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Abstract

Monosodium glutamate (MSG) is a widely used food additive with conflicting evidence

regarding its potential effects on human health, with proposed relevance for obesity and

metabolic syndrome (MetS) or chronic kidney disease. As being able to accurately quantify

the MSG dietary intake would help clarify the open issues, we constructed a predictive for-

mula to estimate the daily intake of MSG in a rat model based on the urinary metabolic pro-

file. Adult male Wistar rats were divided into groups receiving different daily amounts of

MSG in drinking water (0.5, 1.5, and 3.0 g%), no MSG, and MSG withdrawal after 3.0%

MSG treatment for 4 weeks. We then analyzed 24-hour urine samples for chemistries and

metabolites using 1H NMR spectrometry and observed a strong correlation between urine

pH, sodium, bicarbonate, alpha-ketoglutarate, citrate, fumarate, glutamate, methylamine,

N-methyl-4-pyridone-3-carboxamide, succinate, and taurine and the daily MSG intake. Fol-

lowing the multiple linear regression analysis a simple formula model based on urinary Na+,

citrate, and glutamate was most accurate and could be validated for estimating daily MSG

intake. In conclusion, we propose that the daily MSG intake correlates with urinary metabo-

lites in a rat model and that this new tool for monitoring the impact of MSG on health

measures.

Introduction

Monosodium glutamate (MSG) is a widely used flavor enhancer, particularly in Asian cuisine

and processed foods, known for its umami taste [1]. The acceptable daily intake of MSG is
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unspecified and it is registered in the category of “Generally recognized as safe” by the US

Food and Drug Administration [2]. Besides its beneficial palatability effects, MSG has been

applied for nutritional care of the elderly people for improving their quality of life [3] and salt

reduction [4]. However, harmful effect of MSG consumption was also reported initially for the

Chinese restaurant syndrome, asthma exacerbation, and rhinitis [5]. While double-blind con-

trolled trials have disproven these associations, susceptible individuals may still constitute a

fraction of the general population [6–9]. Physiological complications related to MSG toxicity

such as hypertension, obesity, and gastrointestinal issues, has been highlighted for the public

awareness, where the impact of MSG varies based on its dosage, the method of administration,

and the duration of exposure [10]. Several studies have shown a link between higher MSG

intake and high body mass index (BMI), as well as overweight conditions, which are risk fac-

tors for metabolic syndrome (MetS) and the related chronic kidney disease (CKD) [11]. Evi-

dence from China [12, 13] and Thailand [14] supports this association while opposite results

have been reported [15, 16]. These conflicting results imply that the relationship between MSG

intake and overweight is inconsistent, and may be due also to the challenges in accurately

assessing MSG intake and variations among countries, populations, and settings [17]. For

these reasons, a reliable tool is needed to accurately estimate dietary MSG intake.

When intaken with the diet, MSG dissociates into sodium and glutamate, this latter being a

major nonessential amino acid involved in protein metabolism, energy production for gut

cells, and neurotransmission [18]. In murine models, MSG consumption results in more alka-

line urine and higher levels of urinary sodium and bicarbonate, indicating its role as an alkalin-

izing agent [19]. Specific urinary metabolites can serve as biomarkers for MSG intake [19],

suggesting a method for monitoring consumption. Excessive MSG intake has been linked to

MetS [14] through altered glutamate metabolism, involving processes like gluconeogenesis,

energy production, insulin secretion, and fatty acid synthesis [20]. Hence, urinary metabolites

might be a useful tool for assessment daily MSG intake, which might have impact for control-

ling MetS-related disease.

A predictive formula based on urine metabolites would be an important method for approxi-

mating the intake of dietary components, such as the formulas used to estimate dietary sodium

intake [21, 22]. Urinary chemicals carry rich evidence of nutritional exposures in an individual,

and once a detailed urinary metabolite signature and biomarkers are identified and measured,

they can be applied to construct predictive models [23]. Identifying those markers can be done

using high throughput metabolomic techniques such as Nuclear Magnetic Resonance (NMR)

spectroscopy, Liquid or Gas Chromatography-Mass Spectrometry (LC/GC-MS), and High-Per-

formance Liquid Chromatography (HPLC). Moreover, a previously reported that MSG intake

induces alterations in the urine metabolites citrate, α-ketoglutarate, glutamate, malonate,

methylamine, dimethylamine, and taurine using 1H NMR spectrometry [19].

In this study, we aimed to investigate the urinary metabolic profile related to MSG con-

sumption and develop a predictive formula for estimating daily MSG intake in a rat model.

This preclinical study may provide valuable information for monitoring MSG intake in

humans and aid in the early prevention and control of MSG-induced MetS-related diseases.

Materials and methods

Chemicals

Pure food-grade (99%) Monosodium glutamate and analytical grade chemicals including 3-

(Trimethylsilyl)propionic acid-D4 sodium salt (TSP) (Santa Cruz Biotechnology, USA),

sodium azide (NaN3) (European Chemicals Agency, Finland), potassium dihydrogen phos-

phate (KH2PO4), and deuterium oxide (D2O) (Merck, Switzerland) were used in the study.
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Experimental models

A total of 40 adult male Wistar rats [24], aged 13 weeks, were obtained from the Northeast

Laboratory Animal Center (NELAC), Khon Kaen University, Thailand. Animals were acclima-

tized for 2 weeks before starting the experiment. All animals were housed individually with ad
libitum access to drinking water and food (Perfect Companion Group, Thailand). The rats

were kept in stainless steel cages in a temperature- and humidity-controlled room maintaining

a 12-hour light-dark cycle. All the protocols for this study were approved by the guidelines of

the Institutional Animal Care and Use Committee of Khon Kaen University under the Ethics

of Animal Experimentation of the National Research Council of Thailand (IACUC-KKU-6/

63). A total of 40 rats were randomly allocated into five groups with an equal number of ani-

mals (N = 8/group). The doses of MSG used in this study were based on our previous study

[19] that treated animals with 1% MSG for 2 weeks. In this study, we aimed to explore further

by treating the animals as follows: (1) a control group with normal drinking water, (2) a low

MSG group receiving 0.5% MSG in drinking water, (3) a medium MSG group receiving 1.5%

MSG in drinking water, (4) a high MSG group receiving 3.0% MSG in drinking water for 12

weeks, and (5) an MSG-withdrawal group initially exposed to 3.0% MSG for 4 weeks, followed

by 4 weeks of normal drinking water, with this cycle repeated for 2 weeks, as illustrated in Fig

1. The preparation of the MSG drinking water was conducted on a weekly basis. The body

weights of the animals were recorded every week, while their food and water intake were care-

fully recorded on a daily basis. Every two weeks, rats were placed individually in metabolic

cages to collect 24-hour urine samples. Urine volume and pH were measured on the same day

as sample collection, and all urine samples were stored at -20˚C until analysis.

