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Abstract

Objective: Elevated plasma glutamate levels associate with an increased risk of
cardiovascular disease (CVD). Because plasma glutamate levels also strongly associate with
visceral adiposity, NAFLD, insulin resistance and high circulating levels of branched-chain
amino acids (BCAA), it is unknown to what extent elevated circulating glutamate is an

independent marker of an increased risk of atherosclerosis.

Methods: Plasma levels of glutamate and BCAA were measured in 102 subjects who were
precisely phenotyped for body fat mass and distribution (MR tomography), liver fat content
(*H-MR spectroscopy), insulin sensitivity [oral glucose tolerance test and hyperinsulinemic,

euglycemic clamp (N=57)] and carotid intima-media thickness (cIMT).

Results: Plasma glutamate levels, adjusted for age, sex, body fat mass and visceral fat mass,
correlated positively with liver fat content and cIMT (all std.-3>0.22, all p<0.023) and
negatively with insulin sensitivity (std.-8<-0.31, p<0.0019). Glutamate levels also associated
with cIMT, independently of additional adjustment for liver fat content, insulin sensitivity
and BCAA levels (std.-3>0.24, p<0.021). Furthermore, an independent positive association of
glutamate and IL-6 levels was observed (N=50; std. 3=0.39, p=0.028). While glutamate,
adjusted for age, sex, body fat mass and visceral fat mass, also correlated positively with
cIMT in this subgroup (std. R8=0.31, p=0.019), after additional adjustment for the parameters
liver fat content, insulin sensitivity, BCAA or IL-6 levels, adjustment for IL-6 most strongly

attenuated this relationship (std. 3=0.28, p=0.05).
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Conclusions: Elevated plasma glutamate levels are associated with increased cIMT,
independently of established CVD risk factors and this relationship may in part be explained

by IL-6-associated subclinical inflammation.

Keywords: Plasma Glutamate, Non-Alcoholic Fatty Liver Disease, Visceral Obesity, Insulin
Resistance, Carotid Intima-Media Thickness, Endothelial Cells
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Abbreviations: BCAA, branched-chain amino acids; cIMT, carotid intima-media thickness;
IL, interleukin; IS, insulin sensitivity; MR, magnetic resonance; NAFLD, non-alcoholic fatty
liver disease; OGTT, oral glucose tolerance test; TAT, total adipose tissue; VAT, visceral

adipose tissue
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Introduction

Subjects with increased cardiometabolic risk are often characterized by visceral obesity and
ectopic accumulation of lipids in non-adipose tissue, such as the skeletal muscle and the liver,
e.g. resulting in non-alcoholic fatty liver disease (NAFLD) (1-3). Research focussing on the
role of organ cross-talk identified dysregulated release and signalling of lipids, adipokines,
cytokines, hepatokines and myokines, mediating the effects of these phenotypes, particularly
involving insulin resistance (4-6). In addition, research applying blood metabolomics
identified novel pathways, such as dysregulated trimethylamine N-oxide and branched-chain
amino acid (BCAA) metabolism, involved in the pathogenesis of cardiometabolic diseases

(7,8).

Somewhat unnoticed in the field of cardiometabolic research, blood metabolomic studies
found that increased plasma levels of glutamate associated with higher prevalence of type 2
diabetes (9,10). Furthermore, elevated plasma glutamate levels were found to associate with
fasting and 2hr hyperglycemia during an oral glucose tolerance test (11). In the Framingham
Heart Study and in the Malmé Diet and Cancer Study elevated glutamate levels associated
with increased estimates of total and visceral adiposity, dyslipidemia and insulin resistance
and with an increased risk of incident diabetes. The relationship of glutamate levels with the
risk of diabetes was independent of age, sex, body-mass index and fasting glycemia (12). In
addition, in fully adjusted models elevated plasma glutamate levels were found to associate

with increased risk of incident cardiovascular disease (CVD) in the PREDIMED Study (13).

However, it is unknown whether these relationships are independent of precisely measured
fat mass and fat distribution, NAFLD and insulin resistance, or whether elevated glutamate
levels may represent a novel and independent pathomechanism for cardiometabolic diseases.

