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Abstract

Scope: Serum metabolomic markers of the Dietary Approaches to Stop Hypertension (DASH)
diet were previously reported. We investigated if urine metabolomic markers were similar in an
independent clinical trial.

Methods and Results: In the DASH-Sodium trial, participants were randomly assigned to the
DASH diet or control diet, and received three sodium interventions (high, intermediate, low)
within each randomized diet group in random order for 30 days each. Urine samples were
collected at the end of the intervention period and analyzed for 938 metabolites. We conducted
two comparisons of metabolomic profiles: 1) DASH-high sodium (n=199) vs. control-high sodium
(n=193), and 2) DASH-low sodium (n=196) vs. control-high sodium. We compared significant
metabolites identified using multivariable linear regression and the top 10 influential metabolites

Address correspondence to: Dr. Casey M. Rebholz, Department of Epidemiology, Johns Hopkins Bloomberg School of Public
Health, 2024 East Monument Street, Suite 2-500, Baltimore, Maryland 21287, Phone: 410-502-2359, crebhol1@jhu.edu.
AUTHOR CONTRIBUTION

HK conducted statistical analyses and drafted the manuscript. AHL, KEW, LJA, and JC provided critical input on the interpretation of
the results. CMR designed the research study and was involved in all aspects of the study from statistical analysis to manuscript
writing. All authors read and approved the final manuscript.

Clinical Trial Registration: https://clinicaltrials.gov/ct2/show/NCT00000608; Unique identifier: NCT00000608
5.DATA SHARING AND DATA ACCESSIBILITY
The DASH-Sodium trial data are available through the National Heart, Lung and Blood Institute (NHLBI) Biologic Specimen and

Data Repository Information Coordinating Center (BioLINCC): https://biolincc.nhlbi.nih.gov/studies/dashsodium/. The remaining
metabolomics data that support the results of the present study are available from the corresponding author upon reasonable request.

CONFLICT OF INTEREST
The authors have no conflicts of interests to disclose.


https://clinicaltrials.gov/ct2/show/NCT00000608
https://clinicaltrials.gov/ct2/show/NCT00000608
https://biolincc.nhlbi.nih.gov/studies/dashsodium/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al. Page 2

identified using partial least-squares discriminant analysis to the results from a previous analysis
of the DASH trial. Nine out of 10 predictive metabolites of the DASH-high sodium and DASH-
low sodium diets were identical. Most candidate biomarkers from the DASH trial replicated. N-
methylproline, chiro-inositol, stachydrine, and theobromine replicated as influential metabolites of
DASH diets.

Conclusions: Candidate biomarkers of the DASH diet identified in serum replicated in urine.
Replicated influential metabolites are likely to be objective biomarkers of the DASH diet.

Graphical Abstract
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DASH-Sodium Feeding Study

Several of the top 10 influential metabolites of the DASH diet
identified in serum were replicated in urine. These metabolites
are likely to be objective biomarkers of the DASH diet.

The Dietary Approaches to Stop Hypertension (DASH) diet is recommended as a healthy diet. A
recent study identified candidate biomarkers of the DASH diet in serum. The present study
revealed that several serum metabolites identified as the top 10 predictive metabolites of the
DASH diet replicated as predictive urine metabolites of the DASH diet in an independent
population.

Keywords
dietary patterns; metabolomics; biomarkers; feeding study

1. INTRODUCTION

The Dietary Approaches to Stop Hypertension (DASH) diet is recommended as a healthy
dietary pattern in numerous guidelines, including the 2015 Dietary Guidelines for
Americans.[!] The DASH diet emphasizes high intake of fruits, vegetables, and low-fat
dairy; includes moderate intake of protein sources such as poultry, fish, legumes, nuts, and
seeds; and limits intake of red meats, saturated fats, and sweets.[2] In the original DASH
feeding study and the subsequent DASH-Sodium feeding study, individuals who were
randomly assigned to the DASH diet had significantly lower blood pressure at the end of the
study than those assigned to the control diet. In the DASH-Sodium trial, reducing sodium
intake also lowered blood pressure, with greatest blood pressure reductions occurring on the
DASH diet with low sodium intake. Subsequently, many observational studies have reported
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that greater adherence to the DASH diet is associated with lower risk of major chronic
diseases and mortality.[3-¢]

In observational studies, assessment of adherence to the DASH diet relies on self-reported
data. However, self-reported data are prone to systematic biases, such as recall bias, social
desirability bias, coding bias, or inaccuracies in nutrient estimation from food composition
databases.[”-8] Objective biomarkers of the DASH diet which are not influenced by these
systematic errors and that can replace or supplement self-reported data are highly desirable.
Metabolomics, an approach which allows for the simultaneous measurement of a large
number of molecules and metabolites in biospecimens, can be used to identify biomarkers of
foods, nutrients, and dietary patterns.[9-14]