24-hour urine collection

Prior collection, the metabolic cages were cleaned thoroughly without the contamination from

washing-up reagents, followed by through rinsing with distilled water and air dry. On the col-

lection day, a 9–10 am, the animals were placed into the cage provided with animal food and

Fig 1. Animal experimental design. Adult male Wistar rats (n = 40) were provided ad libitum access to a standard

diet and drinking water. Groups 1–4 were designated as MSG-treated groups, with varying doses of MSG administered

in drinking water: 0.0 (control), 0.5 (low-MSG-treatment), 1.5 (medium-MSG-treatment), and 3.0 g% (high-MSG-

treatment) for 12 weeks. Group 5 was designated as the MSG-withdrawal group, receiving treatment with and without

3.0 g% MSG in drinking water for 4 and 2 consecutive weeks, respectively.

https://doi.org/10.1371/journal.pone.0309728.g001
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either MSG-free or MSG-supplemented drinking water for 24 hours. The following day, at the

same time, the urine was transferred into 15-ml falcon tubes and recorded the volume. The

urine was aliquoted into at least 3 aliquots of 1 ml in 1.5-ml microcentrifuge tubes and stored

at -20˚C for further analysis.

Urine pH and electrolytes

Urine pH was measured using a pH meter (Beckman Coulter, USA) standardized against

buffer. Urine electrolytes including sodium, potassium, chloride, and bicarbonate were ana-

lyzed at the laboratory services in the Faculty of Associated Medical Science, Khon Kaen Uni-

versity, using a quantitative ion-selective electrode-based automatic instrument (Cobas 8000

modular analyzer series, Roche, Switzerland) under standard protocols.

Urinary glutamate excretion

Urine glutamate was measured by Fluorometric Glutamate Assay Kit #AB138883 (Abcam,

United Kingdom), according to the manufacturer’s instructions. Glutamate excretions were

calculated by multiplying the concentration with urine volume (milliliter per day).

Urinary metabolic profile analysis using 1H NMR spectrometry

Regarding the availabilities of equipment, materials, and time, urine sample preparation of

MSG-treated groups was assigned differ from that of withdrawal group. For MSG-treated

groups, urine samples were prepared following established protocols [25], and performed at

Vidyasirimedhi Institute of Science and Technology (VISTEC), Rayong, Thailand. Briefly,

urine samples were centrifuged to remove particulate matter, and 100 μL of the supernatant

was mixed with 300 μL of D2O, along with 250 μL of 0.2 M sodium phosphate buffer contain-

ing 0.1% TSP, 100% D2O, and 3 mM NaN3. The mixture was vortexed briefly, and 600 μL of

the resulting solution was transferred to 5 mm NMR glass tubes (DWK Life Sciences, Ger-

many) for subsequent NMR analysis. These samples were stored at 4˚C until analysis. All 1H

NMR spectra were acquired at 298.15 K using a Bruker AVIII-600 NMR spectrometer

equipped with an inverse cryoprobe, operating at a proton NMR frequency of 600.13 MHz.

Each sample underwent 32 scans, with parameters including a spectral width (SW) of

12019.23 Hz, a pulse width (PW) of 10 μs, and a relaxation delay of 1.0 s. The spectra were ref-

erenced to a TSP standard solution, ensuring uniform peak height at 0 ppm across all spectra,

thus serving as an internal chemical shift standard.

In the withdrawal groups, urine samples were prepared and analyzed in the Department of

Nutrition, at the University of California, Davis, USA. Samples were similarly prepared by cen-

trifugation to remove particulate matter, and proteins in the supernatant were removed by

centrifugation at 14,000 X g for 30 min through Amicon Ultra 3 kDa spin-filters (Millipore).

Additionally, 65 μL of an internal standard (Chenomx Inc., Edmonton, Canada), comprising

approximately 5 mM DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate) and 0.2% sodium

azide in 99% D2O, was added to 585 μL of supernatant, as outlined in Slupsky et al [26]. The

pH was adjusted to 6.8 ± 0.1 using NaOH or HCl. A 600 μL aliquot of the prepared sample was

then transferred to a 5 mm NMR tube (Wilmad Glass Co., New Jersy, United States) and

stored at 4˚C until NMR data acquisition. All one-dimensional proton NMR spectra of urine

samples were acquired using a Bruker AVANCE 600 MHz NMR spectrometer equipped with

a SampleJet autosampler, employing the NOESY-presaturation pulse sequence (noesypr).

Spectra were acquired at 25˚C, with water saturation for 2.5 s during the pre-scan delay, a mix-

ing time of 100 ms, 12 ppm sweep width, an acquisition time of 2.5 s, 8 dummy scans, and 32

transients. Subsequently, all spectra from both groups were zero-filled to 128 K datum points
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and Fourier transformed with a 0.5-Hz line broadening applied. Manual phasing and baseline

correction were performed, followed by metabolite identification and quantification using

NMR Suite v9.0 (Chenomx Inc., Edmonton, Canada) [27]. Quantification involved comparing

the integral of a known reference signal with signals derived from a library of compounds con-

taining chemical shifts and peak multiplicities. Metabolites were quantified by matching to the

Chenomx 600 MHz Library. To account for urine dilution effects, metabolite concentrations

were normalized by urine creatinine levels.

Statistical analysis

Metabolite concentrations are expressed as mean ± standard deviation (SD) and the differ-

ences between control, low-, medium-, and high-MSG treated groups were compared for sta-

tistical significance using one-way ANOVA. The comparison between with and without MSG-

treatment in the withdrawal group was calculated using a paired t-test. Significance was con-

sidered when p< 0.05. The analyses were performed using GraphPad Prism version 9 (Graph-

Pad Software Inc., USA). To investigate the link between urinary parameters and daily MSG

intake, multiple linear regression analyses were conducted in IBM SPSS software version 26

(SPSS Inc., USA). Urinary parameters were treated as independent variables. Model evaluation

involved: 1) residual analysis to assess normality and homoscedasticity, 2) examination of R-

squared values to measure explained variance, 3) collinearity diagnosis using Variance Infla-

tion Factor (VIF) scores to detect multicollinearity, and 4) Durbin-Watson statistics to identify

autocorrelation in residuals. These steps ensure the reliability of the regression model and its

interpretations.

Results

MSG consumption increases water intake and urine output

No significant differences were observed in the body weight changes among animals treated

with varying doses of MSG at any time point (Fig 2A and 2B). Similarly, there were no signifi-

cant differences detected in food intake among the different dosage groups (Fig 2C and 2D).

Notably, water intake increased in animals treated with medium and high doses of MSG, par-

ticularly in the medium dose group (Fig 2E). The effects of MSG significantly influencing

water intake was confirmed in withdrawal group (Fig 2F). Similarly, the urine volume

increased in medium MSG group (Fig 2G) and was confirmed in withdrawal group (Fig 2H).

Since MSG was added in the drinking water and animals had free access to water, the MSG

intake (g/day) was calculated individually based on their water consumption as depicted in Fig

2I. The low MSG-treated group, receiving drinking water mixed with 0.5 g% MSG, had an

average MSG intake of 0.27 ± 0.06 g/day. The medium MSG-treated group, receiving water

mixed with 1.5 g% MSG, had an average MSG intake of 1.01 ± 0.26 g/day. In the high-MSG

treated group and withdrawal group, where drinking water was mixed with 3.0 g% MSG, the

animals received an average MSG intake of 1.92 ± 0.35 g/day and 2.16 ± 0.55 g/day,

respectively.

