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ORIGINAL ARTICLE
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ABSTRACT
Adequate protein intake during development is critical to ensure optimal bone gain and to attain a higher peak bone mass later.
Using a mild protein restriction model in Balb/C mice consuming 6% of their total energy intake as soy protein (LP-SOY)—for which
we observed a significantly lower femoral cortical thickness, bone volume, trabecular number, and thickness reduction—we evalu-
ated the effects of monosodium glutamate (MSG) supplementation at different concentrations (0.5, 1, 5, 10, and 20 g/kg of diet) on
bone characteristics in LP-SOY-fed mice. After 6 and 12 weeks, LP-SOY-fed mice had lower BMD and reduced body weight related to
lower lean mass, which was associated with a reduced IGF-1 level. The negative effect of the LP-SOY diet on BMD correlated with
impaired bone formation. MSG supplementation, at 5, 10, and 20 g/kg of diet, and PTH injection, used as a positive control, were able
to improve BMD and to increase osteoblast activity markers (P1NP and osteocalcin), as well as glutamine plasma concentration. An
analysis of bone microarchitecture found that cortical bone was less sensitive to protein restriction than trabecular bone, and that
MSG ingestion was able to preserve bone quality through an increase of collagen synthesis, although it did not allow normal bone
growth. Our study reinforces the view that glutamate can act as a functional amino acid for bone physiology and support clinical
investigation of glutamate supplementation in adults characterized by poor bone status, notably as a result of insufficient protein
intake. © 2019 The Authors. JBMR Plus published by Wiley Periodicals, Inc. on behalf of American Society for Bone and Mineral
Research.
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Introduction

Monosodium glutamate (MSG) is a flavor enhancer used
worldwide. Added glutamate amounts approximately 0.4

g/day in Europe and 1.5 g/day in Asia.(1) The average glutamate
intake from dietary sources (proteins and free glutamate) is
between 10 and 20 g/day.(2) Glutamate, apart from its role as a
quantitatively major amino acid precursor for protein biosynthe-
sis, is a precursor of compounds that play many roles in cell
metabolism, regulation of cell metabolism, and cell physiology
in mammals including humans.(3,4) In addition, glutamate is
involved in several aspects of taste and gastro-intestinal physiol-
ogy.(5,6) Finally, glutamate is well known to be an excitatory sig-
naling molecule in the central nervous system,(7) and to act as
an energy substrate in many cell types.(8,9)

Regarding the implication of glutamate in bone physiology,
recent in vitro studies have suggested a physiological role for this

amino acid in the regulation of bonemass. Glutamate, as a so-called
functional amino acid, has been suggested to play a role in bone
formation and mass maintenance.(10) In addition, glutamate has
been implicated in osteoblast and osteoclast differentiations.(11,12)

Glutamate displays a mitogenic effect on osteoblasts,(13) and pre-
vents decreased BMD in femur and tibia after systemic administra-
tion.(14) A recent study also suggests that high glutamate
concentration can promote differentiation and activation of osteo-
blasts.(15) Moreover glutamate signaling involves both binding to
specific receptors and its transport in osteoblasts.(11,16–18) However,
from in vivo experiments, it appears that virtually all the enteral glu-
tamate in the diet is metabolized by the gut during absorption;
therefore relatively large doses of glutamate in supplements have
to be used to increase the glutamate concentration in portal blood,
and to a lower extent in arterial blood,(19–21) which puts into ques-
tion the way glutamate from dietary origin would contribute to
intervene in bone physiology and metabolism.
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Overall, bone mass and bone quality determine bone strength.
BMD and bone microarchitecture depend on osteoblast and
osteoclast activity to maintain adequate bone remodeling. For
instance, low bone mass can be associated with estrogen defi-
ciency which increases bone resorption over bone formation,(22)

or with inadequate protein intake,(23) that reduces bone forma-
tion. The deleterious consequences of insufficient protein intake
are numerous,(16,24) and both protein quantity and quality have
been shown to affect bone quality and muscle mass under mod-
erate protein restriction. We have previously shown that in mice
fed a low protein diet (6% of the total energy being supplied by
soy protein), had reduced body weight related to a lower lean
mass and reduced BMD when compared with mice receiving a
sufficient protein supply.(25)

When protein intake is lower than the estimated average
requirement, as observed in specific groups of individuals such
as the elderly, notably in cases of hospitalization,(26) and in youn-
ger individuals from developing countries,(27) the utilization of
dietary supplements in the form of dietary protein and/or amino
acids including glutamate represents a nutritional strategy that
may improve osteoblast activity and bone status.

In that overall context, the aim of the present study was to
identify the modifications of biological parameters associated
with the beneficial effect of glutamate used in its monosodium
salt form (MSG). To investigate the effect of different concentra-
tions of MSG on bone, we used a model incorporating mice
under mild protein restriction (6% of total energy resulting from
soy protein), that was recently implemented in our laboratory. In
this experimental model, reduced lean body mass and bone for-
mation were observed,(24) thus appearing convenient for testing
the effect of MSG on osteoblast activity. We have included mice
fed a normal protein (NP) control diet (with protein representing
20% of total energy), and seven groups of mice fed a soy protein-
restricted isocaloric diet (low protein [LP]; protein representing
6% of total energy) and receiving different amount of MSG. An
additional group of animals used as a positive control received
a daily PTH (1-34 PTH) injection.

Subjects and Methods

Animals

Eight-week-old Balb/C female mice (Harlan) were housed at 22�C
under a 12/12-hour light cycle. Initially, five animals per cage were
used for the first week of habituation. The mice were then moved
to individual cages for another week. During the 2 weeks of habit-
uation, the mice were fed a standard AIN-93M diet containing 20%
of total energy as soy protein. The soy protein used in our study did
not contain any phytoestrogens to avoid interference with bone
metabolism. The design of this study was approved by the French
Government (APAFIS#10768-20170521316215762v2). After the
habituation period, 10-week-old mice were divided into eight
groups of 12 animals.