Recently, untargeted metabolomics was used to identify candidate biomarkers of the DASH
diet using serum samples from the original DASH feeding study.[”] Identified were 97
potential biomarkers that differed significantly between the DASH and control diets, and 10
metabolites [N-methylproline, stachydrine, tryptophan betaine, theobromine, 7-methylurate,
chiro-inositol, 3-methylxanthine, methyl glucopyranoside (a + B), f-cryptoxanthin, and 7-
methylxanthine] that were highly influential in discriminating between the DASH and
control diets. However, a limitation of this prior metabolomic study was the absence of
replication in an independent cohort. Replication is essential if these metabolites are to be
adopted for use as biomarkers of dietary intake for future studies. Many established
biomarkers of dietary intake are currently measured in urine (e.g., urea nitrogen, sodium,
potassium).[X5] Thus, it is useful to determine if metabolites reported to be biomarkers of the
DASH diet in serum are replicated in urine.

Leveraging the rigorous design of the DASH-Sodium trial, our aim was to determine if
candidate biomarkers identified in serum for the DASH diet from the original DASH feeding
studyl”] replicate in urine in the DASH-Sodium trial, and assess the potential of identifying
additional biomarkers of the DASH diet.

MATERIALS AND METHODS

2.1. Study design and study population

The DASH-Sodium trial was a multicenter, randomized feeding study conducted in 1997-
1999 which aimed to evaluate the effects of dietary sodium levels and dietary patterns, alone
and combined, on blood pressure.[18] Details on the trial design have been previously
published.[*7] Briefly, adults (= 22 years of age) who were prehypertensive or had stage 1
hypertension [systolic blood pressure (SBP) 120-160 mm Hg and diastolic blood pressure
(DBP) 80-95 mm Hg] were eligible for the study. After a 2-week run-in period, 412
participants were randomly assigned to either a DASH diet or a control diet (typical US diet)
intervention for 12 weeks (parallel arm design). Within each randomized diet, participants
consumed 3 different levels of sodium [high, intermediate, low] in random order for 30 days
each (crossover design). The trial was approved by the Institutional Review Boards at each
study center, and participants provided written informed consent.
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For the present metabolomics study, we used 24-hour urine specimens obtained from the
National Health, Lung, and Blood Institute Biologic Specimen and Data Repository
Information Coordinator Center (BioLINCC).[181 Among the 412 participants of the DASH-
Sodium trial, 17 participants were excluded because biospecimens were unavailable or no
informed consent was obtained for further use of biospecimens (Figure 1). Thus,
metabolomics data were available in 202 participants from the DASH diet intervention and
193 participants from the control diet intervention. For the present metabolomics study, we
conducted two comparisons of the urine metabolome: 1) DASH-high sodium diet (n=199)
vs. control-high sodium diet (n=193), and 2) DASH-low sodium diet (n=196) vs. control-
high sodium diet (n=193). The first comparison, which tested the DASH diet alone, was
used to replicate the comparison in the original DASH trial in which the DASH and control
groups had similar sodium intake levels.[?] The second comparison was an assessment of the
combined effects of the DASH diet and low sodium compared to a typical American diet
(control diet and high sodium). We did not compare metabolites associated with the sodium
effect (e.g., DASH-high sodium diet vs. DASH-low sodium diet or DASH-intermediate
sodium diet vs. DASH-low sodium diet) because this was reported in an earlier study using
data from the DASH-Sodium triall2%] and given the stated the purpose of the current study to
focus on urine biomarkers of the overall DASH diet relative to our previous research on
blood biomarkers of the overall DASH diet.[]

Dietary exposures

The DASH diet is high in fruits, vegetables, and low-fat dairy products, and moderate in
different protein foods such as poultry, fish, legumes, and nuts. Intakes of red meat, sugar-
sweetened beverages, and desserts were limited.[17] Compared to the control diet, the DASH
diet had higher carbohydrate and protein as a percentage of energy; and were higher in fiber
and micronutrients (potassium, calcium, magnesium, phosphorus, folate, iron, zinc,
vitamins), but lower in total fat, specifically saturated fat and cholesterol (Table 1). The
control diet was designed to mirror the average macronutrient and fiber intake of American
diets, and the 25t percentile of potassium, magnesium, and calcium intake of US
consumption.