MSG consumption increases urine pH, sodium, and bicarbonate

We observed a dose-dependent effect of MSG consumption on urine pH (Fig 3A), which cor-

responded to the withdrawal treatment, where the urine pH increased during MSG-treatment

and dropped back to normal after MSG withdrawal (Fig 3B). A similar phenomenon was

observed with urinary electrolytes, sodium, and bicarbonate, which increased with the MSG

dose (Fig 4A and 4G), and returned to normal after withdrawal (Fig 4B and 4H). No
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Fig 2. Effects of MSG treated and withdrawal on body weight. (A, B), food intake (C, D), water intake (E, F), and urine output (G, H)

during 12 weeks of experiment. Average of MSG intake (I) was monitored at week 0, 4, 8, 10, and 12, based on their water intake. In Fig A-H,

data are presented in interleaved low-high plots with mean lines, whereas Fig I is represented as a bar graph showing mean values ± SD.

Statistical significance between MSG treated groups (A, C, E, and G) were assessed using one-way ANOVA, and significance within the

withdrawal group was determined using the paired t-test (p< 0.05).

https://doi.org/10.1371/journal.pone.0309728.g002
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significant changes were observed in urinary chloride and potassium levels after MSG treat-

ment or withdrawal (Fig 4C–4F).

MSG consumption increased urinary glutamate excretion

Week-12 urine samples from MSG-treated groups were analyzed to observe the effect of MSG

consumption on glutamate renal excretion. The results revealed a significant increase in gluta-

mate excretion only in the high-MSG treated group (Fig 5).

Quantitation of urinary metabolites

Thirty-two urinary metabolites were detected and found to be shared across both experimental

conditions (S1 Table). Sixteen metabolites were observed in urine of animals treated with vary-

ing doses of MSG. Eight urinary metabolites, including alpha-ketoglutarate, citrate, dimethyla-

mine, formate, fumarate, glutamate, N,N-dimethylglycine, and succinate, were increased with

MSG intake in a dose-dependent manner. Conversely, eight urinary metabolites, namely

2-hydroxyisobutyrate, glycine, methylamine, N-methyl-4-pyridone-3-carboxamide, pantothe-

nate, taurine, trigonelline, and trans-aconitate, were decreased with MSG treatment. In the

withdrawal group, fifteen urinary metabolites showed significant differences. Ten urinary

metabolites increased during MSG treatment periods, including acetate, alpha-ketoglutarate,

betaine, citrate, formate, fumarate, glutamate, N,N-dimethylglycine, pantothenate, and succi-

nate. Additionally, five metabolites decreased with MSG treatment, namely methylamine, N-

methyl-2-pyridone-5-carboxamide, N-methyl-4-pyridone-3-carboxamide, N-phenylacetylgly-

cine, and taurine.

In summary, eight urinary metabolites exhibited significant changes in the MSG-treated

groups in a dose-dependent manner (Fig 6A) as well as after MSG-withdrawal (Fig 6B).

Among these, five urinary metabolites including alpha-ketoglutarate, citrate, fumarate, gluta-

mate, and succinate demonstrated increased levels after MSG consumption and declined after

MSG withdrawal. In contrast, three metabolites including methylamine, N-methyl-4-pyri-

done-3-carboxamide, and taurine showed significant decreased after MSG consumption and

elevated after MSG withdrawal.

Formulation of predictive indexes of MSG consumption

Several urinary parameters in this study exhibited dose-dependent changes with MSG treat-

ment and showed the corresponding result after MSG withdrawal. These findings suggest

Fig 3. Effects of MSG consumption on urine pH at week 0, 4, 8, 10, 12 of the MSG-treatment group (A) and withdrawal group (B). Statistical significance

between groups was evaluated using one-way ANOVA, and significance within withdrawal group was determined using the paired t-test (p< 0.05).

https://doi.org/10.1371/journal.pone.0309728.g003
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Fig 4. Effects of MSG consumption on urine electrolytes at week 12. Sodium (A), potassium (C), chloride (E), and bicarbonate (G) in MSG-treated

groups (C = control, L = low-MSG treated, M = medium MSG-treated, H = high MSG-treated; n = 7-8/group). Additionally, the effects of MSG presence

or absence on urine electrolytes at various time points (week 0, 4, 8, 10, and 12) are shown for the MSG-withdrawal group (n = 8) through sodium (B),

potassium (D), chloride (F), and bicarbonate (H). Statistical significance between groups was assessed using one-way ANOVA, and significance within

group was determined using the paired t-test (p< 0.05).

https://doi.org/10.1371/journal.pone.0309728.g004
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their potential as predictors of MSG consumption. Urine pH, electrolytes (sodium and bicar-

bonate), and 8 significant urinary metabolites (alpha-ketoglutarate, citrate, fumarate, gluta-

mate, methylamine, N-methyl-4-pyridone-3-carboxamide, succinate, and taurine)

demonstrated notable associations. To estimate MSG intake, multiple linear regression was

employed, using the amount of daily MSG consumption as the dependent variable and incor-

porating all urine parameters. The analysis met the assumptions required for multiple linear

regression, ensuring the validity and reliability of the model. We constructed a predictive

model reflecting daily MSG consumption using significant urinary parameters from MSG-

treated groups. Evaluation of all predictive models included several key indicators: an R-square

value closed to 1, reflecting strong explanatory power; VIF scores below 10, ensuring the

absence of multicollinearity and independence of predictors; and Durbin-Watson statistics

falling within the ideal range of 1.5–2.5, indicating no autocorrelation. Furthermore, compre-

hensive model validation was conducted through residual analysis to ensure adherence to nor-

mal distributions.

Our findings demonstrate that urine pH alone serves as a potent predictor in a single-factor

formula, yielding an R-square value of 0.671 (Table 1). Furthermore, incorporating urine pH

alongside urine sodium in a two-factor formula enhances predictive accuracy, yielding an R-

square value of 0.738. When using urine metabolites as predictors, they achieved the higher R-

square we obtained from 0.685(AKG+TAU), 0.849(CIT+GLU), 0.856(AKG+GLU+TAU),

0.884 (CIT+GLU+TAU), 0.892(AKG+CIT+GLU+TAU), 0.895(CIT+FUM+GLU+TAU) to

0.905 (AKG+CIT+FUM+GLU+TAU). Moreover, combining urine chemistry markers with

Fig 5. Effects of MSG consumption on urinary glutamate excretion in control (C), low-MSG treated (L), medium-

MSG treated (M), and high-MSG treated (H) groups at week 12 of experiment (n = 7-8/group). Data are shown as

mean ± SD, the significant different between groups were calculated by one-way ANOVA (p< 0.05).

https://doi.org/10.1371/journal.pone.0309728.g005
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urinary metabolites yield even higher predictive values of R-square were observed: 0.746(Na

+SUC), 0.826(pH+GLU), 0.889(pH+CIT+GLU), 0.897(Na+CIT+GLU), 0.915 (pH+HCO

+CIT+GLU), 0.927(Na+HCO+CIT+GLU), 0.929(Na+HCO+CIT+GLU+SUC) to 0.930(Na

+HCO+CIT+GLU+MMA).

