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ABSTRACT: Given the general increase in legume consumption world-
wide, there is a need to characterize the resulting human metabolic
adaptations in order to demonstrate potential legume diet/health
relationships. A nuclear magnetic resonance (NMR) metabolomics urine
study was carried out on a small cohort (n = 18) to characterize the
excretory effects of a pilot longitudinal 8-week legume-based dietary
intervention. Despite the expected high interindividual variability in the
excreted metabolome, the results suggested a nonlinear metabolic response,
with higher metabolic activity in the first 4 weeks and a tendency toward
baseline at the end of the intervention. The excretion of isoleucine, leucine,
and threonine increased, along with metabolite changes suggestive of
activation of the tricarboxylic acid cycle (through anaplerosis), ketogenesis,
fat catabolism, and glycoprotein biosynthesis. Gut microbiota adaptations
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were also suggested based on the increased excretion of 2-hydroxyisobutyrate, allantoin, and hippurate. Increased levels of
trigonelline were consistent with its role as a legume intake marker, whereas malonate and pseudouridine were suggested as possible
additional markers. Correlation of NMR data with nutritional parameters aided putative explanatory hypotheses to be advanced. Our
results suggest a dynamic response to legume consumption, mainly through increased amino acid excretion and altered energy
metabolism, while advancing potential new markers of legume intake. These results require confirmation in larger cohorts but pave
the way for an informed interpretation of the effects of legume-based diets on human health.

1. INTRODUCTION

Current global dietary patterns are depleting the planet of its
natural resources.’ Transition toward more sustainable diets”
has involved a shift toward eco-friendly foods,” in particular
plant-based diets, with minimal consumption of animal
protein, aka. as “flexitarianism.””> The highly nutritious
protein-rich plant seeds of the Leguminosae family, such as
peas, lentils, chickpeas, and beans, provide cultural, social,
environmental, economic, and nutritional advantages, com-
pared to livestock production and other feed and food crops.*”
Not only do they improve dietary nutritional quality, but they
also reduce risk factors associated with cardiovascular diseases,
e.g, obesity, dyslipidemia, hyperglycemia, inflammation, and
oxidative stress.”” A successful transition toward a legume-rich
diet requires, however, an overall scientific evaluation of its
impact on individual’s health so that an adequate balance

lifestyle characteristics, or health status), and subjective food
intake assessment (usually self-reported data).® Metabolomics
may help reduce subjectivity and provide a clearer under-
standing of the link between diet and health."' This strategy
entails the profiling of small molecules present in biological
samples such as biofluids (e.g, blood and urine), tissues or
cells,"* usually through mass spectrometry (MS) or nuclear
magnetic resonance (NMR) spectroscopy. In the context of
legume consumption, MS or NMR metabolomic studies have
included both observational-designed studies'® and specific
interventions, *™*° the latter mostly employing MS-based
strategies."* ™' Some of these MS reports have addressed the
impact of navy beans on serum/urine/stool metabolite profiles
of colorectal cancer patients,' '>'” while others have identified

between nutrition, health, and environment may be Received: May 21, 2024 \°
achieved.”"” In this respect, dietary interventions are extremely Revised:  September 5, 2024
valuable; however, limitations often arise in their interpreta- Acce_Pted’ September 6, 2024
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Table 1. Macronutrients, Micronutrients, and Food Groups Intake Calculated From 3-day Food Records at Baseline (Week 0)

and Week 8“

BASELINE (week 0) WEEK 8
Nutrients and Food Groups (n = 13) Median P, P Median Py P P
Nutrients
Energy (keal/kJ) 1691.7/7097 .4 1579.2/6635.9 1994.1/8380.9 1884.9/7920.7 1614.6/6777.6 2168.2/9118.4 0.196
Total fat (%E) 31.6 27.5 32.8 312 29.2 32.5 0.972
Saturated fatty acids (%E) 9.9 8.1 11.6 103 9.2 11.2 0.650
Polyunsaturated fatty acids (%E) 5.0 3.9 5.9 4.6 4.4 5.5 0.972
Trans fatty acids (%E) 0.6 0.4 0.9 0.7 04 10 0.807
Total carbohydrates (%E) 484 429 54.0 46.4 443 512 0.116
Total protein (%E) 17.6 13.0 19.8 18.9 15.7 21.1 0.152
Total fat (g) 59.0 SLS 711 66.9 542 76.5 0.507
Saturated fatty acids (g) 21.6 15.4 24.7 23.0 17.4 25.7 0.382
Polyunsaturated fatty acids (g) 9.5 7.1 11.7 10.4 7.5 12.9 0.600
Trans fatty acids (g) 1.4 0.8 1.6 1.4 0.8 2.4 0.272
Cholesterol (mg) 258.5 164.5 381.0 295.9 248.2 328.3 0.600
Total carbohydrates (g) 220.3 158.7 251.6 213.6 170.8 270.0 0.463
Sugars (g) 97.6 68.0 123.6 92.5 66.1 121.0 0.753
Total dietary fiber (g) 17.2 14.1 24.0 20.2 16.1 25.5 0.046*
Total protein (g) 74.5 56.8 92.6 84.0 73.3 102.7 0.023*
Vitamin A (ug; RE) 5776 4448 992.7 765.8 607.2 10113 0.552
Alfa-tocopherol (mg) 6.4 5.0 7.8 6.4 4.9 83 0.650
Thiamin (mg) 11 0.9 13 12 0.9 14 0.861
Riboflavin (mg) 1.3 0.9 1.8 13 1.1 1.6 0.480
Niacin (mg; NE) 32.0 22.5 42.9 322 29.5 384 0.807
Vitamin Bs (mg) 1.6 1.3 2.1 1.7 1.4 1.9 0.861
Vitamin B,, (ug) 3.0 17 8.0 2.8 17 35 0249
Vitamin C (mg) 98.8 73.1 154.1 902 6L.5 146.0 0.196
Folate (ug) 1822 167.0 2092 207.7 151.3 2436 0.753
Sodium (mg) 2366.7 1986.9 2523.2 2534.2 2234.3 3352.0 0.064
Potassium (mg) 2953.6 2664.3 3475.0 2974.9 2079.6 3547.6 0.650
Calcium (mg) 607.5 458.5 765.9 625.1 489.0 821.0 0.173
Phosphorus (mg) 1159.4 823.3 1350.1 1142.3 906.5 1343.9 0.221
Magnesium (mg) 256.8 219.9 330.6 243.1 219.7 332.0 0.807
Iron (mg) 10.1 7.8 12.0 8.8 7.0 10.8 0279
Zinc (mg) 8.8 72 9.9 8.4 72 10.8 0.625
Food groups

Fruits and vegetables (g) 473.6 316.5 629.2 487.5 365.2 6772 0.345
Meat (g) 121.7 57.3 134.6 93.8 66.9 138.2 0.972
Fish and seafood (g) 39.2 23.3 70.5 19.9 122 50.3 0.173
Sugar-rich foods and beverages (g) 112.5 55.0 215.8 130.5 774 179.9 0.753
Legumes (g) 10.0 0.0 28.0 54.8 47.5 73.5 0.007*

“These data were available for 13 of 18 participants. TP value for the comparison of median nutrient intake between the two periods (Wilcoxon
test); E: total daily energy intake; RE: retinol equivalents; NE: niacin equivalents; P2S: 25th percentile; P75: 75th percentile; *p < 0.05.