One group stayed on the 20% soy protein diet used as a NP
control group and the seven other groups were shifted to a low
protein (LP) diet containing only 6% of total energy as soy protein.
One group of mice, which was shifted to the 6% soy protein diet,
was also treated for 5 days per week with a s.c. injection of
40 μg/kg of 1-34 PTH (Sigma-Aldrich, Lyon, France) as an anabolic
control (LP + PTH). Different concentrations of MSG (2%, 1%, 0.5%,
0.1%, and 0.05%) were added to the diet, and the groups were
identified, respectively, as: LP +2%, LP +1%, LP +0.5%, LP +0.1%,
and LP +0.05% MSG. The last group (control group) was shifted

to the 6% soy protein diet (P6 soy) and did not receive MSG, but
was supplemented with an iso-nitrogenous amount of alanine
and an iso-amount of sodium in the form of NaCl (Table 1). To
maintain an equal amount of energy intake in the NP and LP diets,
protein was replaced by starch and sucrose in the 6% protein
diets. To avoid the protein leverage effect in our study and to
allow equal energy consumption, we pair-fed all the LP groups
as opposed to the NP control group. Then, the food consumption
of the NP soy group was measured every day to determine the
amount of diet for the other groups. The LP groups not receiving
PTH were injected daily with saline.

Body composition

The body composition (fat mass and leanmass) wasmeasured at
the beginning, after 3 and 6 weeks, and at the end of the study
by DEXA, using a Lunar PIXImus densitometer (DEXA-GE PIXImus;
GE Lunar Corp., Madison, WI, USA). The stability of the device was
controlled by the measurement of a phantom before each ses-
sion. The mice were anesthetized by isoflurane inhalation during
the measurement. Analysis of the images was performed with
the software provided with the device (Lunar PIXImus v2.10; GE
Lunar Corp.), using autothresholding. After 12 weeks, the night
before anesthesia, the mice were starved overnight; a meal of
1 g was given in the morning 90 min before anesthesia with iso-
flurane. Blood was drawn by cardiac puncture and themice were
immediately decapitated. Body composition was determined by
dissection of the liver, uterus, spleen, kidneys, and pancreas. Four
white adipose tissue pads (periovarian, retroperitoneal, mesen-
teric, and total subcutaneous), interscapular brown adipose tis-
sue, and the carcass (muscle and bone) were removed and
weighed.

Determination of free amino acid profile in plasma

Free amino acids profile in the plasma was measured using ultra-
high-performance liquid chromatography (UHPLC). Blood was
collected 90 min after ingestion of a 1 g meal. Norvaline was
added to plasma as an internal standard. Plasma was first depro-
teinized with sulfosalicylic acid (10 g/L), stored at 4�C and then
centrifuged at 3000g (4�C) for 30 min. The supernatants were
centrifuged for 5 min at 12,000g and 10 μL was derivatized using
the AccQ Tag Ultra Derivatization Kit (Waters SAS, Guyancourt,
France) according to the manufacturer’s instructions. UHPLC
analyses were performed on an Acquity UPLC H-Class system
with a PDA detector (Waters SAS).

Isolation and determination of the femur protein fraction

The left femur of eachmousewas cleaned ofmuscles and crushed
with a scalpel in an ice cold buffer (50mM Tris-HCl (pH 7.4), 50mM
NaF, 10mM β-glycerophosphate disodium salt, 1mM EDTA, 1mM
EGTA, and 1mM activated Na3VO4 (all chemicals were obtained
from Sigma-Aldrich), including a complete protease inhibitor
cocktail tablet (Roche, West Sussex, UK) used at 10 μL/μg tissue.
The homogenates were centrifuged for 10 min, and the pellets
were solubilized in 0.3M NaOH for 24 hours. The solubilized pro-
tein fraction was separated by centrifugation. A second extraction
with NaOH was performed, followed by a subsequent extraction
with 0.5M acetic acid. The solubilized fractions were pooled and
precipitated with 1M perchloric acid. The pellets were dried and
weighted. Pellets (3 mg) were hydrolyzed using HCl 6 N for
24 hours, dried and resuspended in water (100 μL). For the amino
acid analysis, the samples were derivatized using the AccQ Tag
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Ultra Derivatization Kit (Waters SAS) and measured using UHPLC
as plasma samples.

Biochemical analysis

Blood from fasted animals was collected from the tail, and
100 μL of blood were collected after 6 and 12 weeks. N-
terminal propeptides of type I procollagen (PINP) and C-
terminal crosslinking telopeptides of type I collagen (CTx) were
measured by enzyme immunoassay (EIA) according to the
manufacturer’s instructions (Immunodiagnostic Systems, Bol-
den Business Park, UK). Plasma osteocalcin (OC) and total IGF-
1 levels were determined by ELISA after inactivation of the
IGF binding proteins according to the instructions of the man-
ufacturer (Immunodiagnostic Systems).

Measurement of microarchitectural parameters

Microarchitecture of the femurs was analyzed using a high-
resolution X-ray μCT device (Quantum FX Caliper; Life Sciences,
Perkin Elmer, Waltham, MA, USA), hosted by the PIPA Platform,
EA2496; Montrouge, France. The X-ray source was set at 90 V
and 160 μA. Samples up to 65 mm in diameter and 200 mm
in length were imaged with a full 3D high-resolution, and raw
data were obtained by rotating both the X-ray source and the
flat panel detector 360 degrees around the sample, with a rota-
tion step of 0.1 degree (scanning time: 3 min). The correspond-
ing 3600 image projections were then automatically
reconstructed (RigakuSW software, Caliper, Newton, MA, USA)
into a DICOM (Digital Imaging and Communications in Medi-
cine) stack of 512 files using standard back-projection tech-
niques (reconstruction time: less than a minute). Multiplanar
reconstruction tools allowed the display of grey-level images
in an axial orientation. The lowest grey/dark pixels matched
with empty spaces; the highest grey/bright pixels represented
the densest mineralized tissues. The scans for trabecular bone

were initiated from the distal femoral growth plate moving
proximally along 50 slices, then 100 slices were analyzed to
eliminate the primary spongiosa. The different aspects of tra-
becular bone were quantified at a 3D isotropic voxel size of
10 × 10 × 10 μm3. The structural indices included the ratio of
the segmented bone volume to the total volume of the region
of interest (BV/TV, %), trabecular number (Tb.n, 1/mm), and tra-
becular separation (Tb.Sp, μm), which were calculated by the
Mean Intercept Length method, structure model index (SMI)
and degree of anisotropy (DA). Trabecular thickness (Tb.Th,
μm) was calculated on 3D images using CtAn Skyscan software
(Bruker, Kontich, Belgium) through a method described by Hil-
debrand and Ruegsegger.(28,29) Cortical thickness and diame-
ters (mm) were measured directly and manually on the image
at the middiaphysis level. Cortical porosity (Ct.Po, %), cortical
bone area (B.Ar, mm2), and moment of inertia (mm4) were
measured at the middiaphysis level as previously described.(30)

All details of these measurements have been published by
Lespessailles and colleagues.(31)

Bone characteristics

The left femur of each mouse was cleaned of muscles and dried
overnight at 110�C, weighed, then ashed at 550�C for 48 hours,
and the weight of the ash was then evaluated. The difference
between the dry weight and the ash gives an indication of the
protein fraction in bone.