High sodium level was set at 3450 mg, intermediate sodium level was set at 2300 mg, and
low sodium level was set at 1150 mg for a diet consisting of 2100 kcal/d. The highest
sodium level reflected typical sodium consumption in the US; intermediate sodium level
reflected the upper limit of the national guidelines; and low sodium level reflected the
amount which was hypothesized to have additional blood pressure lowering benefit.[16]
Participants’ total energy intake was adjusted to maintain constant body weight during the
study period, and daily sodium amount was proportionate to body size and physical activity.
All meals were cooked in research kitchens using standardized menus. Participants received
all cooked meals, including snacks. Participants ate lunch or dinner at study sites during
weekdays, and received foods to eat for other meals and weekends.

Metabolomic profiling

Untargeted metabolomic profiling was conducted by Metabolon, Inc. (Durham, North
Carolina). Samples were extracted using an automated liquid handling robot (Hamilton
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Labstar, Hamilton Robotics), and processed by adding recovery standards and precipitating
proteins using methanol. The extract was divided into five parts. For analyses, Metabolon
used two different reverse phase ultra-high performance liquid chromatography mass
spectrometry with a positive ion mode electrospray ionization (ESI; “LC/MS Pos Early”,
“LC-MS/MS Pos Late™), another reverse phase ultra-high performance liquid
chromatography mass spectrometry with a negative ion mode ESI (“LC/MS Neg”), and a
hydrophilic interaction ultra-performance liquid chromatography with negative ion mode
ESI (“LC/MS Polar”).[20.21] For liquid chromatography mass spectrometry, a Waters
ACQUITY liquid chromatographer and a ThermoFisher Scientific Q-Exactive high
resolution mass spectrometer was used with Thermo Scientific Orbitrap mass analyzer. All
metabolites had either a “tier 1” level or “tier 2” level of certainty. Except for metabolites
with a footnote indicating a lower level of certainty (tier 2), all metabolites were considered
to have “tier 1” level of certainty when at least two orthogonal measurements (e.g., retention
time, accurate mass, and fragmentation patterns) were matched to an authentic reference
using the same methodology.[22:23] Metabolon categorized metabolites to the following
chemical classes: amino acids, carbohydrates, cofactors and vitamins, energy, lipids,
nucleotides, partially characterized molecules, peptides, and xenobiotics. Participants’
biospecimens were de-identified and laboratory technicians were not aware of randomized
diet assignments or sodium interventions. Samples were analyzed in a single batch and were
in a random order. For quality control, 20 blind duplicate pairs were included. Blind
duplicate samples showed that the metabolomics data are highly reproducible. Spearman’s
correlation was =0.8 for 91.9% of metabolites, and 81.5% of metabolites had coefficients of
variation <20%.

Of 1,425 metabolites identified in this study, we excluded 12 metabolites with >80%
missing values. Then, for the remaining metabolites, we imputed missing values at the
minimum detectable level for each metabolite. After rescaling each metabolite to a median
of 1 by dividing by the batch-specific median and log-transformation (loge), we additionally
excluded 44 metabolites with variance <0.01 on log scale. Outliers were capped at = 5
standard deviations. After excluding 431 unknown metabolites, we analyzed 938 known
metabolites.

2.4, Statistical Analysis

We compared baseline characteristics using means [standard deviation (SD)] for continuous
variables and proportions for categorical variables according to randomly assigned dietary
pattern (DASH diet vs. control diet).

We used three methods to examine if candidate biomarkers of the DASH diet replicated in
our study.l] First, we used multivariable linear regression models to evaluate the
associations between diet interventions [DASH-high sodium vs. control-high sodium;
DASH-low sodium vs. control-high sodium] and individual metabolites, adjusting for age (5
year increments), sex (men/women), race (African American/non-African American), total
energy intake (continuous), body mass index (BMI) (continuous), income (<$29,999,
$30,000-$59,999, =$60,000), and 24-hour urine creatinine (continuous). We adjusted for
these baseline covariates to be consistent with the original DASH metabolomics study and to
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improve precision. Urine creatinine level was adjusted as a covariate to account for inter-
individual differences in urine dilution levels.[24] We used Bonferroni-adjusted 2 values to
account for the large number of statistical tests conducted (0.05/938 metabolites = 5.33 x
1075). Then, we assessed if any of these significant metabolites overlapped with the
significant metabolites identified in the DASH feeding study.[’]