possible intake biomarkers of specific legumes, e.g, peas, lentils,
chickpeas, and white beans.'®'® Despite the lower sensitivity of
NMR compared to MS, its holistic nature, along with minimal
sample preparation, higher reproducibility, and the possibility
of sample preservation,”’ has made it a popular alternative
approach in nutrition research,””>* potentially supporting
larger-scale epidemiological diet/health studies.”” The human
metabolic response to plant-based diets in general,”*™>* or to
legume intake in particular,'”'**° has been investigated by
NMR, mainly using urine,13"19’20’26_30’32 (easier and non-
invasive collection), followed by blood®' and fecal extracts.*”
In particular, the response of healthy individuals (n = 12) to
“high meat,” “low meat,” or “vegetarian” diets was evaluated
through urine samples collected in a longitudinal setup. A
metabolite signature of “high meat consumers” (Western-type
phenotype) was proposed, comprising increased excretion of
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taurine, carnitine, acetylcarnitine, 1-methylhistidine, 3-methyl-
histidine, and trimethylamine-N-oxide (TMAO).”* Other
NMR-based dietary interventions and observational stud-
ies”* ™" revealed excretory metabolite fingerprints associated
with vegetarian diets (compared to omnivorous diets)
comprising elevated citrate, succinate, dimethylamine
(DMA), glycine, mannitol, p-hydroxyphenylacetate, hippurate,
and N-acetyl-S-methyl-cysteine-sulfoxide.

Legume intake was, to our knowledge, first studied by urine
NMR metabolomics within a large Primary Prevention of
Cardiovascular Disease with a Mediterranean Diet (PRE-
DIMED) study,l3 revealing that individuals (n 50)
consuming legumes (chickpeas, lentils, and beans) exhibited
differences in choline metabolism, protein-related compounds,
and energy metabolism. Glutamine, DMA, and 3-methylhisti-
dine were then suggested as biomarkers of legume intake,"”

https://doi.org/10.1021/acsomega.4c04795
ACS Omega 2024, 9, 43453—43468
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Figure 1. Schematic representation of the study design. 3-FR : 3-day food records; A: anthropometry assessment; U: urine collection; wk: week.
The diet intervention involved a set of legumes and not just one type, as schematically depicted in this figure (please check the Experimental

Section for more specific information).

while dimethylglycine, lysine, trimethylamine (TMA), and
trigonelline were later proposed as additional markers.'” It was
suggested that gluconeogenesis activity may decline in legume
consumers, consistently with reported glucose-lowering effects
and a possible beneficial role in hyperglycemia-related
conditions, such as type 2 diabetes.® To our knowledge,
most urine NMR metabolomic studies of Ie%ume diets have
been based on observational designs'>******** and/or short-
term randomized controlled dietary interventions (<1$
days),'”*%*7* with a low number of assessment points per
individual (e.g, single-spot sample collection). This reveals a
need for experimental designs to accommodate longer
intervention periods, preferably of a longitudinal nature (i.e.,
involving multisampling for each individual), to better account
for interindividual variability, a particularly important feature in
urine metabolomics.

In this work, untargeted (hypothesis-generating) NMR
metabolomics was used, for the first time to our knowledge,
with the aim of investigating the urine metabolite profile
adaptations of traditionally omnivorous free-living healthy
young adults (n = 18, predominantly female) subjected to a
longitudinal 8-week legume-based dietary intervention. The
intervention included legumes typically present in the
Portuguese diet and less extensively studied before (eg, as
has been the case for soybean), namely, beans, chickpeas,
lentils, and peas, and we hypothesize that such a diet will
impact the individual’s excretory profile as a reflection of their
organism’s metabolic adaptation. The preliminary results
presented here for a small cohort suggest a possible dynamic
picture of metabolic adaptations triggered by a long-term
legume-based diet, thus justifying subsequent testing in larger
cohorts and comparison with an additional free-diet control

group.

2. EXPERIMENTAL SECTION

2.1. Subjects and Study Design. This pilot study
consisted of a one-group comparison, quasi-experimental
dietary intervention. All procedures followed the Declaration
of Helsinki on ethical principles for medical research involving
humans and were approved by the Institute of Bioethics of the
Portuguese Catholic University (Ethics Screening Report 11/
2017). Initially, 20 volunteers were recruited at the university
campus and screened for the following eligibility criteria: (1)
men or women between 18 and 45 years of age; (2) daily
intake of animal-protein food sources, as part of both lunch
and dinner; and (3) usual intake of <25 g (dry weight)
legumes per day. The subjects were fully informed about the
study protocol and signed an informed consent form. One
subject dropped out at week 1 and another was later excluded
for failure to provide urine sample under fasting. Hence, a total
of 18 nonvegetarian participants were finally considered (1

man and 17 women; 19—43 years of age, median: 28.0 years,
P,s = 23.8, P55 = 35.5, average: 29.0 + 7.2; body mass index
(BMI) 17.5—38.5 kg/m? median: BMI 22.3 kg/m?, P, = 21.2,
P,s = 25.8, average: 23.8 + 5.0) (Table S1). Considering the
final 1/17 M/F ratio, the authors opted to not exclude the
male subject as this would impact negatively on an already
small cohort (thus subsequently analyzed as predominantly
female). Minor baseline health conditions were admitted for
inclusion as they were considered of generally common
occurrence in the population: depressive disorders (n = 1),
allergic skin disorders (n = 1), allergic respiratory tract
disorders (n = 4), and thyroid disorders (n = 2). Regarding
medication, the most prevalent drug was oral birth control (n =
12), in addition to antidepressants (n = 1), thyroid drugs (n =
2), antiandrogen therapy drugs (n = 1), and asthma control or
antiallergic drugs (n = 1). Four participants reported a baseline
use of vitamin or mineral supplements. Almost all participants
were nonsmokers (17/18), and 11 reported regular physical
activity. Exclusion criteria included the following: (1) being
vegetarian or vegan; (2) suffering from severe food allergies or
food intolerances; (3) suffering from severe chronic inflam-
matory, infectious, endocrine, or metabolic diseases, including
gastrointestinal disorders; (4) intake of antibiotic drugs or
probiotic foods/supplements within the 2 weeks before
intervention; and (S) being pregnant or breastfeeding. The
participants’ socio-demographic data and lifestyle information
(diet, food restrictions, nutritional supplements, smoking, and
physical activity habits) were recorded in an individual
interview. At weeks 0 and 8 (last intervention week), 3-day
food records™ were retrieved for 13 of the 18 subjects (Table
1), and anthropometric assessments were carried out (Table
S1), following standard guidelines for anthropometric data
collection. >

2.2. Food Intervention. The dietary intervention ran for 8
consecutive weeks (Figure 1). Volunteers replaced a typical
omnivorous lunch meal with a vegetarian-legume-based meal,
S consecutive times per week (Monday to Friday), maintaining
regular food habits throughout the rest of the day.