Therefore, in the present study we investigated whether plasma glutamate levels associate
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with hyperglycemia and insulin resistance, independently of plasma BCAAs and precise
measures of body fat distribution and liver fat content. Furthermore, we investigated whether
plasma glutamate levels associate with subclinical atherosclerosis, determined by increased
carotid intima-media thickness (cIMT), independently of these phenotypes and of BCAAS,

and whether glutamate may have pro-inflammatory effects in endothelial cells.
Materials and Methods

A total of 102 participants from the Tilbingen Diabetes Family Study (14,15), in whom 1.
plasma metabolomic data, 2. measurements of body fat mass and distribution and of liver fat
content, using magnetic resonance (MR) tomography and *H-MR spectroscopy and 3.
measurements of cIMT, were available, were included in the present analysis. As storage (-
80°C), freezing and thawing of plasma samples is most critical for metabolomic analyses (16)
we could only measure metabolomics in unthawed samples of 102 out of the initially
phenotyped 314 subjects (15), in whom plasma samples were still available. Individuals
fulfilled at least one of the following criteria: a family history of type 2 diabetes, a BMI > 27
kg/m?, previous diagnosis of impaired glucose tolerance or gestational diabetes. Subjects
were considered healthy according to a physical examination and routine laboratory tests.
The subject’s highest education (lower secondary, higher secondary, baccalaureate, other)
was obtained from questionnaires. Informed written consent was obtained from all
participants-and the Ethics Committee of the University of Tubingen had approved the

protocol.
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Oral glucose tolerance test, simple anthropometrics and blood pressure

Subjects underwent a frequently sampled 2hr, 75g oral glucose tolerance test (OGTT).
Venous plasma samples were obtained at 0, 30, 60, 90, and 120 minutes for determination of
plasma glucose and insulin levels. Whole body insulin sensitivity was calculated from
glucose and insulin values during the OGTT as proposed by Matsuda and DeFronzo (17).
BMI was calculated as weight divided by the square of height (kg/m?). Waist circumference
was measured in the upright position at the midpoint between the lateral iliac crest and the
lowest rib. The blood pressure measurement was performed at the dominant arm, unless there
was a deformity, using a sphygmomanometer and a stethoscope to auscultate the Korotkoff
sounds. Blood pressure was measured in duplicate, and the mean value of both measurements

was calculated.
Euglycemic, hyperinsulinemic clamp

In a subgroup of 57 subjects insulin sensitivity was also determined during a euglycemic,
hyperinsulinemic clamp with a primed insulin infusion at a rate of 40 mU-mZ-min™ for 2
hours. The insulin sensitivity index measured during the clamp (in pmol-kg™-min™-pM™)
was calculated as the mean infusion rate of glucose (in pmol-kg™-min™) necessary to
maintain euglycemia during the last 40 minutes of the euglycemic hyperinsulinemic clamp

divided by the steady state plasma insulin concentration.
Total body fat mass, body fat distribution and liver fat content

Measurements of total body- and visceral fat and mass were performed by an axial T1-
weighted fast spin echo technique with a 1.5 T whole-body magnetic resonance imager. Liver
fat content was measured by localized proton magnetic resonance (*H-MR) spectroscopy as

previously described (14).
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Carotid intima-media thickness

The cIMT intima-media thickness was measured in the fasting state using a high-resolution
ultrasound system (AU5 idea, Esaote Biomedica, Munich, Germany) with an integrated

electrocardiography package as previously described (18).

Analytical procedures

Blood glucose was determined using a bedside glucose analyzer (glucose-oxidase method,;
YSI, Yellow Springs Instruments, Yellow Springs, OH). Plasma insulin was determined on
an ADVIA Centaur XP and all other blood parameters on an ADVIA 1800 clinical chemistry

system (Siemens Healthcare systems, Erlangen, Germany).

A total of 265 blood metabolites were analyzed by the targeted IDQ metabolomics platform
from Biocrates (Innsbruck, Austria). This platform combines flow injection (acylcarnitines,
glycerophospholipids), liquid chromatographic (amino acids, bile acids), and gas
chromatographic (free fatty acids) mass spectrometric (MS) approaches. The identification of
metabolites is based on exact mass, multi-reaction monitoring and comparison with standard
compounds (if commercially available). For the detection of acylcarnitines, lipids, amino
acids and bile acids an API 4000 QTrap (AB Sciex, Foster City, USA) was used. The plasma
content of fatty acids was measured as their corresponding methyl ester derivatives using a

7890 GC and a 5795 MSD (Agilent, Waldbronn, Germany).
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Statistical analyses

Values are presented as means + SD. Data that were not normally distributed (Shapiro-Wilk
W test) were logarithmically transformed. For statistical testing Pearson's correlations, ROC
analyses and multivariable linear regression analyses were used. For statistical testing the

analysis program JMP 14.2.0 of SAS was used.
Results

The characteristics of the subjects are shown in the Table 1. Subjects (58 women, 44 men)
had a mean age of 50 years and a body-mass index of 30.4 kg/m® One participant of the
study had an elevated fasting glucose level of 7.42 mM, while his 2hr glucose value during

the OGTT (6.6 mM) and his HbAlc level (5.1%) indicated that he did not have diabetes.