Second, we aimed to assess if any of the 10 serum metabolites which were highly influential
in discriminating between the DASH and control diets replicated as top 10 urine biomarkers
of the DASH diet in our study, and to identify additional novel biomarkers of the DASH
diets. We selected the top 10 metabolites because we identified the top 10 serum metabolites
in the original DASH trial. Further, in the present study, more than 100 metabolites were
associated with the two DASH diets compared to the control-high sodium diet even after
Bonferroni adjustment. We narrowed down the significant metabolites to a reasonable
number so that they may be more feasible to assess as biomarkers of the DASH diet in the
future. We conducted partial least-squares discriminant analysis (PLS-DA) to detect the top
10 metabolites that represent the DASH-high sodium diet and DASH-low sodium diet
compared to the control-high sodium diet. Variable importance in projection (VIP) scores
from PLS-DA, which estimate the importance of each metabolite in predicting the DASH
diets relative to the control-high sodium diet, were used to determine the top 10 influential
metabolites. We validated all PLS-DA models using permutation testing, and the results
from permutation testing showed that models were at low risk of overfitting (£ <0.05). To
assess the ability of the top 10 metabolites to predict DASH dietary patterns, we calculated
C-statistics by building logistic regression models with incremental addition of each of the
top 10 metabolites and diet interventions as the outcome. We calculated C-statistics in a
random sample of two-thirds of the population (testing sample), and then validated in the
other one-third of the sample (validation sample). As a secondary analysis, we examined the
top 15 metabolites of the two DASH diets in our study to assess if more serum biomarkers of
the DASH diet replicated as influential urine metabolites in the present study.

Third, we calculated C-statistics again using the top 10 serum candidate biomarkers
identified in the original DASH trial.[’] We did not include methyl glucopyranoside (a + /)
and g-cryptoxanthin for this analysis, because these two metabolites were not available in
the DASH-Sodium metabolomics dataset.

All analyses were conducted in R version 3.6.2 (R Foundation for Statistical Computing,
Vienna, Austria) and Stata version 15.0 (StataCorp, College Station, Texas).

3. RESULTS

More than half of the analytic study population was women and African Americans (Table
2). More than 40% of the participants were college graduates and had hypertension. Baseline
characteristics were similar by DASH diet and control diet, except for income. Participants
assigned to the DASH diet were more likely to have an income =$60,000. This variable was
included in the multivariable linear regression models as a covariate.
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Detailed information on significant metabolites are provided in Supporting Information
Table S1. Out of 938 metabolites, urine levels of 153 metabolites (excluding partially
characterized molecules) were significantly different between participants assigned to the
DASH-high sodium diet compared to those assigned to the control-high sodium diet
(Supporting Information Table S2), after adjusting for participant characteristics. Of 153
metabolites, 40 were in the food component/plant pathway. Urine levels of 157 metabolites
were significantly different for participants assigned to the DASH-low sodium diet
compared to those assigned to the control-high sodium diet (Supporting Information Table
S3). Of the 157 metabolites, 31 were in the food component/plant pathway. With the
exception of methyl glucopyranoside (a + f) and S-cryptoxanthin, which were not detected
in our sample, the top 10 candidate biomarkers identified in serum samples from the original
DASH trial replicated in urine samples from the DASH-Sodium trial: N-methylproline,
stachydrine, tryptophan betaine, theobromine, 7-methylurate, chiro-inositol, 3-
methylxanthine, and 7-methylxanthine. Of the 97 serum metabolites significantly different
for participants assigned to the DASH diet and those assigned to the control diet in the
original DASH feeding study, 17 (out of 153 metabolites) and 18 (out of 157 metabolites) in
the DASH-high sodium diet and DASH-low sodium diet, respectively, were significant in
urine and were similar in terms of direction and magnitude in the DASH-Sodium trial (see
Supporting Information Tables S2 and S3 for overlapping metabolites).

The number of significant metabolites in each metabolite category was similar for the
DASH-low sodium diet and DASH-high sodium diets relative to the control-high sodium
diet (Figure 2). The most common metabolite category was xenobiotics, which includes food
components and plants (60 metabolites for the DASH-high sodium diet and 52 metabolites
for the DASH-low sodium diet). Several xenobiotics and amino acids were positively
associated with DASH-high sodium and DASH-low sodium diets and had small ~-values.
For instance, urine levels of stachydrine (a xenobiotic) and N-methylglutamate (an amino
acid) were higher among participants assigned to the DASH-high sodium diet or the DASH-
low sodium diet compared to those assigned to the control-high sodium diet and these two
metabolites had the smallest A-values (P-values <1.16 x 10755 for both). The majority of
lipids, specifically those involved in carnitine metabolism or acyl carnitine metabolism, were
inversely associated with the DASH diets (28 out of 36 lipids in the DASH-high sodium
diet; and 26 out of 32 lipids in the DASH-low-sodium diet) (Figure 3). In general, slightly
stronger associations were observed for the DASH-low sodium diet than DASH-high sodium
diet. Thirty-four and 42 unique metabolites were observed for the DASH-high sodium diet
and DASH-low sodium diet, respectively. For example, 4 peptides in the y-glutamyl amino
acid pathway were unique to the DASH-low sodium diet, whereas no peptides were unique
to the DASH-high sodium diet.