Study meals were supplied by a catering company (https://
www.eurest.pt/), and meal composition was rigorously
ascertained. The intervention diet included four basic
elements: (i) vegetable soup (non-legume based), (ii)
legume-based main course, (iii) dessert (fruit), and (iv)
water as the only available beverage. The meals’ food and
nutritional composition were defined based on reference values
for the general Portuguese adult population®® and on dietary
reference values (DRVs) for adults, indicated by the European
Food Safety Authority (EFSA).”” The legume-based main
courses were standardized in terms of food composition,
whereas all other meal items were made available ad libitum to
mimic free-living conditions. Legumes or legume-based foods

https://doi.org/10.1021/acsomega.4c04795
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were included in all vegetarian main courses, substituting
animal-protein food sources. Meals could contain eggs or dairy
products, as long as legumes remained the main protein food
source. All main dish components were weighed before and
after the meal to calculate legume intake. During holiday
periods, the participants were provided with frozen legume-
based main dishes and asked to provide a photograph of the
meals before and after consumption, together with a
description of the amount eaten using weight and/or
household measures.

A total of 658 ovo-lacto-vegetarian legume-based lunch
meals were delivered, containing one of the following types of
legumes: chickpea (n = 197), bean (n = 163), lentil (n = 132),
pea (n = 131) or soybean (n = 35). Over the 8-week trial, the
participants consumed 38.0 (P, = 34.75; P, = 39.00) meals,
resulting in an intake of 79.1 g (P,5 = 74.85; P,5 = 92.48) of
cooked legumes per meal. Food records (obtained for 13 of the
18 subjects) revealed that daily baseline intake (before
intervention) of cooked legumes was approximately 10.0 g
(P,5 = 0.00; P55 = 28.0), significantly increasing to 54.8 g (Pys
= 47.5; Pys= 73.5; p = 0.007) at the end of the 8 weeks (Table
1, bottom section). Increases in total fiber intake [17.2 g (P,5 =
14.1, P,5 = 24.0, week 0), compared to 20.2 g (P,5 = 16.1, Py
= 25.5, week 8); p = 0.046], and protein intake [74.5 g (P, =
56.8, P, = 92.6, week 0), compared to 84.0 g (P,5 = 73.3, P
= 102.7, week 8); p = 0.023], were also registered. No
differences were observed in other macronutrients or micro-
nutrients.

2.3. Urine Sample Collection. Participants were
requested to provide urine samples under fasting conditions
and weekly, from week 0 (baseline) to week 8 (Figure 1),
amounting to 162 samples. However, 5 participants failed to
deliver their samples at 1—2 time points (but were maintained
in the study), resulting in a total of 156 urine samples. The
sample collection protocol followed standard operatin%
procedures established for urine NMR metabolomics,”>’
with samples self-collected in the morning after a minimum of
8 h (and a maximum of 10 h) of overnight fasting. Midstream
collection was recommended to avoid contamination from
epithelial cells and bacteria in the urinary tract. Samples were
collected into sterile, leak-proof, tightly sealed polyethylene
containers and kept at 4 °C for up to 2 h, after which samples
were stored at —80 °C until NMR analysis.

2.4, Sample Preparation and NMR Spectroscopy
Analysis. Urine sam4ples were prepared according to protocols
described elsewhere.” Briefly, frozen samples were left to thaw
at room temperature (approximately 30 min per sample) and
homogenized before use. 700 uL of each sample was
centrifuged (14,000 g S min, room temperature) and 630
uL of the supernatant was added to 70 uL of 1.5 M phosphate
buffer (KH,PO,/D,0) at pH 7.4 (in 99.9% D,0O and
containing 2 mM sodium azide and 0.1% 3-(trimethylsilyl)-
propionic acid-d, (TSP) for chemical shift referencing) and
homogenized. Sample pH was adjusted to 7.40 + 0.02 using
KOD (potassium hydroxide (Sigma-Aldrich) in D,0) (4 M)
or DCI (hydrochloric acid (Sigma-Aldrich) in D,0) (4 M),
and 600 uL of each mixture was transferred into S mm NMR
tubes. All NMR spectra were acquired on a Bruker AVANCE
II 500 spectrometer (Bruker, Rheinstetten, Germany),
operating at a 500.13 MHz frequency for 'H observation,
using a 5 mm inverse probe, at 300 K. For each sample, a
standard one-dimensional (1D) 'H NMR spectrum was
acquired with water peak suppression using a NOESY-1D

pulse sequence (“noesyprld”; Bruker library). Acquisition
parameters were as follows: 128 scans, 64 k data points 12 019
Hz spectral width, 2.7 s acquisition time, 4 s relaxation delay,
and 0.01 s mixing time."” Free induction decays were
multiplied by a 0.3 Hz line-broadening factor prior to Fourier
transformation. The spectra were manually phased, baseline
corrected, and referenced to TSP at 6 0.00 ppm. Peak
assignments were performed based on 1D and 2D NMR
experiments (namely, total correlation spectroscopy
(TOCSY), heteronuclear single-quantum coherence spectros-
copy (HSQC), and J-resolved experiments), consultation of
databases BBIORFCODE-2—0—0 database (Bruker Biospin,
Rheinstetten, Germany) and Human Metabolome Database,*!
and literature.”>** Statistical total correlation spectroscopy
(STOCSY) was also used to aid the assignment.”* Unfortu-
nately, 2D NMR and STOCSY could not provide further
information on the possible nature of the unassigned features,
which were observed to vary during the intervention.

2.5. Statistical Analysis. Descriptive statistics (IBM SPSS
software, version 27) were used to describe the sociodemo-
graphic data, health-related features, and legume intake by the
participants. For NMR data analysis, the spectral regions
corresponding to water (4.45—5.05 ppm) and urea (5.49—6.16
ppm) resonances were excluded from the data matrix (Amix
3.9.14, Bruker BioSpin, Rheinstetten, Germany). Spectra
alignment was performed using recursive segment-wise peak
alignment (Matlab 7.12.0, The MathWorks, Inc.).” Normal-
ization to total spectral area was carried out (since profile
differences did not lead to largely distinct total area values, as
revealed by visual inspection and supported by the use of an
identical received gain for all spectra), and spectra were scaled
to unit variance (UV) (SIMCA-P 11.5, Umetrics, Umea,
Sweden). Multivariate analysis (MVA) comprised principal
component analysis (PCA) and partial least-squares discrim-
inant analysis (PLS-DA) (SIMCA-P 11.5, Umetrics, Umea,
Sweden). For all PLS-DA models, classification power
(expressed by predictive power Q?, specificity, sensitivity and
classification rate) was further assessed by Monte Carlo Cross
Validation (MCCV) (7 blocks, 500 runs).***” For variable
selection, spectral variables were selected as previously
described, *®*’ namely through the intersection of three
conditions: higher variable importance to projection (VIP)
and lower standard errors in relation to both VIP (VIPcvSE)
and b-coefficients (bcvSE), given by VIP > 1, VIP/VIPcvSE >
1 and Ib/bevSEl > 1, respectively. Then, PLS-DA was
reapplied, and models underwent MCCV again. Models were
considered valid in case the median predictive power
(Q’edion) Was higher than 0.5. The peaks contributing to
class discrimination were identified by integration not only of
the resonances suggested by PLS-DA loadings, but also of all
clear nonoverlapped resonances throughout the spectra. Peak
integration was carried out in the original spectra, followed by
normalization to the total spectral area. Effect size (ES) values
were calculated,” and integral areas presenting ES > 0.5 and
ES > ES,,,, were selected for statistical comparison (IBM SPSS
software, version 27). The Shapiro—Wilk test was used to
assess variable normality and the paired Student’s t test or
Wilcoxon test was applied accordingly. Statistical significance
of metabolite variations was considered for p values <0.0S.
Dependence of urine metabolic signature on gender, age, body
mass index (BMI), fat mass, and legume intake was assessed by
PLS regression.’’ The (nonparametric) Spearman rank
correlation analysis and its significance were calculated and

https://doi.org/10.1021/acsomega.4c04795
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visualized using the g “corrplot” package, R software,”” with a
threshold of Irl > 0.6 and strong correlations considered for Irl
> 0.75. 53,54