Univariate relationships

In univariate analyses plasma levels of glutamate were higher in males compared to females
(difference log data 0.58, lower/upper 95% CI1=0.39/0.76, p<0.0001) and did not correlate
with age (r=-0.04, lower/upper 95% CI=-0.23/0.16, p=0.69) or total body fat mass (r=0.10,
lower/upper 95% CI=-0.10/0.29, p=0.31). The participant’s highest education was not
associated with glutamate levels (r=0.07, lower/upper 95% CI=-0.13/0.26, p=0.48). Total
body fat mass, visceral fat mass and liver fat content correlated strongly and positively with
each other (all r >0.41; all p-values <0.0001), and all these parameters correlated negatively
with insulin sensitivity (all r <-0.40; all p-values <0.002). Plasma levels of glutamine
correlated positively with liver fat content (r=0.20, p=0.047), negatively with 1Sciamp (r=-0.27,
p=0.040) and, relatively strong and positive, with BCAA levels (r=0.51, p<0.0001). BCAA

levels also correlated positively with visceral fat mass (r=0.47, p<0.0001) and liver fat
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content (r=0.40, p<0.0001), negatively with IS¢iamp (r=-0.37, p=0.0047) and positively with
glutamate levels (r=0.44, p<0.0001). Plasma glutamate levels did not correlate with body fat
mass, but correlated positively with visceral fat mass and liver fat content (all r >0.40; all p-
values <0.0001) and negatively with insulin sensitivity (all r <-0.36; all p-values <0.0003).
Furthermore, a positive correlation of plasma glutamate with cIMT (r=0.30, p=0.002) was

observed (Table 2).

To better estimate the strength of the relationship of plasma glutamate levels with cIMT the
glutamate levels were also divided into tertiles. Thereby, cIMT was found to be highest in

subjects in the upper tertile of plasma glutamate levels (p for trend = 0.0004; Figure 1).

Predictive analyses

When cIMT was divided into tertiles, in a forward stepwise regression model including the
clinical parameters age, sex, systolic and diastolic blood pressure, body-mass index, and
LDL-cholesterol, C-reactive protein and glutamate levels, only higher age [likelihood-ratio-
test (LR)-test: 21.3] and glutamate levels (LR-test: 7.5) predicted being in the highest
compared to the lowest tertile of cIMT. Using ROC curve analysis inclusion of glutamate
levels, in addition to age, increased the AUC for being in the highest compared to the lowest

tertile of cIMT from 0.79 to 0.84.

Multivariable relationships

Independent relationships of glutamate levels with insulin sensitivity, liver fat content and
cIMT were also investigated using multivariable linear regression models. In these models

glutamate levels were adjusted for sex. Furthermore, although glutamate levels did not
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correlate with age or total body fat mass, adjustment for these parameters was also done,
because they strongly associate with the tested cardiometabolic risk parameters. In these
models (Table 3) glutamate levels, correlated negatively with insulin sensitivity (ISogrtT: Std.
=-0.31, p=0.0019; IScjamp: std. #=-0.41, p=0.0005). Furthermore, adjusted glutamate levels
correlated positively with liver fat content (std. 3=0.22, p=0.02) and with cIMT (std. 3=0.25,
p=0.01). In addition, glutamate levels correlated with cIMT independently of additional
adjustment for liver fat content and insulin sensitivity (adjusted for ISogrr: std. B=0.24,

p=0.02; adjusted for IS¢jamp std. B8=0.35, p=0.01).

As plasma glutamate levels also correlated strongly with insulin sensitivity in our study and
also with liver fat content and BCAA levels, and because there is no evidence that glutamate
may play a major role in the pathogenesis of insulin resistance, fatty liver or dysregulated
BCAA levels, we additionally adjusted for these parameters, considering them possible
confounders in the relationship with cIMT. In these extended multivariable models,
glutamate levels, adjusted for age, sex, body fat mass, visceral fat mass, liver fat content and
insulin sensitivity, correlated positively with cIMT (std. $=0.24, p=0.02, Table 4, Model 1)
and a positive relationship of glutamate levels with cIMT was also found (std. R=0.26,
p=0.01) after additional adjustment for BCAA levels (Table 4, Model 2). To test for possible
over-adjustment we also determined the variance inflation factors (VIFs) in our multivariable
regression models. In all multivariable regression models that were performed with the total
population (N=102) studied, the VIFs were lower than 5, indicating that collinearity was not

a problem.