The predictive model validation

The predictive model reported here underwent validation using urinary data from a with-

drawal group (Week 0, 4, 8, 10, and 12). This validation process involved analyzing four differ-

ent datasets from the withdrawal group: 1) Baseline level (No MSG treatment), 2) Week 4

(After 4 weeks of 3.0 g% MSG treatment), 3) Week 8 (After 2 weeks of 3.0 g% MSG treatment),

and 4) Withdrawal periods in both after 4-week and 2-week wash out periods. To predict daily

MSG intake, various combined equations ranging from two to five components, were

employed to predict MSG concentration, resulting in high correlation coefficients (R-

square> 0.79), as depicted in Fig 7.

Fig 6. Eight urinary metabolites exhibited significant changes in the MSG-treated groups at week 12, and MSG-withdrawal group at weeks 0, 4, 8, 10, and

12. Five urinary metabolites including alpha-ketoglutarate (A), citrate (B), fumarate (C), glutamate (D), and succinate (G) were increased levels after MSG

consumption. In contrast, three metabolites including methylamine (E), N-methyl-4-pyridone-3-carboxamide (F), and taurine (H) showed significant

decreased after MSG consumption and elevated after MSG withdrawal. The statistical significance between groups was assessed using one-way ANOVA, and

significance within withdrawal group between with and without MSG consumption was determined using the paired t-test (p< 0.05). Groups are labeled as

follows: C = control, L = low-MSG treated, M = medium-MSG treated, and H = high-MSG treated groups (n = 7-8/group).

https://doi.org/10.1371/journal.pone.0309728.g006
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Discussion

Assessment urinary metabolites could reflect exposure agents, such as radiation exposure [23].

In this study, we investigated the urinary metabolic profile proportional to MSG consumption

and create the predictive formula for the estimate of the daily MSG intake in an established

animal model previously used in our MSG work. Among the 24-hour urinary metabolites and

chemistries, three parameters of urine chemistries and eight urinary metabolites had positive

association with MSG intake and ultimately a combination of sodium, citrate, and glutamate

could best estimate MSG intake.

Adult male Wistar rats were randomly assigned into groups providing MSG at varying con-

centrations in drinking water (0, 0.5, 1.5, and 3.0 g%) for 12 weeks and arbitrary classified as

dose-response of no, low-, medium-, and high- MSG consumption, in which animals received

MSG intake of 0, 0.27 ± 0.06, 1.01 ± 0.26, 1.92 ± 0.35 g/day, respectively. This dosage is equiva-

lent to 0, 8, 15, and 35 g/day, respectively, MSG intake for a 60-kg person [28]. Regarding the

Table 1. Predictive formula of daily MSG consumption derived from 11 urinary parameters and model evaluations.

Urine parameters Predictive formula of MSG intake (g/day) R-square VIF score

(<10)

Durbin-Watson statistics

(1.5–2.5)

Urine chemistries

pH MSG (g/day) = 1.598(pH) - 13.053 0.671 1.000 1.602

pH + Na MSG (g/day) = 0.774(pH) + 0.007(Na) - 6.745 0.738 3.668 2.146

Urine metabolites

AKG + TAU MSG (g/day) = 0.428(AKG) - 1.324(TAU) + 1.409 0.685 1.116 1.759

CIT + GLU MSG (g/day) = 0.312(CIT) + 0.564(GLU) - 0.834 0.849 1.350 1.748

AKG + GLU + TAU MSG (g/day) = 0.272(AKG) + 0.592(GLU) - 1.028(TAU) + 1.113 0.856 1.363 1.863

CIT + GLU + TAU MSG (g/day) = 0.231(CIT) + 0.560(GLU) - 0.624(TAU) + 0.201 0.884 1.843 1.616

AKG + CIT + GLU + TAU MSG (g/day) = 0.109(AKG) + 0.178(CIT) + 0.539(GLU) - 0.691(TAU)

+ 0.309

0.892 3.341 1.702

CIT + FUM + GLU + TAU MSG (g/day) = 0.137(CIT) + 6.686(FUM) + 0.569(GLU) - 0.606(TAU)

+ 0.150

0.895 5.030 1.834

AKG + CIT + FUM + GLU

+ TAU

MSG (g/day) = 0.127(AKG) + 0.064(CIT) + 7.454(FUM) + 0.546(GLU) -

0.682(TAU) + 0.270

0.905 7.129 1.939

Combined parameters

Na + SUC MSG (g/day) = 0.010(Na) + 1.392(SUC) - 1.367 0.746 2.029 1.788

pH + GLU MSG (g/day) = 1.141(pH) + 0.579(GLU) - 9.360 0.826 1.354 1.751

pH + CIT + GLU MSG (g/day) = 0.619(pH) + 0.203(CIT) + 0.496(GLU) - 5.684 0.889 2.482 1.878

Na + CIT + GLU MSG (g/day) = 0.005(Na) + 0.193(CIT) + 0.486(GLU) - 0.854 0.897 2.508 2.111

pH + HCO + CIT + GLU MSG (g/day) = 0.153(pH) + 0.010(HCO) + 0.208(CIT) + 0.327(GLU) -

1.925

0.915 4.991 1.684

Na + HCO + CIT + GLU MSG (g/day) = 0.003(Na) + 0.009(HCO) + 0.174(CIT) + 0.323(GLU) -

0.748

0.927 3.335 1.892

Na + HCO + CIT + GLU

+ SUC

MSG (g/day) = 0.003(Na) + 0.008(HCO) + 0.163(CIT) + 0.328(GLU)

+ 0.183(SUC) - 0.836

0.929 3.819 1.725

Na + HCO + CIT + GLU

+ MMA

MSG (g/day) = 0.002(Na) + 0.009(HCO) + 0.178(CIT) + 0.311(GLU) -

4.871(MMA) - 0.497

0.930 3.762 1.974

Note: The table presents the predictive formula for MSG consumption (g/day), derived from the analysis of 11 concentrations of urinary parameters which in mM for

urine chemistry and μM for urine metabolites. The integration of 12-week MSG-treated (0.0, 0.5, 1.5, and 3.0 g% in drinking water) and withdrawal data (collected at

weeks 0, 4, 8, 10, and 12) was utilized to develop a precise predictive model. All predictive models underwent rigorous assessment for normal distribution through

residual analysis. Additionally, the outcomes of model evaluations, including Coefficient of Determination (R-squared) and assessment of multicollinearity (VIF score),

were provided. Furthermore, the evaluation of linear regression models, particularly in the context of autocorrelation, was conducted using Durbin-Watson statistics.