3. RESULTS

3.1. 'H NMR Spectra of Urine. Figure 2a illustrates the
high resolution and complexity of urine spectra, with the
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Figure 2. Average 'H NMR spectra of urine samples from (a)
baseline (week 0) and (b) week 7. Arrows and dashed vertical lines
indicate visible spectral alterations: blue arrows indicate a visible
decrease and red arrows indicate a visible increase. 1: leucine; 2:
isoleucine; 3: valine; 4: 3-hydroxyisobutyrate (3-HIBA); 5: 4-
deoxyerythronic acid (4- DEA); 6: 4-deoxythreonic acid (4-DTA);
7: 3-hydroxyisovalerate (3-HIVA); 8: threonine; 9: alanine; 10acetate;
11: N-acetyl glycoproteins (NAG); 12: isovalerylglycine; 13: acetone;
14: N-acetylglutamine; 1S: p-cresol sulfate (p-cs); 16: citrate; 17:
dimethylamine (DMA); 18: unassigned resonance at § 2.78 (singlet);
19: unassigned resonance at 5 2.88 (singlet); 20: a-ketoglutarate (a-
KG); 21:creatine; 22: malonate; 23: cis-aconitate; 24: trimethylamine-
N-oxide (TMAO); 2S: scyllo-inositol; 26: taurine; 27: glycine; 28:
several overlapped resonances (including those arising from sugars);
29: hippurate; 30: creatinine; 31: 3-hydroxybutyrate (3-HBA); 32:
tartrate; 33: trigonelline; 34: unassigned resonance at J S5.11
(doublet); 35: xylose; 36: glucose; 37: allantoin; 38: anhydroglucose;
39: 4-hydroxyhippurate; 40: histidine; 41: 3-indoxylsulfate; 42: PAG,
phenylacetylglutamine; 43: unassigned resonance at § 7.95 (singlet);
44: formate. * Excluded regions: water (5 4.45—5.05) and urea (8
5.49-6.16).

example of the average 'H NMR spectrum of urine at baseline
(week 0), in which a total of 53 metabolites were identified
(Table S2), consistently with previous assignments in other
urine NMR spectra****> (notably, assignments of 3-
hydroxyisobutyrate (3-HIBA), pseudouridine, and trigonelline
remain tentative, potentially benefiting from further spiking
experiments for added certainty).

As week 7 was one of the time points where more changes
were noted in urine composition (as discussed below), the
corresponding average 'H NMR spectrum is also shown
(Figure 2b). Visual comparison suggests apparent increases in
threonine (peaks 8, § 1.33), glucose (overlapped peaks 36, &
5.25), anhydroglucose (peaks 38, & 5.46), and some
unassigned resonances (peak 19, 5 2.88 and peak 34, § 5.11)
(Figure 2b, red arrows). In addition, possible decreases relate
to hippurate (peaks 29, § 7.65 and 7.83), tartrate (peaks 32, §

4.35), and formate (peak 44, & 8.47), several resonances in the
sugar region (region 28), and unassigned resonances (peaks
43, 5 7.95 and peaks 18, § 2.78) (Figure 2b, blue arrows).
However, such apparent changes necessarily require statistical
validation, particularly due to the high interindividual
variability noted (as discussed below).

3.2. Multivariate and Univariate Statistical Analyses
of NMR Data. An initial approach of pairwise comparison for
consecutive weeks, both by PCA and PLS-DA, provided
models with no visible group separation in PCA score plots
and with low Q? values for PLS-DA models, thus indicating no
statistical relevance (namely, with Q> values between —0.2 and
0.2). This meant that, considering the expected high
interindividual variability in urine profile (given the small
cohort size and that no variables other than one meal/day were
controlled/matched), any consecutive diet-related changes
were either absent or minimal. Hence, each week was
compared to week O (baseline) to circumvent possible small
gradual changes not picked up in consecutive pairwise
comparisons. Table S3 indicates that the predictive power
(expressed by Q?) of the PLS-DA models obtained with the
original NMR spectra remained under 0.5 for all comparisons,
again reflecting weak or no group separation. However, upon
variable selection, a method used to identify spectral regions
more consistently related to group classes,”*” the apparent
predictive power increased for all pairwise comparisons (Table
S3), with Q* achieving values >0.5 for weeks 2 and 4-8,
compared to baseline. The effect of variable selection is
graphically illustrated for weeks 0 and 7, using the full original
spectra (no variable selection; Figure Sla) and variable-
selected spectra (Figure S1b). Variable selection improved
group separation in unsupervised multivariate analysis through
PCA (Figure S1, left) and increased the predictive power of
the corresponding PLS-DA models (Q* 0.665 compared to
0.481) (Figure S1, right, and Table S3). Hence, using reduced
data matrixes may unveil meaningful group separations,
although none of the resulting PLS-DA models showed
classification ability, as viewed by MCCV analysis (all Q*cqian
values <0.5). Despite this, group separation is hinted at in
some PCA score plots and, in such cases, further clarified by
PLS-DA (Figure S2). For instance, Figure 3 illustrates the
clearer separation of week 0 vs week 7 (Q? 0.665) compared to
week 0 vs week 1 (Q* 0.483) (although none of these models
exhibited statistical robustness through MCCV) despite the
random effects of several possible confounders (which are
reflected in the high interindividual variability).

In order to identify statistically meaningful metabolite
changes underlying group separation, the relevant resonances
(chosen through PLS-DA loadings but also including all
additional clear nonoverlapping resonances) were integrated,
normalized to total area, and tested for significance. Table 2
lists all the identified metabolites (and still unassigned
resonances) found to vary with statistical relevance in each
week of intervention compared to week 0.

Overall, these included 20 identified compounds and 12 still
unassigned resonances or spectral regions, confirming the
increase in threonine within only the previously noted
apparent changes detected visually (Figure 1). Varying
metabolites comprised amino acids and derivatives (creatine,
glycine, leucine, lysine, isoleucine, threonine, valine), organic
acids (4-deoxyerythronic acid (4-DEA), 3-hydroxybutyrate (3-
HBA), 2-hydroxyisobutyrate (2-HIBA), 3-HIBA, hippurate,
malonate, pyruvate, succinate), N-acetylated glycoproteins
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Figure 3. PCA and PLS-DA scores scatterplots obtained for the 'H NMR spectra of urine for the baseline samples (week 0, yellow circles) versus
(a) week 1 (red squares) and (b) week 7 (blue triangles) samples. All models were obtained with 2 principal components (PCA) and 2 latent
variables (PLS-DA), using variable selection (see Experimental Section). Q* predictive power. For both PLS-DA models, MCCV resulted in
Qedian < 0.5 and low specificity and sensitivity (approximately 50—70%), therefore indicating no/low classification capability.