In the search of mediators of the relationship of glutamate levels with cIMT, we focused in an
exploratory approach on measures of subclinical inflammation. In this respect high-
sensitivity C-reactive protein (hs-CRP) and, in a subgropup of 50 subjects, interleukin-6 (IL-
6) levels, were previously measured. After adjustment for age, sex, body fat mass and

12

0202 1eqwe2e( G| Uo Jasn wniuazsbunyosiod 4S9 Aq /1.51209/8688EBP/WSUID/01LZ | 01 /10P/8|21B-80UBAPE/Wal/Woo dno-olWwapese//:sdyy wol) pepeojumoq



visceral fat mass, plasma glutamate levels only tended to associate positively with hs-CRP
levels (std. 3=0.20, p=0.10), however, an independent positive association of circulating
glutamate with IL-6 levels (std. 3=0.39, p=0.028) was observed. While circulating glutamate,
adjusted for age, sex, body fat mass and visceral fat mass, also correlated positively with
cIMT in this subgroup of 50 subjects (std. 3=0.31, p=0.019), after additional adjustment for
the parameters liver fat content, insulin sensitivity, BCAA or IL-6 levels, adjustment for IL-6
most strongly attenuated this relationship (std. $=0.28, p=0.05). In this small group of 50
subjects, in whom IL-6 levels were available, in the multivariable regression model including
age, sex, body fat mass and visceral fat mass, only the VIF for visceral fat mass was higher
than 5 (6.67). However, because glutamate and IL-6 levels.also correlated positively with
each other prior to adjustment for other parameters, possible over-adjustment may not be a

problem in this subgroup of subjects.

Discussion

High-throughput metabolic profiling studies integrating clinical data have recently provided
important information about novel pathways of cardiometabolic diseases (7,8). In this respect
elevated plasma glutamate levels were found to associate with a cardiometabolic risk profile
(12) and to predict incident CVD (13). However, glutamate (i) promotes hyperinsulinemia,
(if) contributes to gluconeogenesis as a glucogenic amino acid, and (iii) is increasingly
released from hepatocytes into the circulation in NAFLD (19,20). Therefore, it cannot be
excluded that the observed relationships of glutamate levels with the cardiometabolic risk
profile may be confounded by insulin resistance and NAFLD. Furthermore, glutamate levels
were found to strongly correlate positively with increased visceral fat mass (21,22). In
addition, in insulin resistant conditions glutamate is produced in the first step of BCAA

catabolism (8). Thus, on the one hand, elevated circulating glutamate levels may simply
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reflect increased circulating BCAA, which are thought to be involved in the pathogenesis of
type 2 diabetes (8). On the other hand, plasma glutamate may be involved in the pathogenesis
of cardiometabolic diseases. Support for this hypothesis is provided by the fact that glutamate
receptors are expressed in various tissues that become dysfunctional early on in the
pathogenesis of CVD, such as the cardiac muscle and the endothelium. Furthermore,
signalling via metabotropic glutamate receptors was found to promote lipopolysaccharide-

induced liver damage and reactive oxygen species production (19).

We can provide novel information that glutamate associates with higher liver fat content,
lower insulin sensitivity and increased cIMT, independently of precisely measured total body
fat mass and visceral fat mass. In addition, we found that glutamate levels may help to
identify subjects with elevated cIMT, an early marker of subclinical atherosclerosis.
Interestingly, we found that subjects with elevated glutamate levels have higher cIMT, even
after further adjustment for liver fat content and insulin sensitivity. Moreover, this

relationship was present after additional adjustment for circulating BCAAs.

Although we cannot infer causal relationships from these data, the present findings indicate
that it may be worthwhile investigating whether plasma glutamate levels impact on the
pathogenesis of atherosclerosis. To address this hypothesis in an exploratory approach we
focused on measures of subclinical inflammation. Plasma glutamate levels did not associate
with. hs-CRP. levels. However, in a subgroup of 50 subjects, in whom plasma IL-6
measurements were available, plasma glutamate levels correlated positively with plasma IL-6
concentrations (r=0.30, p=0.036) and this relationship was also present after adjustment for
age, sex, body fat mass and visceral fat mass (std. $=0.39, p=0.028, Figure 2). Circulating
glutamate, adjusted for age, sex, body fat mass and visceral fat mass, also correlated
positively with cIMT in this subgroup of 50 subjects. After additional adjustment for the
parameters liver fat content, insulin sensitivity, BCAA or IL-6 levels, adjustment for IL-6
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most strongly attenuated this relationship. This finding supports the hypothesis that glutamate
might have pro-inflammatory effects and thereby be involved in the pathogenesis of

atherosclerosis.