Abrevation; HCO = bicarbonate, SUC = succinate, AKG = alphaketoglutarate, GLU = glutamate, TAU = taurine, CIT = citrate, FUM = fumarate, MMA = methylamine

https://doi.org/10.1371/journal.pone.0309728.t001
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MSG dosage, there have been reports of 8–12 g in single and double-blind studies [7, 29], and

14 g/day in a cross-sectional study [14]. Moreover, a tablespoon (15 g) MSG or even a half rice

ladle spoon (30 g) added in a meal such as papaya salad can be observed in a daily life in Thai-

land, therefore, the MSG doses applied to animal in this present study is realistic to the con-

sumption observed in several Countries, especially in the East.

The strong correlation between urine pH and urine electrolytes (sodium, bicarbonate) with

daily MSG intake in a dose-dependent manner observed in this study appears as robust. MSG

consumption increased urinary pH has been reported previously in rats receiving 1% MSG in

drinking water for 2 weeks [19], 20% dietary MSG for 9 weeks [30], 6% dietary MSG for 3

months [31], or 2 mg/g body weight MSG/day in drinking water for 9 months [32]. An

increase of urinary pH is a common feature associated to MSG consumption in rodents, inde-

pendent of the diet or water intake and this study confirms the changes as a dose-dependent

manner and can be reversible, as illustrated by the MSG withdrawal group (Fig 3) which sug-

gests a reversible effect of a temporary MSG intake.

The urinary pH changes correspond to the urinary bicarbonate changes. Since the kidney

plays a major role in the homeostasis of plasma and urine pH by acid excretion and bicarbon-

ate reabsorption via the ion exchanger channels [33], the increase of bicarbonate level in urine

indicating its excess in plasma and less reabsorption in the renal tubular system. This was also

observed in our previous study that rats which received 1 g% MSG in drinking water had

higher urine bicarbonate levels as well as the lower expression of three major ion exchangers,

carbonic anhydrase 2 (CAII), Na+-HCO3
- co-transporter 1 (NBC-1), and anion exchanger 1

(AE1) in kidney cortex compared with controls [19]. The low expression NBC-1 was previously

Fig 7. Model validation using data from MSG-withdrawal group. The combined model were validated using concentration of urine chemistry (mM) and

metabolites (μM) in withdrawal groups in week 0, 4, 8, 10, and 12. The symbol was describe as following: Green circle refer to the no MSG treatment period

(Week 0, 8, and 12), Blue circle refer to the 4-week of 3.0 g% MSG treatment period (week 4), and violet circle refer to the 2-week of 3.0 g% MSG treatment

period (week 12).

https://doi.org/10.1371/journal.pone.0309728.g007
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illustrated in rats that received bicarbonate loading [34]. Since the bicarbonate in the body

derived from cellular respiration [35], MSG consumption may increase glutamate as the sub-

strate of citric acid cycle where the CO2 is generated, released to the blood circulation, and

converted into bicarbonate under carbonic anhydrase activity [33]. It has been reported that

95% of fed glutamate was metabolized by intestinal epithelium and of this 50% is oxidized to

CO2 [18] and this serves as a site for food digestion, nutrient absorption, and metabolism, the

gastrointestinal tract becomes the major organ of bicarbonate generation second only to the

liver [36, 37]. The excess of bicarbonate is then transported to the kidneys and filtered out

through glomerulus, tubular lumen, and bladder creating alkaline urine. Thus, the higher

MSG consumption, the greater the urinary bicarbonate was observed in MSG-treated groups

(Fig 4). Moreover, the finding of urinary metabolites such as glutamate, alpha-ketoglutarate,

succinate, fumarate, and citrate increased with the dose of MSG applied (Fig 6) corresponding

with our previous study [19]. The mechanism by which MSG increased levels of intermediates

of tricarboxylic acid (TCA) cycle in urine is in agreement with how these organic anions are

Fig 8. In our proposed model, after MSG consumption, sodium ions and glutamate are absorbed in the intestinal

villi, transported to the liver and other organs via the bloodstream, and excreted through urine when in excess. As

a consequence, urinary Na+ levels are observed to increase in a dose-dependent manner. Glutamate derived from

dietary protein and MSG is utilized by the intestinal epithelium, with excess absorbed and distributed to the liver and

other organs for via blood circulation. In the catabolic pathway, glutamate enters the tricarboxylic acid cycle (TCA

cycle) through alpha-ketoglutarate by transamination, undergoing oxidation to produce intermediates of the citric acid

cycle and carbon dioxide (CO2) as the final product. After MSG consumption, the excess bicarbonate resulting from

CO2 is excreted in urine, leading to alkaline urine in dose-dependent manner. Elevated urinary pH impacts the

reabsorption of metabolites, particularly divalent anion substances, potentially explaining the presence of alpha-

ketoglutarate, citrate, fumarate, succinate, and glutamate in the urine of animals following MSG consumption in a

dose-dependent manner.

https://doi.org/10.1371/journal.pone.0309728.g008
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handled and excreted by the kidneys which was clearly demonstrated by Packer and team [38].

Therefore, the urinary metabolic profile found in this present study is mainly from conse-

quence of alkaline urine.

Using the multiple linear regression model, we obtained several predictive formulas

(Table 1), generating from eleven urinary parameters that related to the MSG intake. Quite

surprisingly, only the urine chemistry parameters, either as a single (urine pH) or combination

(urine pH and Na) were a good predictor for MSG intake. This suggested the feasibility of test-

ing our hypothesis in the research field where the high-throughput machines and techniques

such as HPLC, LC/MS, or NMR are not available. With the full function of equipment and

facilities, formulas from urine chemistries and urinary metabolites can be obtained with higher

precision on MSG estimates. However, in terms of translation, the formulas with bicarbonate

and methylamine parameters may be hampered, because bicarbonate level is very low in

human urine and methylamine is derived from choline metabolism via the gut microbiota [39]

which may create the difference among species.

Taken together, we prefer the simple formula combining Na+, citrate, and glutamate

together because it represents the MSG consumption as its inherent structure and metabolism

supported by the high score of accuracy and validation (Fig 7D). How the Na+, citrate, and glu-

tamate related to the MSG consumption is summarized in Fig 8. Glutamate metabolism at

least in gut is highly conserved among species, piglets, rat, and human [40, 41]. Therefore, we

proposed the equation for estimating daily MSG consumption derived from its metabolites as

below, where the concentration of each parameter in urine is converted to micromolar (μM).

We believe this tool may provide conclusive data on the health consequences of MSG con-

sumption in future studies.

MSG intakeðg=dayÞ ¼ 0:005½Na� þ 0:193½citrate� þ 0:486½glutamate� � 0:854

We acknowledge that the inclusion only of 13-week-old rats, without younger animals, is a

possible limitation that should be addressed in future studies, along with other species.

In conclusion, the present study provides a demonstration of the urinary metabolic changes

with dose-dependence after MSG consumption in animal model. We demonstrated that MSG

consumption increases urinary pH, sodium, and bicarbonate, leading to alteration of urinary

metabolic profiles in a dose-dependent manner and can be exploited as a predictive formula of

its consumption in animal model. We, propose herein a novel formula to estimate the daily

MSG intake based on the urinary MSG metabolites. This may be used as a relevant tool for

estimating MSG consumption in determining MetS-related diseases such as chronic kidney

disease in future studies.