(NAG) and other compounds (acetone, allantoin, pseudour-
idine, and trigonelline). It is interesting to note that weeks 2, 4,
and 7 seem to be characterized by a higher number of
statistically relevant variations, compared to the remaining
weeks, whereas weeks 6 and 8 are the less eventful, only with
increases in pseudouridine and unassigned region at 6 8.25. No
significant changes were observed in body composition
parameters upon the intervention (Table S1) and no
significant correlations were found between BMI, or % fat
mass and the NMR-measured excretory profile, as viewed by
PLS regression (R* values <0.5). Therefore, we hypothesize
that the set of 20 identified metabolites and additional
unassigned compounds that varied significantly, at some
point during the 8-week long intervention (despite the high
intersubject variability), may arise from metabolic adaptations
taking place as a response to the legumes diet ingestion.

The noted variations may be organized in terms of metabolic
features or pathways (Table 3), suggesting that ingestion of a
daily legume diet may impact important amino acid
metabolism, with threonine, isoleucine, and, to a lesser extent,
leucine showing more frequent significant increases along the
intervention (Table 3 and Figure 4). Other amino acids are
seen to increase in only one of the 8 weeks of the experiment.
In particular, creatine and glycine were both increased in week
4 alone, whereas 4-DEA, lysine, and valine increased in week 7
(Table 3 and Figure 4). Notably, no amino acids varied
significantly either in week 6 or in week 8, which (after
verification of any coincidental interferences such as weekends
or holidays) suggests a nonlinear metabolic response of the
organism, perhaps tending to basal levels at the end of the
intervention. This recovery of metabolite basal levels at week 8
is observed for all other compounds, with the exception of
pseudouridine and an unassigned region at § 8.25 (possibly
arising from a nitrogen-containing compound) (Table 3).

43458

The ketone body acetone increases early (weeks 1 and 2),
subsequently recovering basal levels (Figure S). The ketone
bodies 3-HBA and 3-HIBA (Figure 6), are elevated in later
weeks (Table 3 and Figure S). No changes were noted in the
third ketone body, acetoacetate. Together with ketone bodies,
increases in tricarboxylic acid (TCA) cycle intermediates
pyruvate (weeks 1, 2 and 7) and succinate (week 4) are also
consistent with energy metabolism adaptations. Gut micro-
biota metabolites 2-HIBA (increased in weeks 2 and 7),
allantoin (increased in weeks 2 and S), and hippurate
(decreased in week 2) suggest an early higher overall impact
(week 2), in tandem with an increase in N-acetylated
glycoproteins (increased in weeks 2 and 7) (Table 3 and
Figure ).

To the best of our knowledge, an apparently consistent
increase in pseudouridine was newly observed, compared to
week O (from week 3 and despite intersubject variability)
(Table 3 and Figure 5). Slight changes in hippurate, malonate,
and trigonelline were noted early on in the intervention (weeks
1-3), all quickly returning to average values, largely affected by
high interindividual variability (Figure 5). The bottom section
of Table 3 (and Figure S3) lists the still unassigned resonances
arising from urine metabolites, which change significantly
during the intervention, either consistently throughout the
intervention (U3 and U4, at § 1.45 and 1.79, respectively)
(Figure S3), or as descriptive features of the initial intervention
impact (namely, U6, U7 and U8, at § 2.20, 2.21 (probably an
acetate species), and 6.49, respectively). This illustrates the
importance and need for further peak identification in urine
NMR spectra, a recurrent challenge in urine metabolomics.
Overall, it seems possible that a vast set of metabolite
variations take place up to week 4, seemingly winding down to
week 6, in which only pseudouridine and an unassigned
resonance (U11) are varying, exactly as seen for week 8. Week
7 stands out, as described by a high number of apparent

https://doi.org/10.1021/acsomega.4c04795
ACS Omega 2024, 9, 43453—43468


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04795/suppl_file/ao4c04795_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04795/suppl_file/ao4c04795_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04795/suppl_file/ao4c04795_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04795?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04795?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04795?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04795?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Univariate Statistical Analysis of Metabolite Variations in Each Week of the Intervention, Compared to Week 0°

Week no.
Week 1

Week 2

Week 3

Week 4

Week §

Week 6

Week 7

Metabolites

Acetone
Malonate
Pyruvate
Threonine
U4

Us

U6

u7

Us
2-HIBA
Acetone
Allantoin
Hippurate
Isoleucine
3-HIBA
NAG
Pyruvate
U3

U4

ué6

u7

U9

Us

Ull

U12
3-HBA
Isoleucine
Pseudouridine
Trigonelline
Ul

U4

U6

U7
Creatine
Glycine
Isoleucine
Leucine
3-HIBA
Pseudouridine
Succinate
Threonine
U3

U4

U6

Us

Ull
3-HBA
Allantoin
Isoleucine
Leucine
Pseudouridine
Threonine
U4

Ull
Pseudouridine
Ull
2-HIBA
3-HBA
3-HIBA
4-DEA
Isoleucine

B (multiplicity)”
2.24 (s)
3.11 (s)
2.38 (s)
4.26 (dd)
1.79 (m)
2.18 (s)
220 (s)
221 (s)
649 (d)
1.36 (s)
224 (s)
5.39 (s)
8.52 (br)
0.98 (d)
1.08 (d)
2.06 (br)
2.38 (s)
1.45 (d)
1.79 (m)
220 (s)
221 (s)
2.39 (reg.)
649 (d)
8.25 (reg.)
8.32 (reg.)
4.15 (m)
0.98 (d)
7.68 (s)
9.12 (s)
1.13 (s)
1.79 (m)
2.20 (s)
2.21 (s)
3.04 (s)
3.57 (s)
0.98 (d)
0.96 (t)
1.08 (d)
7.68 (s)
241 (s)
426 (dd)
1.45 (d)
1.79 (m)
220 (s)
649 (d)
8.25 (reg.)
4.15 (m)
5.39 (s)
0.98 (d)
0.96 (t)
7.68 (s)
4.26 (dd)
1.79 (m)
8.25 (reg.)
7.68 (s)
8.25 (reg.)
1.36 (s)
415 (m)
1.08 (d)
111 (d)
0.98 (d)