Statistical analysis

Results were expressed as means � SD together with the num-
ber of independent experiments. Results were compared using
a one-way ANOVA and a Tukey multiple comparison test to
assess the effect of treatment. Significance was established at
P < 0.05. All statistical analyses were performed using Prism Ver-
sion 6.05 (GraphPad Software Inc., La Jolla, CA, USA).

Table 1. Composition of the Diet

Ingredients
(g/kg of diet) NP LP

LP +
MSG 2%

LP +
MSG 1%

LP +
MSG 0.5%

PL +
MSG 0.1%

LP +
MSG 0.05%

LP
+ PTH

Soy proteina 183 51 51 51 51 51 51 51
MSGb 0 0 20 10 5 1 0.5 0
Alanineb 0 10.47 0 0 0 0 0 0
Nacld 0 6.90 0 3.45 5.18 6.55 6.72 6.90
Corn starchc 584 698 698 698 698 698 698 698
Sucrosee 95 114 114 114 114 114 114 114
Soybean oilf 40 40 40 40 40 40 40 40
Alpha celluoseg 50 50 50 50 50 50 50 50
AIN 93M mineral
mixh

35 35 35 35 35 35 35 35

AIN 93M Vitaminsh 10 10 10 10 10 10 10 10
Cholinei 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3

NP = normal protein; LP = low protein; MSG = monosodium glutamate.
aMP Biomedicals, Irvine, CA, USA.
bAjinomoto, Tokyo, Japan.
cCargill, Minnisota, MN, USA.
dSigma Aldrich, Lyon, France.
eCristalco, Paris, France.
fLesieur, Asnières-sur-Seine, France.
gPrat Dumas, Couze-Saint Front, France.
hICN Pharmaceuticals, Orsay, France.
iJefo Nutrition, Saint-Hyacinthe, Quebec, Canada.
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Results

Effects of MSG on body composition

As indicated in Table 2, the body weight of mice ingesting the LP
diet for 6 and 12 weeks remained almost unchanged when com-
pared with the initial weight, whatever was the amount of MSG
used as dietary supplement.

According to DEXA measurements, the LP diet appeared to
affect only the lean mass, as the fat mass gain was similar to
the values recorded in the NP group. When the animals receiving
the LP diet were treated with PTH, no effect of this anabolic hor-
mone on body weight and composition was measured. Final
body and organ weights are presented in Fig. 1. The final body
weight of the mice in all the LP groups was significantly lower
than the weight measured in the control NP group (Fig. 1A).
The significant lower body weight of LP animals was correlated
with a lower carcass weight (Fig. 1B), but not with a decrease of
the total fat mass, this parameter was similar for the NP and LP
groups (Fig. 1C). This confirms that a moderate reduction of pro-
tein intake has a significant impact only on the lean body mass
gain. Analysis of the weight of different organs showed that
the LP diet also reduced uterus (Fig. 1D) and kidney (Fig. 1E)
weight, but did not modify liver weight (Fig. 1F). The MSG sup-
plementation or PTH injection did not have any significant effect
on those parameters. As the LP diet reduces the lean body mass,
muscular strength was evaluated by using the grip test. Values of
85.7 � 2.7 versus 83.3 � 1.9 Newton were measured for the NP
and LP group, respectively, thus indicating that muscular
strength appears proportional to the bodyweight of the animals.

Effect of MSG on free amino acids in the plasma

We evaluated in mice the plasma amino acid concentrations
90min after ingestion of a 1-gmeal without or with different doses
of MSG. Table 3 shows that, when compared with values recorded
in theNP group, the ingestionof the LP diet decreased plasma con-
centration of all amino acids measured except, as expected, ala-
nine. This latter result is because the LP control group was
supplemented with an iso-nitrogenous amount of alanine. Inges-
tion of the diet containing 1% and 2% of MSG increased signifi-
cantly the plasma concentration of glutamine, by 25% and 49%,
respectively, when compared with the concentrations measured
in the control LP diet group. The highest concentration of MSG
used was also able to increase the alanine plasma concentration
by 30%comparedwith the concentrationsmeasured in the control
LP diet group. All the other amino acid concentrations in plasma,
notably the glutamate concentration, remained unchanged what-
ever the dose of MSG used. The treatment of protein-restricted
mice with the lowest MSG concentration or PTH had no significant
effect on any of the circulating amino acid concentrations mea-
sured in plasma (data not shown).

Effects of MSG on bone mineral density

BMD gain, as a function of time, is shown on Fig. 2A. The LP diet
reduced significantly BMD gain after 3, 6, and 12 weeks when
compared with the BMD measured in NP animals. Although the
two lowest concentrations of MSG used for supplementation
were not able to improve BMD gain, the 0.5%, 1.0%, and 2.0 %
doses were able to significantly improve this parameter as soon
as 3 weeks after treatment. As previously shown by Rouy and
colleagues(25) s.c. injection of PTH was able to preserve the
BMD in our model, and the MSG used at 1% and 2% doses was Ta
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nearly as efficient as PTH to preserve the BMD. Analysis of femo-
ral and lumbar spine BMD (Fig. 2B,C), after supplementation with
MSG for 3 months shows that MSG ingestion, when used at 1%
and 2% doses, was more efficient to preserve BMD at the verte-
bral than at the femoral level. Indeed, the 2% dose of MSG was
as efficient as PTH injection to maintain lumbar spine BMD.

Effects of MSG on IGF-1 and bone-remodeling marker
plasma concentration

As indicated in Fig. 3A, the LP diet reduced the IGF-1 plasma con-
centration by nearly 50%. MSG supplementation or PTH injection
did not have any effect on the IGF-1 level. Plasma concentration of
CTX (Fig. 3B), the osteoclast activity marker, was severely
decreased whenmice ingested the LP diet. MSG supplementation
or PTH injection did not have any effect on the CTX level. The LP
diet also reduced the plasma concentrations of PINP (Fig. 3C)
and osteocalcin (Fig. 3D), two markers of bone formation. How-
ever, the positive control PTH and the highest concentration of
MSG (2%) were able to increase both markers, suggesting that
osteoblast activity was largely restored by MSG supplementation.