A possible pro-inflammatory effect of glutamate is supported by the observation that in
synovial fluid of patients with rheumatoid arthritis glutamate levels were found to strongly
correlate positively with RANTES and IL-8 levels, and that glutamate induced TNF-alpha
production, which was followed by further upregulation of chemokine and cytokine
production in synovial cell cultures (23). As metabotropic glutamate receptors were also
found in the lining of blood vessels, both, in rat and macaque hearts (18), it is plausible that
such pro-inflammatory effects of glutamate are also present in‘endothelial cells. If these
findings can be replicated in other studies, there is also support that the observed relationship
of increased intake of glutamate with increased cardiovascular mortality (24), which was not
only explained by a more unhealthy diet, particularly one including higher intake of red meat
and lower intake of whole grains, is important, as glutamate may be involved in the

pathogenesis of atherosclerosis.

On the other hand, a study using a Mendelian randomization approach did not find support
that genetically determined glutamate levels are involved in the pathogenesis of ischemic
heart disease (25). However, in that study only one single nucleotide polymorphism (SNP,
rs239614) that reached genome-wide significance for glutamate levels could be tested.
Furthermore, the effect size of the SNP on circulating glutamate was relatively small. As
circulating glutamate is considered to strongly increase in pathologies associated with
increased BCAA metabolism (8), and is increasingly released from hepatocytes into the
circulation in nonalcoholic steatohepatitis (26), these pathologies may stronger impact on
circulating glutamate than genetic variability. In that case measurement of plasma glutamate
levels may help to identify subjects with an increased risk of CVD, which may particularly
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relate to the presence of visceral obesity, NAFLD and insulin resistance. Furthermore, it may
be warranted to put more focus on reducing the dietary intake of the umami taste receptor-
activating glutamate, which is being widely found as a flavour enhancer (27), particularly in

processed food.

Our study has the limitation that we could only study a relatively small population that had
precise measurements of glucose and lipid metabolism, body fat distribution, liver fat content
and cIMT. Furthermore, we cannot draw definite conclusions about causal relationships from
our cross-sectional analyses. For this predictive analyses in large cohorts having precise
measurements of the confounding parameters, such as precisely measured insulin sensitivity
and visceral fat mass and animal studies investigating mechanisms of glutamate action, are

necessary.

In conclusion, we found that elevated plasma glutamate levels associate with higher liver fat
content, lower insulin sensitivity and increased cIMT, independently of precisely measured
total body fat mass and visceral fat mass. Furthermore, the relationship of elevated plasma
glutamate levels with increased cIMT was independent of liver fat content and insulin
sensitivity. As our analyses revealed that plasma glutamate associates with increased plasma
IL-6 levels in humans, our data suggest that it may be worthwhile studying whether elevated

plasma glutamate levels play a major role in the pathophysiology of CVD.

Data Availability

Restrictions apply to the availability of data generated or analyzed during this study to
preserve patient confidentiality or because they were used under license. The corresponding
author will on request detail the restrictions and any conditions under which access to some

data may be provided.

16

0202Z Jaquiaoa( G| Uo Jasn wnyuazsbunyosio4 4S9 Aq /1S¥Z09/868eeBp/waulo/0 Lz 01 /10p/a[onie-adueApe/wadl/woo dno oliwspese//:sdiy Woll papeojumod



References

1. Neeland 1J, Ross R, Després JP, Matsuzawa Y, Yamashita S, Shai I, Seidell J, Magni
P, Santos RD, Arsenault B, Cuevas A, Hu FB, Griffin B, Zambon A, Barter P,
Fruchart JC, Eckel RH; International Atherosclerosis Society; International Chair on
Cardiometabolic Risk Working Group on Visceral Obesity. Visceral and ectopic fat,
atherosclerosis, and cardiometabolic disease: a position statement. Lancet Diabetes
Endocrinol. 2019;7(9):715-725.

2. Stefan N, Héring HU, Cusi K. Non-alcoholic fatty liver disease: causes, diagnosis,
cardiometabolic consequences, and treatment strategies. Lancet Diabetes Endocrinol.
2019;7(4):313-324.

3. Gastaldelli A, Cusi K. From NASH to diabetes and from diabetes to NASH:
Mechanisms and treatment options. JHEP Rep. 2019;1(4):312-328.

4. Pedersen BK, Febbraio MA. Muscles, exercise and obesity: skeletal muscle as a
secretory organ. Nat Rev Endocrinol. 2012;8(8):457-465.

5. Stefan N, Haring HU. The role of hepatokines in metabolism. Nat Rev Endocrinol.
2013;9(3):144-152.

6. Kusminski CM, Bickel PE, Scherer PE. Targeting adipose tissue in the treatment of
obesity-associated diabetes. Nat Rev Drug Discov. 2016;15(9):639-660.