43459

ES + EScror

0.73 + 0.675
0.75 + 0.676
0.70 + 0.673
0.91 + 0.686
0.77 + 0.677
0.67 + 0.672
1.04 + 0.696
1.02 + 0.694
0.71 + 0.674
0.85 + 0.692
0.78 + 0.687
0.98 + 0.701
-0.82 + 0.690
0.88 + 0.694
0.74 + 0.685
0.73 + 0.685
0.85 + 0.692
1.13 £ 0.714
1.22 £ 0.721
1.16 + 0.716
1.12 £ 0.713
0.98 + 0.702
0.84 + 0.691
-0.90 + 0.696
-0.69 + 0.682
0.82 + 0.713
0.71 £+ 0.706
0.80 + 0.712
0.81 £ 0.712
0.75 + 0.709
0.80 £+ 0.712
0.71 £+ 0.706
0.72 + 0.707
0.68 + 0.672
0.73 + 0.675
0.76 + 0.676
0.73 + 0.675
0.70 + 0.673
1.30 + 0.719
0.94 + 0.688
0.78 + 0.678
0.91 + 0.686
0.81 + 0.680
0.99 + 0.692
0.71 + 0.674
-1.1§ + 0.705
0.93 + 0.688
0.70 + 0.673
0.73 + 0.675
0.68 + 0.672
0.91 + 0.686
0.84 + 0.681
0.99 + 0.692
-1.50 + 0.740
0.94 + 0.688
-1.47 £ 0.736
0.94 + 0.698
0.96 + 0.700
0.85 + 0.692
0.90 + 0.696
1.12 + 0.713

p value

0.011%*
0.015%
0.002%%*
<0.001%#%*
0.002%%*
0.022*
<0.001##%*
0.001%%*
0.035%
0.015*
0.036*
0.004**
0.001%%*
0.007%*%*
0.002%%*
0.042*
0.013%*
0.004**
<0.001##%*
0.001%*
0.003**
0.012%*
0.026%*
0.031*
0.017*
0.024*
0.041%*
0.020%
0.005%**
0.006**
0.004**
0.020%*
0.017*
0.016*
0.001%**
0.007*%*
0.002%%*
0.006**
0.001%**
0.001%**
0.036*
0.010%
0.022*
0.003**
0.016*
0.002%%*
0.018*
0.022*
0.025%
0.025%
0.012%*
0.013*
0.001%%*
<0.001%#%*
0.008%*
<0.001#%%
0.007**
0.007%%*
0.012*
0.004%*
<0.001%#%*
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Table 2. continued

Week no. Metabolites O (multiplicity)b ES + ES..o: p value
Leucine 0.96 (t) 0.74 + 0.685 0.0017%*
Lysine 1.73 (m) 0.86 + 0.693 <0.001 *3#:*
NAG 2.06 (br) 0.80 + 0.689 0.013%
Pseudouridine 7.68 (s) 0.83 + 0.691 0.007%*
Pyruvate 2.38 (s) 1.06 + 0.708 0.001%%*
Threonine 4.26 (dd) 1.12 + 0.713 <0.0071 %%
Valine 1.05 (d) 0.79 + 0.688 0.018*
Ul 113 (s) 0.79 + 0.688 0.012*
5p) 1.25 (d) 0.79 + 0.688 0.007%*
U3 1.45 (d) 0.99 + 0.702 0.006%*
U4 1.79 (m) 1.31 + 0.730 <0.001 %%
U6 220 (s) 097 + 0.701 0.013*
U7 221 (s) 091 + 0.696 0.012*
U9 2.39 (reg.) 0.90 + 0.696 0.011*

Week 8 Pseudouridine 7.68 (s) 1.07 + 0.709 0.010%*
U1l 825 (reg.) -1.00 + 0.703 0.017*

“Abbreviations: 2-HIBA: 2-hydroxyisobutyrate; 3-HBA: 3-hydroxybutyrate; 3-HIBA: 3-hydroxyisobutyrate; 3-HIVA: 3-hydroxyisovalerate; 4-DEA:
4-deoxyerythronic acid; NAG: N-acetyl glycoproteins; Ui: unassigned resonance i, numbered by increasing chemical shift (as shown in Table 3); s:
singlet; d: doublet; t: triplet; dd: doublet of doublets; m: multiplet; reg.: complex spectral region; br: broad NMR resonance; * p < 0.05; ** p <

0.01; *** p < 0.001. bPeak is used for integration, within the whole spin system of the metabolite.

metabolite changes, although differing in profile in relation to
week 4. Given the high interindividual variability characterizing
this small cohort of 18 subjects, the presentation of metabolite
variations (Tables 2 and 3) was carried out in a qualitative
manner rather than computing % variation or effect size, which
should indeed be attempted for larger cohorts.

Attempting to further understand the human biochemistry
underlying the apparent above changes, correlations between
nutrient intake parameters, and the varying NMR resonances
were calculated for (i) weeks 4 and 0, (ii) weeks 7 and 0, and
(iii) weeks 8 and 0 (Figure S4), assuming that intragroup
variability within week 0 samples (no legume intake) may be
descriptive of the cohort at baseline. Despite the high data
variability, which demands careful interpretation of these
results, some correlations (Irl > 0.6) were identified during the
intervention, while absent at baseline (Table S3). We
hypothesize that these correlations may arise as a response
to the intervention, although, notably, no correlations were
observed with legume intake (last line in plots in Figure S4).
First, it is noted that in each of weeks 4, 7, and 8 (Figure S4a—
¢, respectively), correlations are found between some of the
main nutrients and TCA cycle intermediates: saturated fat and
a-ketoglutarate (@-KG) (—) in week 4; polyunsaturated fat
and citrate (+) in week 7 (in tandem with energy intake
correlated to energy metabolites cis-aconitate and creatine);
and total carbohydrates and cis-aconitate (—) in week 8 (and
energy intake to cis-aconitate). The remaining correlations
(Figure S4) involve two vitamins (riboflavin and vitamin Bg)
and several minerals (calcium, iron, magnesium, phosphorus,
and potassium) (Table S3). Although potentially informative
on the detailed metabolism of these nutrients, we chose to only
highlight the most consistent correlations, namely those
between (i) vitamin By and the energy-related metabolites
creatine, creatinine (weeks 4 and 7), and threonine (both
glucogenic and ketogenic amino acid) (week 8); (ii) potassium
levels and creatine and glycoproteins (NAG) (weeks 4 and 8);
and (iii) iron levels and lysine (4, 7, and 8 weeks).

4. DISCUSSION

To our knowledge, this work reports the first NMR
metabolomics study of the impact of a legume-based long-
term dietary intervention (8 weeks, compared to 2 days in
previous reports'” on the metabolome of urine collected
longitudinally, although of a preliminary nature due to the
small cohort size (n = 18). The weekly urinary profiles of the
subjects illustrated well the high interindividual variability
(undoubtedly related to intersubject different characteristics, as
described in the Experimental Section). However, despite such
variability, some statistically relevant changes could be
detected. These changes unveiled some potential new markers
of legume intake, both by accounting for associated metabolic
effects triggered by the legume diet and by directly reflecting
legume composition.

Prior to discussing such metabolic markers in detail, it is
important to briefly address the issue of confounders, in
relation to the urinary profile. Namely, as the cohort was
mainly composed of female subjects, the possibility of the
menstrual cycle contributing to the observed changes was
considered, although only lysine was found to change in
common with a reported urinary signature of menstrual cycle
evolution.’® Also, as a random confounder (as evaluated
through personal questionnaires), its effects are not expected
to lead to consistent metabolite changes. We suggest that
similar reasoning may apply to other random individual
features across the cohort under study. As to the nutritional
outcomes of the intervention, the 3-day food records at
baseline (week 0) and week 8 showed that the dietary
transition increased total dietary fiber and protein consump-
tion, as well as legume content, as expected (Table 1). The
higher daily intake of fiber should reflect the higher amounts of
fiber in the intervention meals, compared to baseline lunch
meals, namely, + 2.7 g (P,s = 1.3, P;5 = 6.4) with p = 0.002.
Indeed, an 8-fold increase in legume consumption was noted
during the trial, with fiber expected to make up to 30% of their
dry weight (considering the most commonly consumed
legumes worldwide.””*® The baseline intake of legumes was
similar to what has been reported for the Portuguese
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Table 3. Statistically Relevant Urine Metabolite Variations as a Function of Time Compared to Week 0 (Arrows Indicate
Direction of Variation), Grouped by Putative Specific Metabolic Features/Pathways®