Effects of MSG on bone microarchitecture

As indicated in Figs. 4 and 5, and Table 4, the LP diet reduced both
trabecular (Fig. 4A) and cortical bone (Fig. 5A) microarchitecture.

However, trabecular bone was found to be more sensitive than
cortical bone to a LP diet. DEXA and μCT data were in agreement
with this latter result, identifying a negative effect of the LP diet
on bone microarchitecture. MSG supplementation from 0.5% to
2% dose-dependently improved bone as shown on μCT and, as
previously shown, PTH injection, used as positive control, was
able to preserve bone as seen on μCT. Lower doses of MSG were
insufficient to preserve bone microarchitecture (data not
shown).

In the femur, the LP diet decreased BV/TV (Fig. 4B), Tb.Th (Fig.
4C), and Th.N (Fig. 4D), and increased BS/BV, Tb.Sp, and SMI, but
did not display any effect on DA (Table 5). Ingestion of the LP diet
for 12 weeks decreased BV/TV and Tb.N by 63% and 61%, respec-
tively. MSG ingestion dose-dependently improved trabecular
bone characteristics. The highest concentration of MSG used
(2%) was almost as efficient as PTH in preserving trabecular bone.

Analysis of the bone microarchitecture characteristics con-
firmed that a LP diet did have less impact on cortical than on
trabecular bone. We report a reduction of 19% of the cortical
thickness (Fig. 5B) and an increase in the Ct.Po (Fig. 5C). More-
over, PTH, used as a positive control, or MSG was not able to
completely reverse the impact of a LP diet on cortical bone.
Indeed, 10% of cortical bone was lost when mice ingested
the LP + MSG 2% or LP + PTH diets. We reported the same
results for the B.Ar (Fig. 5D) and for the average moment of
inertia (Table 5). However, the Ct.Po was restored in the LP +

Fig. 1. Effect of restricted protein diet with increasing amounts of monosodium glutamate (MSG) on body weight and body composition. The mice were
fed for 12 weeks with either normal protein (NP) diet (20% soy protein) or with a 6% soy protein diet (low protein [LP]), without or with increasing amounts
of MSG, and for the positive anabolic control with 1-34 PTH injection (LP + PTH). Body and organs were weighed immediately after sacrifice. (A) Body
weight. (B) Carcass weight. (C) Total fat mass. (D) Uterus weight. (E) Kidney weight. (F) Liver weight. Data are presented as box and whiskers, n = 12 per
group. Each group is compared with the others by a one-way ANOVAon repeatedmeasures followed by a Tukey post hoc test. Means that are significantly
different (p < 0.05) according to the Tukey multiple comparison test have different letters.
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Table 3. Plasma Amino Acid Concentration After Ingestion of a 1-g Meal

LP LP + 0.5% LP + 1% LP + 2% NP

Ala 553.3 � 33.7a 555.9 � 57.1a 526.2 � 48.7a 718.4 � 97.8b 575.4 � 71.4a

Arg 50.9 � 7.7 a 51.9 � 4.7 a 54.1 � 4.0 a 48.3 �3.4 a 125.4 �9.9 b

Asn 60.1 � 9.8 a 60.0 � 4.2 a 59.1 � 4.3 a 71.3 � 9.4 a 149.07 � 19.7 b

Asp 2.69 � 0.78 a 3.01 � 0.72 a 3.12 � 1.02 3.24 � 1.27 a 3.98 � 1.45 b

Gln 343.3 � 38.8a 357.7 � 26.5a 428.9 � 26.4a,b 512.1 � 68.2b 684.8 � 91.6c

Glu 57.8 � 7.0 a 58.2 � 3.2 a 59.9 � 4.8 a 54.8 � 3.2 a 99.9 � 13.7 b

Gly 172.5 � 20.8 a 171.2 � 11.0 a 195.6 � 13.4 a 184.3 � 13.3 a 259.3 � 24.8 b

His 51.0 � 9.32 a 51.1 � 3.38 a 54.4 � 2.8 a 55.5 � 5.0 a 75.54 � 6.4 b

Ile 35.6 � 4.2 a 34.0 � 3.8 a 35.8 � 2.8 a 38.7 � 4.8 a 119.6 � 11.6 b

Leu 37.1 � 6.4 a 37.9 � 4.8 a 36.9 � 4.6 a 41.1 � 5.1 a 160.1 � 15.1 b

Lys 211.0 � 23.6 a 201.6 � 15.1 a 204.9 � 26.8 a 198.0 � 15.2 a 369.09 � 38.8 b

Met 26.2 � 4.0 a 26.6 � 2.4 a 28.2 � 2.8 a 29.2 � 2.0 a 65.1 � 5.3 b

Phe 41.8 � 6.2 a 40.7 � 4.5 a 42.4 � 4.1 a 44.7 � 3.3 a 87.5 � 6.8 b

Pro 92.7 � 8.5 a 93.3 � 6.8 a 92.2 � 8.2 a 105.2 � 11.7 a 165.8 � 16.2 b

Ser 139.8 � 11. 6 a 133.7 � 8.8 a 137.5 � 11.8 a 127.0 � 16.0 a 214.8 � 22.0 b

Thr 113.8 � 15.2 a 115.4 � 9.2 a 127.8 � 7.0 a 127.9 � 10.2 a 329.9 � 27.8 b

Trp 57.7 � 10.6 a 58.1 � 8.0 a 63.1 � 12.6 a 57.5 � 8.1 a 121.8 � 13.8 b

Tyr 33.9 � 4.9 a 26.1 � 3.8 a 29.5 � 5.4 a 29.9 � 5.8 a 97.6 � 9.2 b

Val 76.8 � 4.9 a 80.8 � 9.0 a 86.6 � 4.9 a 87.6 � 6.5 a 304.1 � 31.1b

The mice were fed with either the normal protein (NP) diet (20% soy protein) or the low protein diet (LP, 6% soy protein) without or with increasing
amounts of MSG, and received a 1-g-test meal. Blood was recovered 90 min after the ingestion of the meal for amino acid analysis. In the LP group
(not receiving MSG), mice were supplemented with an iso-nitrogenous amount of alanine. Data are expressed as mean� SD, n = 12. Means that are sig-
nificantly different (p < 0.05) have different letters.