7. Roberts LD, Gerszten RE. Toward new biomarkers of cardiometabolic diseases. Cell
Metab. 2013;18(1):43-50.

8. Newgard CB. Metabolomics and Metabolic Diseases: Where Do We Stand? Cell
Metab. 2017;25(1):43-56.

9. BaoY, Zhao T, Wang X, Qiu Y, Su M, Jia W, Jia W. Metabonomic variations in the
drug-treated type 2 diabetes mellitus patients and healthy volunteers. J Proteome Res.

2009;8(4):1623-1630.

17

0202Z Jaquiaoa( G| Uo Jasn wnyuazsbunyosio4 4S9 Aq /1S¥Z09/868eeBp/waulo/0 Lz 01 /10p/a[onie-adueApe/wadl/woo dno oliwspese//:sdiy Woll papeojumod



10.

11.

12.

13.

14.

15.

Palmer ND, Stevens RD, Antinozzi PA, Anderson A, Bergman RN, Wagenknecht
LE, Newgard CB, Bowden DW. Metabolomic profile associated with insulin
resistance and conversion to diabetes in the Insulin Resistance Atherosclerosis Study.
J Clin Endocrinol Metab. 2015;100(3):E463-468

Takashina C, Tsujino I, Watanabe T, Sakaue S, Ikeda D, Yamada A, Sato T, Ohira H,
Otsuka Y, Oyama-Manabe N, Ito YM, Nishimura M. Associations among the plasma
amino acid profile, obesity, and glucose metabolism in Japanese adults with normal
glucose tolerance. Nutr Metab (Lond). 2016;13:5.

Cheng S, Rhee EP, Larson MG, Lewis GD, McCabe EL, Shen D, Palma MJ, Roberts
LD, Dejam A, Souza AL, Deik AA, Magnusson M, Fox CS, O'Donnell CJ, Vasan RS,
Melander O, Clish CB, Gerszten RE, Wang TJ. Metabolite profiling identifies
pathways associated with metabolic risk in"humans. Circulation. 2012;125(18):2222-
2231.

Zheng Y, Hu FB, Ruiz-Canela M, Clish CB, Dennis C, Salas-Salvado J, Hruby A,
Liang L, Toledo E, Corella D, Ros E, Fitd6 M, Gomez-Gracia E, Arés F, Fiol M,
Lapetra J, Serra-Majem L, Estruch R, Martinez-Gonzélez MA. Metabolites of
Glutamate Metabolism Are Associated With Incident Cardiovascular Events in the
PREDIMED Trial. J Am Heart Assoc. 2016;5(9):e003755.

Stefan N, Kantartzis K, Machann J, Schick F, Thamer C, Rittig K, Balletshofer B,
Machicao F, Fritsche A, Haring HU. Identification and characterization of
metabolically benign obesity in humans. Arch Intern Med. 2008;168(15):1609-1616.
Floegel A, Stefan N, Yu Z, Muhlenbruch K, Drogan D, Joost HG, Fritsche A, Héring
HU, Hrabé de Angelis M, Peters A, Roden M, Prehn C, Wang-Sattler R, Illig T,

Schulze MB, Adamski J, Boeing H, Pischon T. Identification of serum metabolites

18

0202 1eqwe2e( G| Uo Jasn wniuazsbunyosiod 4S9 Aq /1.51209/8688EBP/WSUID/01LZ | 01 /10P/8|21B-80UBAPE/Wal/Woo dno-olWwapese//:sdyy wol) pepeojumoq



16.

17.

18.

19.

20.

21.

22.

associated with risk of type 2 diabetes using a targeted metabolomic approach.
Diabetes. 2013;62(2):639-648.

Yin P, Lehmann R, Xu G. Effects of pre-analytical processes on blood samples used
in metabolomics studies. Anal Bioanal Chem. 2015 Jul;407(17):4879-4892.

Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from oral glucose
tolerance testing: comparison with the euglycemic insulin clamp. Diabetes Care.
1999;22(9):1462-1470.

Balletshofer BM, Haap M, Rittig K, Stock J, Lehn-Stefan A, Héring HU. Early
carotid atherosclerosis in overweight non-diabetic individuals ‘is associated with
subclinical chronic inflammation independent of underlying insulin resistance. Horm
Metab Res. 2005;37(5):331-335.

Julio-Pieper M, Flor PJ, Dinan TG, Cryan JF. Exciting times beyond the brain:
metabotropic glutamate receptors in peripheral and non-neural tissues. Pharmacol
Rev. 2011;63(1):35-58.

