

urine nitrate levels (N=63)

Creatinine-adjusted urine nitrate levels

Intervention period vs. baseline β (95% CI)
1 P-value

Conventional processed meat −81.66 (−212.74, 49.41) 0.22

Poultry −132.83 (−264.74, −0.93) 0.05

Conventional processed meat + phytochemicals −94.56 (−255.18, 66.05) 0.25

Low nitrite processed meat + phytochemicals −216.82 (−378.27, −55.36) 0.01

High nitrate water 603.74 (490.11, 717.36) <0.01

Participants Charactertistic

Sex −36.09 (−218.85, 146.68) 0.69

Body mass index (kg/m2) −43.78 (−88.59, 1.03) 0.06

Age (years) −1.77 (−12.29, 8.76) 0.74

1
Estimated using a linear mixed model with subject specific random effect adjusted for age (years, continuous), sex, and body mass index (kg/m2, 

continuous)
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