Fig. 2. Effect of restricted protein diet with increasing amounts of monosodium glutamate (MSG) on whole body, femoral and lumbar spine BMD. Themice
were fed for 12 weeks with either normal protein (NP) diet (20% soy protein) or with a 6% soy protein diet (low protein [LP]) without or with increasing
amounts of MSG, and for the positive anabolic control with 1-34 PTH injection (LP + PTH). (A) Evolution of whole-body BMD as function of time. BMD gain
was compared with the T0 values. Values are expressed as mean � SD, n = 12. (B) Effect after 12 weeks of treatment with increasing amounts of MSG or
PTH on femoral BMD. (C) Effects after 12-week treatment with increasing amounts of MSG or PTH on lumbar spine BMD. Data are presented as box and whis-
kers for femoral and lumbar spine BMD,with n= 12 per group. Each group is comparedwith the others by a one-way ANOVAon repeatedmeasures followed
by a Tukey post hoc test. Means that are significantly different (p < 0.05) according to the Tukey multiple comparison test have different letters.
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PTH group and was significantly improved in the LP + 2% MSG
group.

To better understand the effect of MSG and PTH, different
bone characteristics were analyzed. Femur length measured at
the beginning (15.00 mm � 0.07 mm) and at the end of the
experiment, are presented in Fig. 6A. Ingestion of the LP diet
arrested bone-length growth and as shown for the analysis of
the cortical bone, the bone length in the LP + 2% and LP + PTH
groups increased when compared with the LP group. However,
these treatments did not allow for a catch-up to normal bone
length when compared with the NP group. Bone dry weight
measurement (Fig. 6B) showed that the LP diet reduced not only
bone length, but also bone size, indicating that such a dietary
restriction is related not only to a reduction of the mineral part,
but also to a reduction of the protein fraction. MSG and PTHwere

able to improve bone mineral content (Fig. 6C). However, the
mineral part of the bone never caught-up with the NP group.
As the calcium content of all the diets was similar, the results
emphasize the importance of protein content to maintain bone
quality. Evaluation of the protein content (Fig. 6D) by subtraction
of the ash component from the dry weight showed that only the
highest concentration of MSG was able to increase significantly
the bone protein content when the LP diet was ingested.

Finally, bone protein was extracted and the hydroxyproline
contents, used as an amino acid specifically found in collagen,
were determined. The LP diet lowered the hydroxyproline con-
tent, but MSG ingestion and PTH injection were able to increase
this content. Regarding proline, which is not specifically found in
collagen, we found no modification of this amino acid in bone
protein after MSG supplementation.

Fig. 3. Effect of restricted protein diet with increasing amounts of monosodium glutamate (MSG) on IGF-1, CTX, PINP, and osteocalcin plasma concen-
trations. The mice were fed for 12 weeks with either normal protein (NP) diet (20% soy protein) or with a 6% soy protein diet (low protein [LP]) without
or with increasing amounts of MSG, and for the positive anabolic control, with 1-34 PTH injection (LP + PTH). Then IGF-1 (A) and the bone remodeling
markers CTX (B), PINP (C), and osteocalcin (D) were measured in the plasma. Data are presented as box and whiskers, n = 12 per group. Each group is com-
pared with the others by a one-way ANOVA on repeated measures followed by a Tukey post hoc test. Means that are significantly different (p < 0.05)
according to the Tukey multiple comparison test have different letters.
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Fig. 4. Effect of restricted protein diet with increasing amounts of monosodium glutamate (MSG) on trabecular bone. The mice were fed for 12 weeks
with either normal protein (NP) diet (20% soy protein) or with a 6% soy protein diet (low protein [LP]) without or with increasing amounts of MSG, and
for the positive anabolic control, with 1-34 PTH injection (LP + PTH). Then the bone microarchitecture was determined. Typical and representative exam-
ples of ex vivo μCT reconstruction of trabecular bone in different conditions (upper panel) and in lower panel comparison of (B) the bone volume to the
total volume of the region of interest (BV/TV), (C) trabecular thickness (Tb.Th), and (D) trabecular number (Tb.N) in different conditions.

Fig. 5. Effectof restrictedproteindietwith increasingamountsofmonosodiumglutamate(MSG)oncorticalbone.Themicewerefedfor12 weekswitheithernormal
protein(NP)diet(20%soyprotein)orwitha6%soyproteindiet (lowprotein[LP])withoutorwithincreasingamountsofMSG,andforthepositiveanaboliccontrol,with
1-34PTH injection (LP+PTH). Thenthebonemicroarchitecturewasdetermined.TypicalandrepresentativeexamplesofexvivoμCTreconstructionofcorticalbone in
different conditions (upper panel) and in lower panel comparisonof (B) cortical thickness, (C) cortical porosity (Ct.Po), and (D) bone area (B.Ar) in different conditions.



Discussion

The data obtained in the present study indicate that MSG, used
as a dietary supplement, can largely restore, in a dose-
dependent manner, the impaired bone status in mice receiving
a restricted amount of protein in their diet. The effects of MSG
on BMD, bone-remodeling biochemical markers, and microarch-
itecture characteristics were associated with a dose-dependent
effect on the supplementation of the glutamine plasma concen-
tration that was markedly increased, although glutamate-
circulating concentration remained unchanged. Because of the
intense catabolism of glutamate in the intestine,(3) very large
doses of glutamate in supplements are necessary to increase
the concentration of this amino acid in the portal vein, and more
weakly in arterial blood.(21) The concentrations of all the other
amino acids were not changed after MSG supplementation, with
the notable exception of alanine, which was increased by the
highest dose of MSG. Such an increase corresponds to the high
capacity of intestinal epithelial cells to transaminate glutamate
in the presence of pyruvate, allowing alanine and alpha-
ketoglutarate production.(3) It is then tempting to propose that
the effects of MSG on bone would be largely related to its capac-
ity to increase glutamine concentration in blood. There are sev-
eral arguments in favor of this interpretation. First, glutamate
supplementation has been shown to increase glutamine-
circulating concentrations in several experimental models.(32,33)

Second, glutamine represents a major oxidative fuel in osteo-
blasts, fulfilling an important part of the energy requirement
and promoting protein synthesis.(34) Although out of the scope
of the present study, the way by which glutamate supplement

increases glutamine plasma concentration is worth a brief dis-
cussion. One plausible possibility is that dietary MSG supplemen-
tation would increase glutamate intake in enterocytes and thus
its intracellular concentration. Because the intestine is well
known to represent a major site for glutamine catabolism in
the body through glutaminase activity,(35) and glutaminase in
intestinal epithelial cells has been shown to be strongly inhibited
by glutamate,(36) there is a sparing effect of glutamate on gluta-
mine catabolism in the intestines.(21) Another way to increase
glutamine concentration is through the activity of glutamine
synthetase. This activity is expressed at very low levels in the
intestines,(37) in contrast with its activity in perivenous hepato-
cytes.(38) In other words, glutamate would limit glutamine utiliza-
tion in the intestines and be released in the portal vein for
glutamine synthesis in the liver. Further work is obviously
required to decipher the ways by which glutamate increases glu-
tamine plasma concentrations.