In the biplot, there was a clear differentiation in the urine metabolome between the DASH
diets and the control diet in the overall study population (Figure 4). The first two
components explained 36.7% of the variance for the DASH-high sodium diet and 36.8% of
variance for the DASH-low diet. The differentiation was also clear when we examined the
urine metabolome by sex (Supporting Information Figure S1) and race (Supporting
Information Figure S2). The first two components explained a similar proportion of the

Mol Nutr Food Res. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 8

variance for the DASH dietary patterns in sex and race subgroups relative to the overall
study population.

Nine out of the top 10 metabolites representing each of the DASH diets were identical (N-
methylglutamate, N-methylhydroxyproline, 3-hydroxystachydrine, N-methylproline, chiro-
inositol, stachydrine, phloroglucinol sulfate, galactonate, and 3,7-dimethylurate). and the
order of these influential metabolites determined by VIP scores were similar between the
two DASH diets (Table 3). Urine levels of the majority of metabolites were higher among
participants assigned to the DASH diets relative to the control-high sodium diet, whereas
levels of 3,7-dimethylurate and theobromine were lower among participants assigned to the
DASH diets relative to the control-high sodium diet (Figure 3).

Among the top 10 influential metabolites, N-methylproline, chiro-inositol, stachydrine, and
theobromine were also among the top 10 metabolites in the original DASH feeding study.
Other influential urine metabolites (N-methylglutamate, 3,5-dihydroxybenzoic acid,
phloroglucinol sulfate, galactonate) were identified as novel biomarkers of the DASH diet in
the present study. Two additional candidate biomarkers from the original DASH trial (3-
methylxanthine, tryptophan betaine) replicated in our study in the top 15 influential
metabolites (Supporting Information Table S4). L-urobilin, one of the top 15 influential
metabolites for the DASH-low sodium diet which was unique to this diet, had a negative
coefficient, meaning that L-urobilin levels were lower on the DASH-low sodium diet vs. the
control-high sodium diet.

C-statistics for the models which included the top 10 influential metabolites were highly
predictive of DASH-high sodium diet (0.981 in the testing sample; 0.977 in the validation
sample) and DASH-low sodium diet (0.975 in the testing sample; 0.968 in the validation
sample) (Table 3). For individual metabolites, C-statistics were the highest for stachydrine
for the two DASH diets (range=0.944-0.945) and lowest for 3,7-dimethylurate (C-
statistic=0.824) for the DASH-high sodium diet and galactonate for the DASH-low sodium
diet (C-statistic=0.843) in the validation sample. When we used candidate biomarkers from
the original DASH feeding study instead of our top 10 metabolites, C-statistics in the testing
sample were 0.956 for the DASH-high sodium diet and 0.966 for the DASH-low sodium
diet; and were 0.958 in the validation sample for the DASH-high-sodium diet, and 0.980 for
the DASH-low sodium diet.

4. DISCUSSION

In the DASH-Sodium trial, a feeding study of adults with similar characteristics to the
original DASH trial, we replicated 8 urine metabolites which were the most influential in
distinguishing the DASH diet and control diet in the original DASH feeding study, after
adjusting for participant characteristics and accounting for multiple comparisons.
Additionally, we identified several novel biomarkers of the DASH diet through PLS-DA (N-
methylglutamate, 3,5-dihydroxybenzoic acid, phloroglucinol sulfate, and galactonate), and
found that nine out of the top 10 urine metabolites which represented the DASH-high
sodium diet and the DASH-low sodium diet were identical. N-methylproline, chiro-inositol,
stachydrine, theobromine, 3-methylxanthine, and tryptophan betaine which were identified
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as the most predictive serum metabolites of the DASH diet in the original DASH feeding
study replicated as influential urine metabolites of DASH diets in the present study.
Considering the similarities we observed in these metabolites, our results reveal that serum

and urinary samples may be interchangeable for characterizing the nutritional metabolome.
[25]

Comparison of findings from the DASH-Sodium trial to the original DASH feeding trial