Gaggini M, Carli F, Rosso C, Buzzigoli E, Marietti M, Della Latta V, Ciociaro D,
Abate ML, Gambino R, Cassader M, Bugianesi E, Gastaldelli A. Altered amino acid
concentrations in NAFLD: Impact of obesity and insulin resistance. Hepatology.
2018;67(1):145-158.

Boulet MM, Chevrier G, Grenier-Larouche T, Pelletier M, Nadeau M, Scarpa J, Prehn
C, Marette A, Adamski J, Tchernof A. Alterations of plasma metabolite profiles
related to adipose tissue distribution and cardiometabolic risk. Am J Physiol
Endocrinol Metab. 2015;309(8):E736-746.

Maltais-Payette 1, Boulet MM, Prehn C, Adamski J, Tchernof A. Circulating
glutamate concentration as a biomarker of visceral obesity and associated metabolic

alterations. Nutr Metab (Lond). 2018;15:78.

19

0202 1eqwe2e( G| Uo Jasn wniuazsbunyosiod 4S9 Aq /1.51209/8688EBP/WSUID/01LZ | 01 /10P/8|21B-80UBAPE/Wal/Woo dno-olWwapese//:sdyy wol) pepeojumoq


https://pubmed.ncbi.nlm.nih.gov/25736245/
https://pubmed.ncbi.nlm.nih.gov/25736245/
http://www.ncbi.nlm.nih.gov/pubmed/15971158
http://www.ncbi.nlm.nih.gov/pubmed/15971158
http://www.ncbi.nlm.nih.gov/pubmed/15971158

23.

24,

25.

26.

27.

McNearney T, Baethge BA, Cao S, Alam R, Lisse JR, Westlund KN. Excitatory
amino acids, TNF-alpha, and chemokine levels in synovial fluids of patients with
active arthropathies. Clin Exp Immunol. 2004;137(3):621-627

Ma W, Heianza Y, Huang T, Wang T, Sun D, Zheng Y, Hu FB, Rexrode KM,
Manson JE, Qi L. Dietary glutamine, glutamate and mortality: two large prospective
studies in US men and women. Int J Epidemiol. 2018;47(1):311-320.

Zhao JV, Kwok MK, Schooling CM. Effect of glutamate and aspartate on ischemic
heart disease, blood pressure, and diabetes: a Mendelian randomization study. Am J
Clin Nutr. 2019 Apr 1;109(4):1197-1206.

Mardinoglu A, Agren R, Kampf C, Asplund A, Uhlen M, Nielsen J. Genome-scale
metabolic modelling of hepatocytes reveals serine deficiency in patients with non-
alcoholic fatty liver disease. Nat Commun. 2014,5:3083.

Hartley IE, Liem DG, Keast R. Umami as an 'Alimentary’ Taste. A New Perspective

on Taste Classification. Nutrients. 2019;11(1):182.

20

0202Z Jaquiaoa( G| Uo Jasn wnyuazsbunyosio4 4S9 Aq /1S¥Z09/868eeBp/waulo/0 Lz 01 /10p/a[onie-adueApe/wadl/woo dno oliwspese//:sdiy Woll papeojumod



Table 1 Subject characteristics

Parameter Values
Sex (males/females) 44/58

Age (years) 50 (10)
Body weight (kg) 89.0 (17.4)
Waist circumference (cm) 98.8 (13.3)
Body mass index (kg - m?) 30.4 (5.2)
Total body fat mgr (kQ) 27.5 (11.6)
Visceral fat vrr (KQ) 3.3(1.9)
Liver fat 'y mrs (%) 6.6 (5.6)
NAFLD (%) 54%
Fasting glucose (mM) 5.3(0.5)
2h glucose (mM) 7.5 (1.6)
ISoctT (arb. units) 11.6 (6.3)

ISciamp (umol-kg™-min™-pMHy*
Total cholesterol (mg/dl)

HDL cholesterol (mg/dl)

LDL cholesterol (mg/dl)

Blood pressure systolic

Blood pressure piastolic

Hs-CRP (mg/dl)

0.059 (0.030)
202 (37)

53 (13)

126 (29)

127 (18)

78 (11)

0.29 (0.48)
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cIMT (mm) 0.58 (0.09)

BCAA (uM) 489 (79)
Glutamine (uUM) 662 (122)
Glutamate (LM) 55 (29)

Data are means (SD). MRT, magnetic resonance tomography; *H-MRS, proton magnetic
resonance spectroscopy; IS, insulin sensitivity; Hs-CRP, high-sensitivity C-reactive protein
BCAA, branched-chain amino acids. *Available in 57 subjects.
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Table 2 Selected correlations