The addition of 2% of MSG to the diet was nearly as efficient as
the treatment of animals with PTH, thus indicating a robust effect
of this amino acid on bone. Interestingly, although both the lum-
bar spine and femoral BND were improved by MSG supplemen-
tation, the effect was more marked at the vertebral than at the
femoral level. Given that different skeletal sites do express differ-
ent sensitivities to estrogen withdrawal or to pharmaceutical
treatments, this result was not unexpected.

As previously reported, the LP diet used in our study induced a
marked reduction of BMD gain(25); this decrease was correlated
with decreased plasma levels of IGF-1, CTX, PINP, and OC. IGF-1
is a growth factor with both endocrine and paracrine/autocrine
anabolic actions on bone.(22) Moreover, its plasma concentration

Table 4. Effect of Restricted Protein Diet With Increasing Amounts of Monosodium Glutamate (MSG) on Bone Microarchitecture Charac-
teristics and Hydroxyproline Content

Trabecular bone parameters

NP LP LP + 0.5% LP + 1% LP + 2% LP + PTH

Cortical bone parameters
BS/BV (mm–1) 44.66 � 1.17a 59.72 � 1.21b 55.72 � 1.68b,c 51.55 � 1.68c 49.81 � 1.05a 47.35 � 0.78a

Tb.Sp (μm) 274 � 6a 409 � 14b 374 � 15b,c 336 � 13a,c 312 � 10a 294 � 9a

SMI 2.12 � 0.04a 2.64 � 0.05b 2.52 � 0.07a,b 2.50 � 0.07a,b 2.42� 0.08a,b 2.28 � 0.06a

DA 1.76 � 0.06 1.92 � 0.20 1.83 � 0.14 1.74 � 0.08 1.69 � 0.12 1.73 � 0.06
Cortical bone parameters
B.Ar (mm2) 0.971 � 0.020a 0.806 � 0.009b 0.840 � 0.010b,c 0.858 � 0.014c 0.856 � 0.009c 0.894 � 0.011c

Av. mom inertia (mm4) 0.109 � 0.003a 0.081 � 0.002b 0.091 � 0.003b,c 0.090 � 0.003b,c 0.097 �0.003c 0.099 � 0.003c

Dia ext AP
(mm)

1.67 � 0.03 1.58 � 0.14 1.61 � 0.07 1.60 � 0.06 1.63 � 0.06 1.61 � 0.05

Dia ext ML
(mm)

1.15 � 0.04 1.09 � 0.03 1.12 � 0.03 1.11 � 0.03 1.13 � 0.04 1.10 � 0.05

Bone characteristics
Proline mM/mg protein
extract

137.2 � 16.5 125.6 � 22.2 124.8 � 30.2 122.2 � 23.8 137.7 � 23.4 130.9 � 14.5

Hydroxyproline
mM/mg protein
extract

2.8 � 0.4a 0.7 � 0.1b 1.5 � 0.4b,c 2.0 � 0.5a,b 1.9 � 0.4a,b 2.2 � 0.3a,c

The mice were fed for 12 weeks with either a normal protein (NP) diet (20% soy protein) or with a 6% soy protein diet (low protein [LP]) without or with
increasing amounts of MSG, and for the positive anabolic control, with 1-34 PTH injection (LP + PTH), then bone μCT characteristics and hydroxyproline
content were determined. Values are expressed as mean� SD, n = 12. Each group was compared with the others by a one-way ANOVA on repeatedmea-
sures followed by a Tukey post hoc test. Means that are significantly different (p < 0.05) according to the Tukey multiple comparison test have different
letters.
BS/BV = bone volume; Tb.Sp = trabecular separation; SMI = structure model index; DA = degree of anisotropy; B.Ar = bone area; Av. mom inertia = aver-

age moment of inertia; Dia ext AP = diameter external anteroposterior; Dia ext ML = diameter external mediolateral.
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is well-correlated not only with protein levels, but protein qual-
ity as well,(39) whereas CTX is a marker for bone resorption and
PINP and OC are markers for bone formation. Furthermore, the
LP diet markedly altered bone microarchitecture; thus confirm-
ing that a LP diet for growing mice has severe effects on bone.
Our results show that the addition of 2% MSG to the diet pre-
served bone quality as efficiently as PTH used as a positive con-
trol. In a previous study, we have shown that the changes, as
seen on μCT, in the femur of mice receiving a LP diet were asso-
ciated with an increased adipocyte volume in the marrow and
to a lower osteoid surface compared with NP and LP + PTH.
These results indicate that a PTH injection is able to preserve
bone formation. In the present study, we evaluated the osteo-
blasts activity through the hydroxyproline content in the
femur, which is specific for the measurement of bone collagen.
Our results indicate that both PTH and MSG were able to pre-
serve osteoblast activity.

The LP diet reduced not only BMD gain, but lean mass gain, as
well as uterus and kidney weight, supporting a reduction of pro-
tein synthesis not only in bone, but also in other tissue sensitive
to protein restriction. However, MSG supplementation, although
it improves bone physiology, had no effect on the weight of the
leanmass, uterus and kidney. Regarding the inability of MSG and
PTH to counteract the negative effect of a LP diet on lean mass,
this result is associated with the inability of both treatments to
restore a normal IGF-1 plasma concentration.