The DASH-Sodium trial was an ideal dataset to conduct a replication study of the original
DASH trial given the similarities in study design. The original DASH study recruited
participants who were prehypertensive or had stage 1 hypertension, randomly assigned
participants to either the DASH diet or control diet, and participants followed their assigned
diets for 8 weeks.[26] This prior study reported that 97 serum metabolites were significantly
different between the DASH diet and control diet,[”] and our study found 153 urine
metabolites that were significantly different between the DASH-high sodium diet and
control-high sodium diet and 157 urine metabolites that were significantly different between
the DASH-low sodium diet and control-high sodium diet. Using multivariate methods, 6 of
the top 10 serum metabolites of the DASH diet replicated as influential urine metabolites in
the DASH-high sodium diet and the DASH-low sodium diet in the DASH-Sodium trial.
These results suggest that these 6 compounds (representing amino acids, food components
and other xenobiotics, a lipid) are highly likely to be objective biomarkers of the DASH
dietary pattern in both serum and urine, and may be used to improve dietary assessment. The
direction of the association was the same in serum and urine specimens (e.g., high in serum
is high in urine), suggesting higher intake and excretion of metabolites.

Comparison of findings from the DASH-Sodium trial to other studies

Several metabolites (stachydrine, N-methylproline, and carnitine), which have been
associated with the DASH dietary patterns in our study, were reported as potential
biomarkers of healthy dietary patterns in prior studies. Serum stachydrine (also known as
proline betaine) and N-methylproline were positively associated with greater adherence to
healthy dietary patterns (Healthy Eating Index, DASH diet, alternate Mediterranean diet
index, lower dietary acid load) in observational studies.[1227-2%1 |n a controlled feeding
setting, urine levels of stachydrine increased after 19 healthy individuals consumed a diet
with the highest concordance to the World Health Organization (WHO) healthy eating
guidelines (higher intakes of whole grains, fruits, vegetables, dietary fiber, and lower intakes
of total fat, sugar, and salt) for 72 hours.[39 In contrast, urine levels of carnitine, which has
been linked to red meat intake, decreased when these individuals consumed a diet with the
least concordance to the WHO guidelines.[3%] However, other than these 3 metabolites, we
did not find much overlap with other urine metabolomics studies focused on dietary patterns.
[31-33] This may be due to differences in platforms utilized for metabolomic profiling
[Metabolon (LC/MS) in our study vs. proton nuclear magnetic resonance spectroscopic
profiling in other studies], differences in study populations (individuals with elevated blood
pressure vs. healthy individuals), differences in dietary patterns (DASH vs. WHO
guidelines), or simply due to a paucity of metabolomics research on dietary patterns.
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Novel biomarkers of the DASH diet

We identified additional urine metabolites that may be novel biomarkers of the DASH diet.
For example, N-methylglutamate, 3,5-dihydroxybenzoic acid, phloroglucinol sulfate, and
galactonate were influential metabolites that were predictive of the DASH-high sodium diet
and DASH-low sodium diet relative to the control-high sodium diet. N-methylglutamate is
classified as glutamic acid or derivatives of glutamic acids, a common dietary amino acid
that is rich in plant protein.[34:3%] Glutamic acid has been shown to serve as a substrate for
glutathione and arginine, both of which can improve bioavailability of nitric oxide, a
vasodilator.[36:37] This suggests that glutamate metabolism may be a pathway through which
the DASH diet decreases blood pressure. In the Navy Colon Adenoma Study, serum N-
methylglutamate was associated with self-reported citrus and juice intake.[25] 3,5-
dihydroxybenzoic acid is a metabolite of alkylresorcinols, phenolic compounds found in
cereals or whole grain breads, and has been reported to result from microbial transformation
of dietary polyphenols.[38:39] Feeding studies have found that urine levels of 3,5-
dihydroxybenzoic acid increase after whole wheat or rye consumption, and this metabolite
has been proposed as a biomarker of whole grain intake.[4%] One study suggested that diets
which include 3,5-dihydroxybenzoic acid may be helpful for controlling dyslipidemia.[41]
Phloroglucinol sulfate is a metabolite of phlorotannin, a polyphenolic compound, and,
similar to 3,5-dihydroxybenzoic acid, is hypothesized to be produced from microbial
degradation of polyphenols.[42] Phloroglucinol sulfate in urine has been most frequently
detected in biological samples after seaweed intake, but has also been detected after
consuming other foods such as grapes, beans, and lentils.[42-44] Galactonate is derived from
galactose, a monosaccharide that is found in dairy, syrups, and small amounts in pulses and
seeds.[43] Serum concentration of galactonate was positively associated with the DASH diet
in the original DASH feeding study and was identified as one of the top 5 important
metabolites which distinguished higher vs. lower adherence to the DASH diet using food
frequency questionnaire data from the Cancer Prevention Study-I1 Nutrition Cohort.[7:11]
Although these metabolites were associated with consumption of individual foods, to our
knowledge, our study is the first to identify N-methylglutamate, 3,5-dihydroxybenzoic acid,
and phloroglucinol sulfate as potential urine biomarkers of the DASH diet. It would be
useful to determine if these compounds are representative of the DASH diet in other study
populations.