Supporting information

S1 Table. Urinary metabolite concentrations of MSG-treated groups (Week 12) and MSG-

withdrawal group (Week 0, 4, 8, 10, and 12).

(DOCX)

Acknowledgments

We would like to thank the Northeast Laboratory Animal Center (NELAC) at Khon Kaen Uni-

versity for its animal husbandry facilities. Thanks to Slupsky laboratory, Department of Nutri-

tion, University of California, Davis, USA, for NMR technical support and Chenomx software

for data analysis. Thanks to Vidyasirimedhi Institute of Science and Technology (VISTEC),

Wangchan Valley, Rayong, Thailand, for NMR technical support.

PLOS ONE Urinary metabolic profile and its predictive indexes after MSG consumption in rat

PLOS ONE | https://doi.org/10.1371/journal.pone.0309728 September 3, 2024 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0309728.s001
https://doi.org/10.1371/journal.pone.0309728


Author Contributions

Conceptualization: Ubon Cha’on.

Data curation: Manatsaphon Sukmak, Carolyn M. Slupsky, Ubon Cha’on.

Formal analysis: Manatsaphon Sukmak, Thin Su Kyaw, Kanokwan Nahok.

Funding acquisition: Somchai Pinlaor, Bruce D. Hammock, Ubon Cha’on.

Investigation: Manatsaphon Sukmak, Carolyn M. Slupsky, Ubon Cha’on.

Methodology: Manatsaphon Sukmak, Amod Sharma, Ubon Cha’on.

Project administration: Ubon Cha’on.

Resources: Somchai Pinlaor, Sirirat Anutrakulchai, Bruce D. Hammock.

Software: Carolyn M. Slupsky, Ubon Cha’on.

Supervision: Atit Silsirivanit, Worachart Lert-itthiporn, Deanpen Japrung.

Validation: Carolyn M. Slupsky, Ubon Cha’on.

Visualization: Manatsaphon Sukmak, Kanokwan Nahok.

Writing – original draft: Manatsaphon Sukmak, Amod Sharma, Ubon Cha’on.

Writing – review & editing: Somchai Pinlaor, Carlo Selmi, Carolyn M. Slupsky, Bruce D.

Hammock, Ubon Cha’on.

References
1. Yamaguchi SN K. What is Umami?. Food Review International. 1998;(14):123–38.

2. Walker R, Lupien JR. The Safety Evaluation of Monosodium Glutamate. J Nutr. 2000;130(4S Suppl)

1049S-52S. https://doi.org/10.1093/jn/130.4.1049S PMID: 10736380

3. Toyama K, Tomoe M, Inoue Y, Sanbe A, Yamamoto S. A possible application of monosodium gluta-

mate to nutritional care for elderly people. Biological and Pharmaceutical Bulletin. 2008; 31(10):1852–4.

https://doi.org/10.1248/bpb.31.1852 PMID: 18827342

4. Dunteman AN, Lee SY. Characterizing the effect of sodium reduction and monosodium glutamate sup-

plementation on white and multigrain breads. J Food Sci. 2023; 88(3):1128–43. Epub 20230120.

https://doi.org/10.1111/1750-3841.16460 PMID: 36660891.

5. Additives. EPoF, Food. NSat, Mortensen A, Aguilar F, Crebelli R, Di Domenico A, et al. Re-evaluation

of glutamic acid (E 620), sodium glutamate (E 621), potassium glutamate (E 622), calcium glutamate (E

623), ammonium glutamate (E 624) and magnesium glutamate (E 625) as food additives. EFSA J.

2017; 15(7):e04910. Epub 20170712. https://doi.org/10.2903/j.efsa.2017.4910 PMID: 32625571;

PubMed Central PMCID: PMC7009848.

6. Kerr GR, Wu-Lee M, El-Lozy M, McGandy R, Stare FJ. Prevalence of the "Chinese restaurant syn-

drome". J Am Diet Assoc. 1979; 75(1):29–33. PMID: 447978.

7. Kenney RA, Tidball CS. Human susceptibility to oral monosodium L-glutamate. The American journal of

clinical nutrition. 1972; 25(2):140–6. https://doi.org/10.1093/ajcn/25.2.140 PMID: 5009781

8. Osada R, Oshikata C, Kurihara Y, Terada K, Kodama Y, Yamashita Y, et al. A Case of Type I Food

Allergy Induced by Monosodium Glutamate. J Asthma Allergy. 2024; 17:161–5. Epub 20240307.

https://doi.org/10.2147/JAA.S451911 PMID: 38469567; PubMed Central PMCID: PMC10926854.

9. Shastri M, Raval DM, Rathod VM. Monosodium Glutamate (MSG) Symptom Complex (Chinese Res-

taurant Syndrome): Nightmare of Chinese Food Lovers! J Assoc Physicians India. 2023; 71(6):11–2.

https://doi.org/10.5005/japi-11001-0264 PMID: 37355848.

10. Chakraborty SP. Patho-physiological and toxicological aspects of monosodium glutamate. Toxicol

Mech Methods. 2019; 29(6):389–96. Epub 20190506. https://doi.org/10.1080/15376516.2018.1528649

PMID: 30273089.

11. Jacob P, McCafferty K. Assessment and management of chronic kidney disease in people living with

obesity. Clin Med (Lond). 2023; 23(4):353–6. https://doi.org/10.7861/clinmed.2023-0195 PMID:

37524431; PubMed Central PMCID: PMC10541045.

PLOS ONE Urinary metabolic profile and its predictive indexes after MSG consumption in rat

PLOS ONE | https://doi.org/10.1371/journal.pone.0309728 September 3, 2024 15 / 17

https://doi.org/10.1093/jn/130.4.1049S
http://www.ncbi.nlm.nih.gov/pubmed/10736380
https://doi.org/10.1248/bpb.31.1852
http://www.ncbi.nlm.nih.gov/pubmed/18827342
https://doi.org/10.1111/1750-3841.16460
http://www.ncbi.nlm.nih.gov/pubmed/36660891
https://doi.org/10.2903/j.efsa.2017.4910
http://www.ncbi.nlm.nih.gov/pubmed/32625571
http://www.ncbi.nlm.nih.gov/pubmed/447978
https://doi.org/10.1093/ajcn/25.2.140
http://www.ncbi.nlm.nih.gov/pubmed/5009781
https://doi.org/10.2147/JAA.S451911
http://www.ncbi.nlm.nih.gov/pubmed/38469567
https://doi.org/10.5005/japi-11001-0264
http://www.ncbi.nlm.nih.gov/pubmed/37355848
https://doi.org/10.1080/15376516.2018.1528649
http://www.ncbi.nlm.nih.gov/pubmed/30273089
https://doi.org/10.7861/clinmed.2023-0195
http://www.ncbi.nlm.nih.gov/pubmed/37524431
https://doi.org/10.1371/journal.pone.0309728


12. He K, Zhao L, Daviglus ML, Dyer AR, Van Horn L, Garside D, et al. Association of monosodium gluta-

mate intake with overweight in Chinese adults: the INTERMAP Study. Obesity (Silver Spring). 2008; 16

(8):1875–80. Epub 2008/05/24. https://doi.org/10.1038/oby.2008.274 PMID: 18497735; PubMed Cen-

tral PMCID: PMC2610632.