Our data show that MSG efficiently preserves BMD, PINP, and
OC plasma levels and bone hydroxyproline content; this latter
parameter directly correlates with collagen synthesis in bone.
This suggests that glutamine specifically stimulates the activity
of osteoblasts in bone. These results agree with the μCT analysis:
Both MSG and PTH were able to preserve trabecular and cortical
bone microarchitecture. However, a detailed analysis of bone
characteristics showed that even if MSG and PTH improved bone

Fig. 6. Effect of restricted protein diet with increasing amounts of monosodiumglutamate (MSG) on bone characteristics. Themice were fed for 12 weeks
with either normal (NP) protein diet (20% soy protein) or with a 6% soy protein diet (low protein [LP]) without or with increasing amounts of MSG, and for
the positive anabolic control with 1-34 PTH injection (LP + PTH). (A) Femur length. (B) Femur dry weight. (C) Ash weight. (D) Protein weight. Data are pre-
sented as box and whiskers for femoral and lumbar spine BMD, with n = 12 per group. Each group is compared with the others by a one-way ANOVA on
repeated measures followed by a Tukey post hoc test. Means that are significantly different (p < 0.05) according to the Tukey multiple comparison test
have different letters.
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quality, they did not allow a complete catch-up of femur growth.
Our results are in accordance with a study showing that the bone
anabolic effects of PTH were attenuated in rats fed a LP diet.(40)

Although our in vivo data clearly show that MSG supplemen-
tation is an efficient way to preserve bone quality in a model
where bone quality is greatly compromised, questions remain
about the way glutamate exerts its beneficial effect on bone.
The fact that MSG failed to increase the IGF-1 level in the LP ani-
mals implies that this amino acid acts on bone independently of
this growth factor. There is an intriguing question about the ways
glutamate, likely through its capacity to serve as a substrate for
glutamine synthesis and as a regulator of glutamine degrada-
tion, can preserve bone status without furnishing all the other
amino acids required for increased protein synthesis in bone.
To answer this important question, it is worth considering that
PTH, in the absence of any amino acid given as a supplement,
can markedly restore bone quality. In other words, it is likely that
glutamine (just like PTH), by stimulating osteoblast activity,
increases the uptake of the circulating amino acids needed for
increasing the protein synthesis in these cells. However, under
moderate protein restriction, even with MSG supplementation,
we found that bone length was reduced; hence, MSG favors
bone quality at the expense of growth in bone length. As MSG
improved the plasma concentration of glutamine but PTH did
not, the mechanisms presumably involved for the stimulation
of osteoblast activity by MSG must implicate different pathways
than the ones involved in the PTH action. Recent studies have
shown that stimulating glycolysis in preosteoblasts increases
bone formation in vivo.(41) Our results, which show a good corre-
lation between the preservation of bone quality and the gluta-
mine plasma level, are in agreement with previous in vitro
studies showing that glutamine import was required by calvarias
osteoblasts for matrix mineralization.(42) Moreover, previous data
have shown that increased glutamine level favors energymetab-
olism in osteoblasts,(43) and that decreased glutamine consump-
tion by bone marrow stromal cells in elderly mice has been
linked to impaired osteoblast differentiation.(44) Therefore, gluta-
mine can be an important osteoblast regulator.

Conclusion

We found that relatively large doses of MSG in cases of moderate
protein restriction, likely by allowing an increase in glutamine
plasma concentration, stimulate osteoblast activity and improve
the altered BMD and bone microarchitecture. Our study thus
reinforces the view that glutamate supplementation can be use-
ful in cases of poor bone status. However, more clinical studies
are needed on glutamate supplementation in adults with poor
bone status as a result of insufficient protein intake.

Disclosures
All authors state that they have no conflicts of interest.

Acknowledgments

This work was supported by Ajinomoto as an industrial partner.
We thank Jean-Louis Le Floch and Alexia Couallet for their tech-
nical assistance.

Author’s roles: Study design: AB, HM, and FB; Methodology:
AB, GYR, and JC; Study conduct: AB, GYR, MM, XW, and JC; Data
collection: AB, GYR, MM, XW, and JC. Data analysis: AB and GYR;
Data interpretation: AB, GYR, and FB; Drafting manuscript: AB;

Revising manuscript content: AB, GYR, and FB; Approving final
version of manuscript: AB, GYR, MM, JC, XW, HM, and FB

References

1. Beyreuther K, Biesalski HK, Fernstrom JD, et al. Consensus meeting:
monosodium glutamate—an update. Eur J Clin Nutr. 2007;61(3):
304–13.

2. Tomé D. The roles of dietary glutamate in the intestine. Ann Nutr
Metab. 2018;73(Suppl 5):15–20. https://doi.org/10.1159/000494777.

3. Blachier F, Boutry C, Bos C, Tomé D. Metabolism and functions of
L-glutamate in the epithelial cells of the small and large intestines.
Am J Clin Nutr. 2009;90:814S–21S. https://doi.org/10.3945/ajcn.
2009.27462S.

4. Hou Y, Wu G. L-Glutamate nutrition and metabolism in swine.
Amino Acids. 2018;50:1497–510. https://doi.org/10.1007/s00726-
018-2634-3.

5. Vandenbeuch A, Kinnamon SC. Glutamate: tastant and neuromodu-
lator in taste buds. Adv Nutr. 2016;7(4):823S–7S. https://doi.org/10.
3945/an.115.011304.

6. Burrin DG, Stoll B. Metabolic fate and function of dietary glutamate in
the gut. Am J Clin Nutr. 2009;90:850S–6S. https://doi.org/10.3945/
ajcn.2009.27462Y.

7. MayerML. Structural biology of glutamate receptor ion channel com-
plexes. Curr Opin Struct Biol. 2016;41:119–7. https://doi.org/10.1016/
j.sbi.2016.07.002.

8. Kovacevic Z, McGivan JD. Mitochondrial metabolism of glutamine
and glutamate and its physiological significance. Physiol Rev. 1983;
63(2):547–605.

9. Jenstad M, Chaudhry FA. The amino acid transporters of the
glutamate/GABA-glutamine cycle and their impact on insulin and
glucagon secretion. Front Endocrinol. 2013;4:199. https://doi.org/
10.3389/fendo.2013.00199.

10. Brakspear KS, Mason DJ. Glutamate signaling in bone. Front Endocri-
nol. 2012;3:97. https://doi.org/10.3389/fendo.2012.00097.

11. Cowan RW, Seidlitz EP, Singh G. Glutamate signaling in healthy and
diseased bone. Front Endocrinol. 2012;3:89. https://doi.org/10.3389/
fendo.2012.00089.

12. Lin TH, Yang RS, Tang CH, Wu MY, Fu WM. Regulation of the matura-
tion of osteoblasts and osteoclastogenesis by glutamate. Eur J Phar-
macol. 2008;589:37–44. https://doi.org/10.1016/j.ejphar.2008.04.060.

13. Fatokun AA, Stone TW, Smith RA. Hydrogen peroxide-induced oxida-
tive stress in MC3T3-E1 cells: the effects of glutamate and protection
by purines. Bone. 2006;39:542–51 Epub 2006 Apr 17.