Metabolomic markers of sodium intake

The top 10 influential metabolites representative of the DASH-high sodium and DASH-low
sodium diets were nearly identical, and the first 6 influential metabolites were the same. This
observation was not unexpected because, in contrast to the control-high sodium diet, the
DASH-high sodium and DASH-low sodium diets were similar in terms of most nutrients and
foods, with the exception of sodium.[2] Metabolites in the y-glutamyl amino acid pathway
were different, and lower in the DASH-low sodium diet relative to the control-high sodium
diet. This finding is consistent with a prior report that investigated differences in the serum
metabolomic profile between the high- and intermediate-sodium phase and between the
high- and low-sodium phase among those randomly assigned to the DASH diet.[*%] Lower
levels of metabolites in the y-glutamyl amino acid pathway were identified during the
DASH-low sodium phase. Based on these results, it was hypothesized that lower sodium
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intake may reduce y-glutamyltransferase (a protein which plays an important role in
glutathione metabolism) by lowering oxidative stress, and this may be a potential

mechanism by which sodium reduction resulted in lower blood pressure. This previous study
also hypothesized that sodium intake may have an effect on the gut microbiome given that
serum levels of several metabolites (e.g.,4-ethylphenylsulfate, indole-related metabolites)
produced by the gut microflora changed with reduced sodium intake.[2°]

L-urobilin was one of the top 15 influential metabolites that was unique to the DASH-low
sodium diet. Urine levels of L-urobilin were lower among individuals during the DASH-low
sodium phase compared to the control diet-high sodium diet phase, consistent with a prior
report.[2%] Sodium intake may affect L-urobilin, because L-urobilin levels increase with lack
of water intake.[34] A study using data from the DASH-Sodium trial found that sodium
reduction decreased thirst and urine volume (a proxy for fluid intake) in individuals assigned
to the control diet intervention whereas no change was observed for those assigned to the
DASH diet intervention.[46] This suggests that less fluid intake may have increased L-
urobilin among those in the control diet relative to the DASH diet. However, it is unclear if
this metabolite can be considered a biomarker of sodium reduction, because water or fluid
intake was not assessed in the DASH-Sodium trial, and other factors such as liver
dysfunction and gut microorganisms can influence levels of urobilin.[47:48]

Strengths and limitations

The strengths of our study come from the study design. We used stored urine samples from a
well-designed and carefully conducted feeding study. In the DASH-Sodium trial,
participants received all meals and ate one of their meals onsite on weekdays. Thus, our data
improves upon a prior metabolomics study which used self-reported data to identify
biomarkers of the DASH dietary pattern.l12] Next, all identified metabolites were confirmed
using authentic standards. In addition, participants were randomly assigned to either the
DASH diet or control diet, which minimized confounding. We adjusted for socio-
demographic and clinical factors in multivariable linear regressions models to be consistent
with the original DASH trial, address residual confounding, and improve precision. Lastly,
the DASH-Sodium trial was designed to be generalizable to US adults, considering that
approximately half of the study population consisted of individuals who were women and
minority race.

Several limitations should be considered. The sample size was modest, with approximately
400 participants. Degradation of metabolites is possible given that biospecimens were stored
at —80°C for over 20 years. However, it is likely any degradation of metabolites that did
occur was similar for the diet interventions. In the DASH-Sodium trial, the intervention
period was relatively short (30 days for each intervention period); thus, we were unable to
address issues related to dietary intake over a longer period of time. However, on the basis of
the metabolites identified, there is no basis to expect that the intervention period was
inadequate to assess the metabolomic fingerprint of the DASH diet.