Liver fat 1SocTT ISciamp cIMT BCAA Glutamine Glutamate
p p D p p p p
r lower/ r lower/ r lower/ r lower/ r lower/ r lower/ r lower/
upper upper upper upper upper upper upper
95% Cl 95% Cl 95% Cl 95% Cl 95% Cl 95% Cl 95% CI
. <0.0001 <0.0001 0.0014 0.003 <0.0001 0.25 <0.0001
Visceralfat | 056 | (11068 | 040 | 5002 | O | 061017 | %20 | 011046 | %47 | os30061 | %% | 008030 | 9% | 039067
. <0.0001 <0.0001 0.04 <0.0001 0.05 <0.0001
Liver fat - - 050 | 063034 | 992 | 069030 | %2 | oom039 | %% | 0220056 | %2 | 000038 | %40 | 022055
<0.0001 0.75 0.12 0.80 - 0.0002
1SocTr - - - - 0.73 | oss083 | 90 | 16022 | 01 03004 | OO | 017022 | 036 | -0.51/-0.18
0.34 0.0047 0.04 ~ | <0.0001
1Sciamp - - - - - - 0.13 ¢ o14038 | 0% | 0570121 927 | 050000 | 050 | -0.68/-0.28
0.49 0.88 0.002
cIMT - - - - - - - - 0.07 1 013026 | %9 | oas021 | 939 | 011047
<0.0001 <0.0001
BCAA - - - - - - - - - - 051 1 o3s/064 | 0% | 0.27/0.59
. 0.31
Glutamine - - - - - - - - B B B ) 0.10 -0.10/0.29
Total body- and visceral fat were measure by magnetic resonance (MR) tomography and liver fat by *HMR
spectroscopy.
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Table 3 Independent relationships of glutamate levels with liver fat content, insulin sensitivity and cIMT

1SocTT ISciamp Liver fat content cIMT
Parameter  std. f B P std. B R P std. B B P lower/ std. B B P lower/
lower/ lower/ upper 95% upper 95%
upper 95% upper 95% Cl Cl
Cl Cl
Intercept 0 2.39 0.04 0 -3.15 0.01 0 -1.07 0.61 - 0 -2.47 <0.0001 -
0.16/4.61 -5.55/-0.74 5.18/3.04 3.12/-1.83
Age 0.007 0.0008 0.30 - <0.0001
0.16/0.98 0.36/1.28 1.16/0.36 0.28/0.51
Sex” 0.01 0.048 0.35 - 0.29
-0.35/-0.05 -0.35/-0.00 0.15/0.42 -0.07/0.02
TAT 0.17 0.03 0.09 - 0.45
-0.54/0.10 -0.74/-0.03 0.08/1.15 -0.06/0.13
VAT 0.01 0.14 0.004 0.90 -
-0.57/-0.07 -0.47/-0.07 0.23/1.18 0.08/0.07
Glutamate -0.31 -0.31 0.002 -041  -0.40 0.0005 022 042 0.02 0.25 0.07 0.01
-0.51/-0.12 -0.62/-0.19 0.06/0.78 0.02/0.13

*Female; IS, insulin sensitivity; TAT, total adipose tissue; VAT, visceral adipose tissue. Confounder effect estimates are not reported to

avoid mistaken interpretations of these estimates.
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Table 4 Independent relationships of glutamate levels with cIMT in extended models

cIMT
Parameter std. B R P lower/
upper
95% ClI
Model 1
Intercept 0 -2.44 <0.0001  -3.10/-1.79
Age <0.0001 0.26/0.51
Sex” 0.36 -0.07/0.02
TAT 0.67 -0.08/0.12
VAT 0.83 -0.09/0.07
ISocTT 0.70 -0.05/0.07
Liver fat content 0.15 -0.01/0.06
Glutamate 0.24 0.07 0.02 0.01/0.13
Model 2
Intercept 0 -1.78 0.005 -3.01/-
0.55
Age <0.0001 0.24/0.50
Sex” 0.30 -0.07/0.02
TAT 0.79 -0.08/0.11
VAT 0.98 -0.08/0.08
ISocTT 0.61 -0.04/0.08
Liver fat content 0.09 -0.00/0.06
BCAA 0.21 -0.26/0.08
Glutamate 0.26 0.08 0.01 0.02/0.14
"Female; 1S, insulin sensitivity; TAT, total adipose tissue; VAT, visceral adipose tissue. Confounder

effect estimates are not reported to avoid mistaken interpretations of these estimates.
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Figure legends

Figure 1

Plasma glutamate levels and carotid intima-media thickness (N=102).

Figure 2

Relationship of plasma glutamate levels with plasma interleukin-6 levels, adjusted for age, sex, body fat

mass and visceral fat mass.
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