AMINO ACID METABOLISM

Metabolites Sppm (multiplicity) Week 1 Week 2
4-DEA L11 (d)
Creatine 3.04 (s)
Glycine 3.57 (s)
Isoleucine 0.98 (d) oAk
Leucine 0.96 (t)
Lysine 1.73 (m)
Threonine 4.26 (dd) Pk
Valine 1.05 (d)
KETOGENESIS
3-HBA 415 (m)
3-HIBA” 1.08 (d) P
Acetone 2.24 (s) 1 1*
TCA CYCLE INTERMEDIATES
Pyruvate 2.38 (s) Pk 1
Succinate 241 (s)
GLYCOPROTEINS METABOLISM
N-acetyl glycoproteins 2.06 (br) 1
MICROBIOTA METABOLISM
2-HIBA 136 (s) e
Allantoin 5.39 (s) 1H*
Hippurate 8.52 (br) L
NITROGEN BASES METABOLISM
Pseudouridine” 7.68 (s)
LEGUME INTAKE BIOMARKERS (or components)
Hippurate® 8.52 (br) ¥
Malonate® 3.11 (s) 1*
Trigonellineb‘f 9.12 (s)
Unassigned resonances
Ul 113 (s)
U2 125 (d)
U3 145 (d) P
U4 1.79 (m) pis ok
Us 2.18 (s) E
U6 220 (s) s ok
U7 221 (s) o e
Us 649 (d) 1 ok
U9 2.39 (reg) 1*
uU10 2.90 (reg)
U1l 8.25 (reg) 1*
U12 8.32 (reg) 1*

Week 3 Week 4 Week 5 Week 6 Week 7 Week 8
ek
1
ek
ek 1 ek
T***
i o ks
1%
1 1 ek
P 1
ek
ek
1%
ek
1
ek
T*V T~|<
P
1% ek
ok 1% Pk Pk
1 1%
1 1
1%
T*
ek
LEE P s 1

“Abbreviations: 2-HIBA: 2-hydroxyisobutyrate; 3-HBA: 3-hydroxybutyrate; 3-HIBA: 3-hydroxyisobutirate; 4-DEA: 4-deoxyerythronic acid; NAG:
N-acetyl glycoproteins; TCA: tricarboxylic acid cycle; Ui: unassigned resonance i; s: singlet; d: doublet; t: triplet; dd: doublet of doublets; m:
multiplet; reg.: complex spectral region; br: broad resonance. bTentative assignment. *p < 0.05; ¥¥p < 0.01; ***p < 0.001. “Metabolite reported in

relation to plant-rich diets.””*® ©

. 13,14,17,19
intake.

Metabolite identified in chickpea and soybean plant tissues and root nodules.

78=81 fBiomarker of legume

population and several other European countries (<20g/day).
However, in the ad libitum setting of the intervention, many
participants were able to achieve the higher Portuguese dietary
guidelines for daily legume intake. During the intervention, 8
subjects (44.4%) showed a mean daily intake that met the
Portuguese guidelines of >80 g per day,’® whereas 2 subjects
(11.1%) reached international recommendations of >100 g per
day.”® Interestingly, recent studies have shown an increased
willingness of Portuguese adults to consume legumes as a
substitute for meat and fish [(15.0% in 2014 versus 31.7% in
2020 (p < 0.001)],°>° although also identifying a general lack
of awareness in relation to the recommended daily intake.>
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This makes the results of the present intervention even more
relevant, given the ability of participants to easily reach the
dietary guidelines for daily legume intake. As to the increase in
daily protein intake, although it may reflect the higher protein
content in the trial meals, some contribution from reported
intake of morning snacks may be accountable (median of 3.7 g
at week 8 vs 2.0 g at week 0, p = 0.012). A more detailed
nutritional discussion of these results may be found in a recent
report.”’ Furthermore, the food intervention caused no
variation in body composition parameters (Table S1), which
was expected and desirable. Indeed, the intervention diet was
planned to be isocaloric, to minimize variations in anthro-
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Figure 4. Boxplots of changes in amino acids and derivatives (ordered in alphabetical order). The statistical significance indicated by asterisks
corresponds to the comparison of each week’s samples against those obtained at baseline (week 0). 4-DEA: 4-deoxyerythronic acid; *p < 0.05; ** p

< 0.01; ***p < 0.001.

pometric measures that could impact the urine excretory
profile and act as potential confounders.

Regarding the potential new information on markers of
legume intake (either metabolism mediated or directly
reflecting legume composition), the NMR results suggest
that the individual response may be nonlinear, with a possible
tendency for amino acid, energy metabolism, and gut
microbiota to approach basal levels after 8 weeks (with the
exception of a persisting deviation expressed by increased
pseudouridine levels). Indeed, weeks 2, 4, and 7 seemed to
exhibit a higher number of excreted metabolite variations, with
weeks 6 and 8 corresponding to profiles close to baseline. This
observation demonstrates the importance of longer-term
interventions in identifying time-dependent responses,
although confirmation of these results in larger cohorts is of
paramount importance. One of the main observed changes
reflected on amino acid metabolism, in particular leucine,
isoleucine and threonine, among others (Figure 6). All the
increased amino acids may be found in legumes’ proteins and
can, therefore, be excreted in higher amounts due to the
increased intake of legumes.”” However, some of the major
legumes’ nonessential amino acids,” asparagine, aspartic acid,
glutamine and glutamate, were not identified in urine, which
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suggests that they are probably serving other metabolic fates,
e.g,, acting as anaplerotic substrates to the TCA cycle.” In fact,
TCA cycle activation upon legume intake has been previously
suggested, and only glutamine, leucine, and lysine, as well as
trigonelline (observed here to increase in week 3), have been
reported as potential urinary biomarkers of legumes’ dietary
exposure.'”"” Our results (Figure 6) suggest that anaplerotic
amino acids threonine, isoleucine, and, to a lesser extent,
leucine may be increased in urine, thus apparently not being
completely used up in TCA cycle enhancement, as also noted
for glycine (increased in week 4), lysine, or valine (increased in
week 7). Glycine appears to increase together with creatine at
week 4, whereas 4-DEA accompanies lysine and valine at week
7. Glycine is a precursor of creatine, through guanidinoacetate,
and we putatively hypothesize that both glycine and creatine
increases may indicate a response of the creatine kinase (CK)/
creatine/phosphocreatine system at week 4, with relates to
ATP/ADP pool regulation.”* An enhanced TCA cycle may
also be suggested with basis on the accumulation of pyruvate
and succinate, the former proposed to arise from the
conversion of threonine into a-ketobutyrate, propionyl-CoA,
and then to succinil-CoA (Figure 6).°> Moreover, the increases
found for 4-DEA may be associated with threonine variations
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Figure 5. Boxplots of changes in all identified metabolites (except amino acids and derivatives). The statistical significance indicated by asterisks
corresponds to the comparison of each week’s samples against those obtained at baseline (week 0). 2-HIBA: 2-hydroxyisobutyrate; 3-HBA: 3-
hydroxybutyrate; 3-HIBA: 3-hydroxyisobutirate; NAG: N-acetyl glycoproteins; w/o: without; *p < 0.05; **p < 0.01; ***p < 0.001.

since the former is a byproduct of threonine degradation.*®

The early (weeks 1 and 2) increase in excreted ketone body
acetone, followed by the ketone body 3-HBA (weeks 3, S, and
7), may be indicative that the organism is responding with an
increased energetic status to the legume diet, using hepatic
lipid storages to increase ketone bodies in circulation to
promote TCA cycle activation in extrahepatic tissues. Such a
tentative hypothesis would be consistent with the correlations
found between saturated fat and TCA cycle intermediate a-KG
(week 4) and polyunsaturated fat and citrate (week 7), which
would suggest an important contribution of fat reserves for
energy production. Interestingly, total carbohydrates appear as
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the expected dominant energy source at week 8, an idea
putatively advanced with basis on their correlation with cis-
aconitate.