In conclusion, most candidate biomarkers of the DASH diet identified in serum in the
original DASH feeding study replicated in urine in the present study, and several metabolites
(N-methylproline, chiro-inositol, stachydrine, theobromine, 3-methylxanthine, tryptophan
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betaine) replicated as predictive metabolites of the DASH diet. These results highlight the
possibility that serum and urine metabolites may offer similar information in nutritional
metabolomics. Further, our results suggest that these replicated metabolites are highly likely
to be biomarkers of the DASH diet. Next, we must capitalize on these consistent
associations to improve the measurement of diet in more generalizable settings and
understand the physiologic implications of metabolomic alterations associated with the
DASH diet which mediate the salutary effects of the DASH diet.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Flow diagram of participant selection

DASH, Dietary Approaches to Stop Hypertension
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Figure 3.
Volcano plots of P-values and g coefficients for the association between individual

metabolites and DASH diets

The red horizontal dashed line represents the Bonferroni-adjusted threshold (5.33 x 107°)
and the red vertical dashed line is set at S coefficient=0. Positive g coefficients (to the right
of the red vertical dashed line) indicate that the level of metabolites was higher in
individuals randomly assigned to DASH diet relative those assigned to the control diet.
Negative g coefficients (to the left of the red vertical dashed line) indicate that the level of
metabolites was lower in individuals randomly assigned to DASH diet relative those
assigned to the control diet. The top 10 metabolites representative of the DASH-high sodium
diet and DASH-low sodium diet relative to the control-high sodium diet are labeled.

* Metabolites that are not officially confirmed based on a standard.
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B. DASH-low sodium vs. control-high sodium diet
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Plots were created from partial least squares-discriminant analysis.
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Nutritional composition of the DASH diets and control diet at the 2100-kcal intake amount

Table 1.

Control diet DASH-high sodium  DASH-low sodium
Energy intake, kcal 2094 2077 2090
Carbohydrate, % of total energy 49 58 58
Protein, % of total energy 14 18 18
Fat, % of total energy 29 21 21
Saturated fat, % of total energy 12 5 5
PUFAs, % of total energy 6 6 6
MUFAs, % of total energy 10 9 9
Sodium, mg 3605 3727 1226
Potassium, mg 1741 4629 4538
Calcium, mg 455 1241 1260
Magnesium, mg 1734 478 498
Phosphorus, mg 873 1466 1662
Fiber, g/1000 kcal 5 14 14
Cholesterol, mg/1000 kcal 128 64 61
Folate, /g 154 367 391
Iron, mg 16 22 20
Zinc, mg 8 11 12
Vitamin A, 1U 5008 14447 15754
Thiamin, mg 1 1 2
Riboflavin, mg 1 2 2
Niacin, mg 22 21 24
Pantothenic acid, mg 3 5 5
Vitamin B-6, mg 1 3 3
Vitamin B-12, 19 3 4 4
Vitamin C, mg 140 258 300
Vitamin E, mg 8 13 14

Bolded values indicate nutrients altered to be different between the DASH diet and control diet.

Page 19

DASH, Dietary Approaches to Stop Hypertension; 1U, international units; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty

acids.
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Baseline characteristics of participants in the DASH-Sodium Trial™?

Table 2.

DASH diet (N=202)

Control diet (n=193)

Age category, n (%)
18-<30y
31-55y
=56y
Women, n (%)
African Americans, n (%)
Income, n (%)
<$29,999
$30,000-$59,999
=$60,000
Education, n (%)
High school graduate or less
Some college
College graduate
Post-graduate
Current smoker, n (%)
Total energy intake, kcal
BMI, kg/m?
Weight, kg
SBP, mm Hg
DBP, mm Hg

Hypertension status®

24-hour urinary creatinine, g

6 (3.0)
158 (78.2)
38 (18.8)
119 (58.9)
115 (56.9)

61 (30.8)
66 (33.3)
71 (35.9)

26 (12.9)
83 (41.3)
47 (23.4)
45 (22.4)
21 (31.0)
2614.7 (476.3)
28.9 (4.6)
82.8 (14.6)
134.2 (9.6)
85.6 (4.8)
92 (45.5)

1.4 (0.5)

6(3.1)
136 (70.4)
51 (26.4)
104 (53.9)
111 (57.5)

64 (34.0)
78 (41.5)
46 (24.5)

38(19.7)
62 (32.1)
46 (23.8)
47 (24.4)
21 (27.0)
2634.3 (449.0)
295 (4.9)
85.6 (15.8)
135.3 (9.3)
85.7 (4.1)
86 (44.6)

1.5(0.5)

Page 20

We compared baseline characteristics of participants according to randomly assigned dietary pattern (DASH diet vs. control diet). Values are n
(%) for categorical variables and mean (standard deviation) for continuous variables.

2 - .
P-value was >0.05 for all characteristics except for income.

3SBP >140 mm Hg and/or DBP= 90 mmHg

BMI, body mass index; DASH, Dietary Approaches to Stop Hypertension; DBP, diastolic blood pressure; SBP, systolic blood pressure.
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