13. He K, Du S, Xun P, Sharma S, Wang H, Zhai F, et al. Consumption of monosodium glutamate in relation

to incidence of overweight in Chinese adults: China Health and Nutrition Survey (CHNS). Am J Clin

Nutr. 2011; 93(6):1328–36. Epub 20110406. https://doi.org/10.3945/ajcn.110.008870 PMID:

21471280; PubMed Central PMCID: PMC3095503.

14. Insawang T, Selmi C, Cha’on U, Pethlert S, Yongvanit P, Areejitranusorn P, et al. Monosodium gluta-

mate (MSG) intake is associated with the prevalence of metabolic syndrome in a rural Thai population.

Nutr Metab (Lond). 2012; 9(1):50. Epub 2012/06/12. https://doi.org/10.1186/1743-7075-9-50 PMID:

22681873; PubMed Central PMCID: PMC3583269.

15. Thu Hien VT, Thi Lam N, Cong Khan N, Wakita A, Yamamoto S. Monosodium glutamate is not associ-

ated with overweight in Vietnamese adults. Public Health Nutr. 2013; 16(5):922–7. Epub 2012/08/17.

https://doi.org/10.1017/S1368980012003552 PMID: 22894833.

16. Shi Z, Luscombe-Marsh ND, Wittert GA, Yuan B, Dai Y, Pan X, et al. Monosodium glutamate is not

associated with obesity or a greater prevalence of weight gain over 5 years: findings from the Jiangsu

Nutrition Study of Chinese adults. Br J Nutr. 2010; 104(3):457–63. Epub 2010/04/08. https://doi.org/10.

1017/S0007114510000760 PMID: 20370941.

17. Rogers MD. Further studies are necessary in order to conclude a causal association between the con-

sumption of monosodium L-glutamate (MSG) and the prevalence of metabolic syndrome in the rural

Thai population. Nutr Metab (Lond). 2013; 10(1):14. Epub 20130124. https://doi.org/10.1186/1743-

7075-10-14 PMID: 23347668; PubMed Central PMCID: PMC3599553.

18. Reeds PJ, Burrin DG, Stoll B, Jahoor F. Intestinal glutamate metabolism. J Nutr. 2000; 130(4S

Suppl):978S–82S. https://doi.org/10.1093/jn/130.4.978S PMID: 10736365.

19. Nahok K, Li JV, Phetcharaburanin J, Abdul H, Wongkham C, Thanan R, et al. Monosodium Glutamate

(MSG) Renders Alkalinizing Properties and Its Urinary Metabolic Markers of MSG Consumption in

Rats. Biomolecules. 2019; 9(10). Epub 2019/10/02. https://doi.org/10.3390/biom9100542 PMID:

31569818.

20. Kayode OT, Bello JA, Oguntola JA, Kayode AAA, Olukoya DK. The interplay between monosodium glu-

tamate (MSG) consumption and metabolic disorders. Heliyon. 2023; 9(9):e19675. Epub 20230909.

https://doi.org/10.1016/j.heliyon.2023.e19675 PMID: 37809920; PubMed Central PMCID:

PMC10558944.

21. Tanaka T, Okamura T, Miura K, Kadowaki T, Ueshima H, Nakagawa H, et al. A simple method to esti-

mate populational 24-h urinary sodium and potassium excretion using a casual urine specimen. J Hum

Hypertens. 2002; 16(2):97–103. https://doi.org/10.1038/sj.jhh.1001307 PMID: 11850766.

22. Brown IJ, Dyer AR, Chan Q, Cogswell ME, Ueshima H, Stamler J, et al. Estimating 24-hour urinary

sodium excretion from casual urinary sodium concentrations in Western populations: the INTERSALT

study. Am J Epidemiol. 2013; 177(11):1180–92. Epub 20130514. https://doi.org/10.1093/aje/kwt066

PMID: 23673246; PubMed Central PMCID: PMC3664342.

23. Tyagi R, Maan K, Khushu S, Rana P. Urine metabolomics based prediction model approach for radia-

tion exposure. Sci Rep. 2020; 10(1):16063. Epub 20200930. https://doi.org/10.1038/s41598-020-

72426-4 PMID: 32999294; PubMed Central PMCID: PMC7527994.

24. Oser BL. The rat as a model for human toxicological evaluation. Journal of Toxicology and Environmen-

tal Health. 1981; 8(4):521–42. https://doi.org/10.1080/15287398109530089 PMID: 7338928

25. Beckonert O, Keun HC, Ebbels TM, Bundy J, Holmes E, Lindon JC, et al. Metabolic profiling, metabolo-

mic and metabonomic procedures for NMR spectroscopy of urine, plasma, serum and tissue extracts.

Nat Protoc. 2007; 2(11):2692–703. https://doi.org/10.1038/nprot.2007.376 PMID: 18007604.

26. Slupsky CM, Rankin KN, Wagner J, Fu H, Chang D, Weljie AM, et al. Investigations of the effects of

gender, diurnal variation, and age in human urinary metabolomic profiles. Anal Chem. 2007; 79

(18):6995–7004. Epub 20070817. https://doi.org/10.1021/ac0708588 PMID: 17702530.

27. Weljie AM, Newton J, Mercier P, Carlson E, Slupsky CM. Targeted profiling: quantitative analysis of 1H

NMR metabolomics data. Anal Chem. 2006; 78(13):4430–42. https://doi.org/10.1021/ac060209g

PMID: 16808451.

28. Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to human studies revisited. FASEB

J. 2008; 22(3):659–61. Epub 20071017. https://doi.org/10.1096/fj.07-9574LSF PMID: 17942826.

29. Geha RS, Beiser A, Ren C, Patterson R, Greenberger PA, Grammer LC, et al. Multicenter, double-

blind, placebo-controlled, multiple-challenge evaluation of reported reactions to monosodium gluta-

mate. J Allergy Clin Immunol. 2000; 106(5):973–80. https://doi.org/10.1067/mai.2000.110794 PMID:

11080723.