Ketone bodies have been previously noted to vary in an
observational legume intake study, with acetoacetate and
isobutyrate decreasing,13 instead of increasing, as noted here
for 3-HBA (probably due to high interindividual variability in
different cohorts). We also hypothesize that the increase in 3-
HIBA, a product of valine degradation,”” may relate to leucine
and isoleucine and, indirectly, to 3-HBA (Figure 6), although
such possibility needs further investigation. Indeed, 3-HIBA is
one of the hydroxy acids found elevated in the urine and serum
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Figure 6. Schematic representation of putative biochemical explanations for the metabolite changes observed during the 8-week legume-based
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compounds may be found in Table S2. Metabolites with statistically significant variations are boxed and shown in bold and underlined, with arrows
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figure (please check the Experimental Section for more specific information).

samples of patients affected by ketoacidosis, possibly as a result
of deviant branched chain amino acid (BCAA) metabolism.*®
Here, ketoacidosis does not clinically apply; however, the
apparent increase in ketone bodies may be an indication of
enhanced use of fat reserves, as suggested above, along with a
deviation in BCAA metabolism (all leucine, isoleucine, and
valine seem to increase at some stage in the intervention),
possibly giving rise to 3-HIBA, as well as feeding into the TCA
cycle.

The apparent slight increase in N-acetylated glycoproteins
(NAG) metabolism early in the intervention (weeks 1 and 2)
is consistent with previous reports related to plant-based
diets,” similarly to changes in glycine’®*** (here, seen

) y g gly' )
increased at week 4), succinate™ (increased at week 4), and
hippurate®”*” (decreased at week 2). We putatively hypothe-
size that NAG may arise directly from legumes, namely from
plant lectins.”””® The decrease in hippurate noted here (week
2) is in apparent contradiction of earlier reports of increased
urinary levels,””*” particularly related to ingestion of fruits and
vegetables71 and gut bacteria fermentation. 2 However, the fact
that a consistent hippurate variation is not observed along the
8 weeks suggests that its variation may reflect a dynamic
metabolic response or, most probably, high interindividual
variability. In addition, the increase in allantoin may relate to
gut bacteria with the ability to synthesize uric acid-
metabolizing enzymes (uricase, allantoinase, and allantoi-
case)”’ to degrade uric acid into S-hydroxyisourate, allantoin,
allantoate and urea. However, allantoin may also be related to a
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potentially beneficial antioxidant protective mechanism,”*
consistently with the expected role of legumes in reducing
oxidative stress.”” Pseudouridine is a nonclassical nucleoside
detected in human urine’® as a degradation product of RNA,”’
and believed not to be metabolized by the human organism.”®
Its persisting increase in relation to legume intake is reported
here for the first time, to the best of our knowledge. As
pseudouridine has also been found in beans (in higher
amounts than in lentils or chickpeas,”” having recently been
studied in relation with plant metabolism,*’ we suggest that
increased pseudouridine may directly reflect legume intake. In
addition, trigonelline, a recognized legume consumption
marker,">'*"”"” was here hinted to increase but only early
in the intervention, which suggests a possible limitation of its
use in longer interventions and/or when interindividual
variability is high. Malonate has also been detected in
chickpeas and soybean plant tissues and root nodules® ~**
and reco_;nized as a flavonoid precursor in fruits, grains, and
legumes.” It is possible, therefore, that malonate may also
serve as a legume marker, although it is again subject to
confirmation in larger cohorts.

Finally, it is interesting to note the highlighted correlations
between vitamin By, potassium, and iron with different
metabolites. Regarding vitamin By, its apparent relationship
with energy-related compounds is consistent with this vitamin
being a cofactor of numerous enzymatic reactions for energy
production, mainly from protein sources.”> It is possible,
therefore, that legume ingestion activates protein catabolism,

https://doi.org/10.1021/acsomega.4c04795
ACS Omega 2024, 9, 43453—43468


https://pubs.acs.org/doi/10.1021/acsomega.4c04795?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04795?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04795?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04795/suppl_file/ao4c04795_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04795?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

largely due to the higher protein intake. If confirmed in the
future, the potassium/creatinine negative correlation may also
result from a higher relative intake of legumes, generally richer
in potassium compared to meat,*® for which creatinine is a
marker.®’ Finally, the apparent negative relationship between
iron intake and lysine may relate to a previous suggestion that
r-lysine may play a role in improving iron absorption,*¥*’
although this has yet to be further demonstrated.

5. CONCLUDING REMARKS

We report on a preliminary longitudinal NMR metabolomics
study of the urinary metabolic fingerprint of a small pilot (n =
18) legume-based 8-week intervention on a group of
traditionally omnivorous adults. Despite high interindividual
variability and subsequent relatively low statistical robustness
of PLS-DA models, the results suggest that the human
organism response to legume intake may be highly active in
the first weeks, subsequently tending toward baseline.
Anaplerotic activation of the TCA cycle is suggested together
with ketogenesis and enhanced catabolism of fat resources,
although concomitant protein and carbohydrate catabolism
may also occur, at least until week 7. Increased amino acid
excretion is part of an apparent signature of response, along
with trigonelline, malonate, and possibly pseudouridine as
markers of legume intake. Although at a preliminary level, the
abovementioned results suggest that legume intake may cause
unique changes in the human excretory metabolome, justifying
the need for further research in expanded cohorts.

This study is not without limitations, namely, the small size
of the cohort, which was also predominantly female, so that
results may be somewhat biased toward female metabolism.
This adds to the absence of a separate control group (hindered
by practical stumbling blocks), the need to rely on the
individuals for urine sample collection, and the subjectivity of
individual food records. It is also important to note that
although the study benefitted from its longitudinal nature
(several collection points per subject, taking week 0 samples as
personalized controls), the high interindividual variability may
mask additional metabolic features, thus justifying the use of
more specific multivariate analysis methods to extract mean-
ingful information (e.g, linear mixed models). The results
obtained will necessarily require future validation in larger
cohorts and, possibly, enhanced control over meal components
(although the aim here was precisely to mirror free-living
conditions) in tandem with knowledge on legume origin/
composition. Furthermore, the advanced putative explanatory
hypotheses and potential new legume biomarkers will require
further investigation, for instance, through isotopic tracing
studies in animal models and a more complete assignment
strategy to identify presently unknown compounds varying as a
result of legume intake.
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