PLOS ONE Urinary metabolic profile and its predictive indexes after MSG consumption in rat

PLOS ONE | https://doi.org/10.1371/journal.pone.0309728 September 3, 2024 16 / 17

https://doi.org/10.1038/oby.2008.274
http://www.ncbi.nlm.nih.gov/pubmed/18497735
https://doi.org/10.3945/ajcn.110.008870
http://www.ncbi.nlm.nih.gov/pubmed/21471280
https://doi.org/10.1186/1743-7075-9-50
http://www.ncbi.nlm.nih.gov/pubmed/22681873
https://doi.org/10.1017/S1368980012003552
http://www.ncbi.nlm.nih.gov/pubmed/22894833
https://doi.org/10.1017/S0007114510000760
https://doi.org/10.1017/S0007114510000760
http://www.ncbi.nlm.nih.gov/pubmed/20370941
https://doi.org/10.1186/1743-7075-10-14
https://doi.org/10.1186/1743-7075-10-14
http://www.ncbi.nlm.nih.gov/pubmed/23347668
https://doi.org/10.1093/jn/130.4.978S
http://www.ncbi.nlm.nih.gov/pubmed/10736365
https://doi.org/10.3390/biom9100542
http://www.ncbi.nlm.nih.gov/pubmed/31569818
https://doi.org/10.1016/j.heliyon.2023.e19675
http://www.ncbi.nlm.nih.gov/pubmed/37809920
https://doi.org/10.1038/sj.jhh.1001307
http://www.ncbi.nlm.nih.gov/pubmed/11850766
https://doi.org/10.1093/aje/kwt066
http://www.ncbi.nlm.nih.gov/pubmed/23673246
https://doi.org/10.1038/s41598-020-72426-4
https://doi.org/10.1038/s41598-020-72426-4
http://www.ncbi.nlm.nih.gov/pubmed/32999294
https://doi.org/10.1080/15287398109530089
http://www.ncbi.nlm.nih.gov/pubmed/7338928
https://doi.org/10.1038/nprot.2007.376
http://www.ncbi.nlm.nih.gov/pubmed/18007604
https://doi.org/10.1021/ac0708588
http://www.ncbi.nlm.nih.gov/pubmed/17702530
https://doi.org/10.1021/ac060209g
http://www.ncbi.nlm.nih.gov/pubmed/16808451
https://doi.org/10.1096/fj.07-9574LSF
http://www.ncbi.nlm.nih.gov/pubmed/17942826
https://doi.org/10.1067/mai.2000.110794
http://www.ncbi.nlm.nih.gov/pubmed/11080723
https://doi.org/10.1371/journal.pone.0309728


30. Wen CP, Hayes KC, Gershoff SN. Effects of dietary supplementation of monosodium glutamate on

infant monkeys, weanling rats, and suckling mice. Am J Clin Nutr. 1973; 26(8):803–13. https://doi.org/

10.1093/ajcn/26.8.803 PMID: 4198340.

31. de Groot AP, Feron VJ, Immel HR. Induction of hyperplasia in the bladder epithelium of rats by a dietary

excess of acid or base: implications for toxicity/carcinogenicity testing. Food Chem Toxicol. 1988; 26

(5):425–34. https://doi.org/10.1016/0278-6915(88)90053-1 PMID: 3391465.

32. Sharma A, Prasongwattana V, Cha’on U, Selmi C, Hipkaeo W, Boonnate P, et al. Monosodium gluta-

mate (MSG) consumption is associated with urolithiasis and urinary tract obstruction in rats. PLoS One.

2013; 8(9):e75546. Epub 2013/10/03. https://doi.org/10.1371/journal.pone.0075546 PMID: 24086562;

PubMed Central PMCID: PMC3784461.

33. Koeppen BM. The kidney and acid-base regulation. Adv Physiol Educ. 2009; 33(4):275–81. https://doi.

org/10.1152/advan.00054.2009 PMID: 19948674.

34. Amlal H, Chen Q, Greeley T, Pavelic L, Soleimani M. Coordinated down-regulation of NBC-1 and NHE-

3 in sodium and bicarbonate loading. Kidney Int. 2001; 60(5):1824–36. https://doi.org/10.1046/j.1523-

1755.2001.00995.x PMID: 11703600.

35. Heinemann HO, Goldring RM. Bicarbonate and the regulation of ventilation. Am J Med. 1974; 57

(3):361–70. https://doi.org/10.1016/0002-9343(74)90131-4 PMID: 4606269.

36. Sugai N, Okamura H, Tsunoda R. Histochemical localization of carbonic anhydrase in the rat duodenal

epithelium. Fukushima J Med Sci. 1994; 40(2):103–17. PMID: 7642162.

37. Burrin DG, Stoll B. Metabolic fate and function of dietary glutamate in the gut. Am J Clin Nutr. 2009; 90

(3):850S–6S. Epub 20090708. https://doi.org/10.3945/ajcn.2009.27462Y PMID: 19587091.

38. Packer RK, Curry CA, Brown KM. Urinary organic anion excretion in response to dietary acid and base

loading. J Am Soc Nephrol. 1995; 5(8):1624–9. https://doi.org/10.1681/ASN.V581624 PMID: 7756596.

39. Russell WR, Hoyles L, Flint HJ, Dumas ME. Colonic bacterial metabolites and human health. Curr Opin

Microbiol. 2013; 16(3):246–54. Epub 20130720. https://doi.org/10.1016/j.mib.2013.07.002 PMID:

23880135.

40. Bertolo RF, Burrin DG. Comparative aspects of tissue glutamine and proline metabolism. J Nutr. 2008;

138(10):2032S–9S. https://doi.org/10.1093/jn/138.10.2032S PMID: 18806120.

41. Nakamura H, Kawamata Y, Kuwahara T, Torii K, Sakai R. Nitrogen in dietary glutamate is utilized exclu-

sively for the synthesis of amino acids in the rat intestine. Am J Physiol Endocrinol Metab. 2013; 304(1):

E100–8. Epub 20121031. https://doi.org/10.1152/ajpendo.00331.2012 PMID: 23115079.

PLOS ONE Urinary metabolic profile and its predictive indexes after MSG consumption in rat

PLOS ONE | https://doi.org/10.1371/journal.pone.0309728 September 3, 2024 17 / 17

https://doi.org/10.1093/ajcn/26.8.803
https://doi.org/10.1093/ajcn/26.8.803
http://www.ncbi.nlm.nih.gov/pubmed/4198340
https://doi.org/10.1016/0278-6915%2888%2990053-1
http://www.ncbi.nlm.nih.gov/pubmed/3391465
https://doi.org/10.1371/journal.pone.0075546
http://www.ncbi.nlm.nih.gov/pubmed/24086562
https://doi.org/10.1152/advan.00054.2009
https://doi.org/10.1152/advan.00054.2009
http://www.ncbi.nlm.nih.gov/pubmed/19948674
https://doi.org/10.1046/j.1523-1755.2001.00995.x
https://doi.org/10.1046/j.1523-1755.2001.00995.x
http://www.ncbi.nlm.nih.gov/pubmed/11703600
https://doi.org/10.1016/0002-9343%2874%2990131-4
http://www.ncbi.nlm.nih.gov/pubmed/4606269
http://www.ncbi.nlm.nih.gov/pubmed/7642162
https://doi.org/10.3945/ajcn.2009.27462Y
http://www.ncbi.nlm.nih.gov/pubmed/19587091
https://doi.org/10.1681/ASN.V581624
http://www.ncbi.nlm.nih.gov/pubmed/7756596
https://doi.org/10.1016/j.mib.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23880135
https://doi.org/10.1093/jn/138.10.2032S
http://www.ncbi.nlm.nih.gov/pubmed/18806120
https://doi.org/10.1152/ajpendo.00331.2012
http://www.ncbi.nlm.nih.gov/pubmed/23115079
https://doi.org/10.1371/journal.pone.0309728