14. Hinoi E, Takarada T, Uno K, Inoue M, Murafuji Y, Yoneda Y. Glutamate
suppresses osteoclastogenesis through the cystine/glutamate anti-
porter. Am J Pathol. 2007;170:1277–90. https://doi.org/10.2353/
ajpath.2007.061039.

15. Xie W, Dolder S, Siegrist M, Wetterwald A, Hofstetter W. Glutamate
receptor agonists and glutamate transporter antagonists regulate
differentiation of osteoblast lineage cells. Calcif Tissue Int. 2016;99:
142–54. https://doi.org/10.1007/s00223-016-0129-3.

16. Devine A, Dick IM, IslamAF, Dhaliwal SS, Prince RL. Protein consumption
is an important predictor of lower limb bone mass in elderly women.
Am J Clin Nutr. 2005;81:1423–8. https://doi.org/10.1093/ajcn/81.6.1423.

17. Musante I, Mattinzoli D, Otescu LA, et al. Phenotypic characterization
of Grm1crv4 mice reveals a functional role for the type 1metabotropic
glutamate receptor in bone mineralization. Bone. 2017;94:114–23.
https://doi.org/10.1016/j.bone.2016.10.025 Epub 2016 Oct 27.

18. Taylor AF. Osteoblastic glutamate receptor function regulates bone
formation and resorption. J Musculoskelet Neuronal Interact. 2002;
2(3):285–90.

19. Reeds PJ, Burrin DG, Jahoor F, Wykes L, Henry J, Frazer EM. Enteral
glutamate is almost completely metabolized in first pass by the gas-
trointestinal tract of infant pigs. Am J Physiol. 1996;270:E413–8.

20. Janeczko MJ, Stoll B, Chang X, Guan X, Burrin DG. Extensive gut
metabolism limits the intestinal absorption of excessive supplemen-
tal dietary glutamate loads in infant pigs. J Nutr. 2007;137:2384–90.

JBMR® Plus MONOSODIUM GLUTAMATE IMPROVES MICE BONE UNDER PROTEIN RESTRICTION 11 of 12 n

https://doi.org/10.1159/000494777
https://doi.org/10.3945/ajcn.2009.27462S
https://doi.org/10.3945/ajcn.2009.27462S
https://doi.org/10.1007/s00726-018-2634-3
https://doi.org/10.1007/s00726-018-2634-3
https://doi.org/10.3945/an.115.011304
https://doi.org/10.3945/an.115.011304
https://doi.org/10.3945/ajcn.2009.27462Y
https://doi.org/10.3945/ajcn.2009.27462Y
https://doi.org/10.1016/j.sbi.2016.07.002
https://doi.org/10.1016/j.sbi.2016.07.002
https://doi.org/10.3389/fendo.2013.00199
https://doi.org/10.3389/fendo.2013.00199
https://doi.org/10.3389/fendo.2012.00097
https://doi.org/10.3389/fendo.2012.00089
https://doi.org/10.3389/fendo.2012.00089
https://doi.org/10.1016/j.ejphar.2008.04.060
https://doi.org/10.2353/ajpath.2007.061039
https://doi.org/10.2353/ajpath.2007.061039
https://doi.org/10.1007/s00223-016-0129-3
https://doi.org/10.1093/ajcn/81.6.1423
https://doi.org/10.1016/j.bone.2016.10.025


21. Blachier F, Guihot-Joubrel G, Vaugelade P, et al. Portal hyperglutama-
temia after dietary supplementation with monosodium glutamate in
pigs. Digestion. 1999;60:349–57.

22. Malet A, Bournaud E, Lan A, Mikogami T, Tomé D, Blais A. Bovine lac-
toferrin improves bone status of ovariectomized mice via immune
function modulation. Bone. 2011;48:1028–35. https://doi.org/10.
1016/j.bone.2011.02.002.

23. Bonjour JP. The dietary protein, IGF-I, skeletal health axis. HormMol Biol
Clin Investig. 2016;28:39–53. https://doi.org/10.1515/hmbci-2016-0003.

24. Mao X, Zeng X, Qiao S,WuG, Li D. Specific roles of threonine in intestinal
mucosal integrity and barrier function. Front Biosci. 2011;3:1192–200.

25. Rouy E, Vico L, Laroche N, et al. Protein quality affects bone status
during moderate protein restriction in growing mice. Bone. 2014;
59:7–13. https://doi.org/10.1016/j.bone.2013.10.013.

26. Bonjour JP. Dietary protein: an essential nutrient for bone health.
J Am Coll Nutr. 2012;24:526S–36S.

27. Schönfeldt HC, Gibson Hall N. Dietary protein quality and malnutri-
tion in Africa. Br J Nutr. 2012;108:S69–76. https://doi.org/10.1017/
S0007114512002553.

28. Hildebrand T, Ruegsegger P. A new method for the modelindepen-
dent assessment of thickness in the 3D-dimensional images.
J Microsc. 1997;185:67–75.

29. Hildebrand T, Ruegsegger P. Quantification of bone microarchitec-
ture with the structure model index. Compu Methods Biomech
Biomed Engin. 1997;1:15–23.

30. Chappard C, Bensalah S, Olivier C, et al. 3D characterization of pores
in the cortical bone of human femur in the elderly at different loca-
tions as determined by synchrotron micro-computed tomography
images. Osteoporos Int. 2013;24:1023–33.

31. Lespessailles E, Chappard C, Bonnet N, Benhamou CL. Imaging tech-
niques for evaluating bone microarchitecture. Joint Bone Spine.
2006;73:254–61.

32. Boutry C, Matsumoto H, Airinei G, et al. Monosodium glutamate
raises antral distension and plasma amino acid after a standard meal
in humans. Am J Physiol Gastrointest Liver Physiol. 2011;300:
G137–45. https://doi.org/10.1152/ajpgi.00299.2010.

33. Rezaei R, Knabe DA, Tekwe CD, et al. Dietary supplementation with
monosodium glutamate is safe and improves growth performance
in postweaning pigs. Amino Acids. 2013;44:911–23. https://doi.org/
10.1007/s00726-012-1420-x.

34. Karner CM, Lee SY, Long F. Bmp induces osteoblast differentiation
through both Smad4 and mTORC1 signaling. Mol Cell Biol. 2017;37
(4). pii):e00253–16. https://doi.org/10.1128/MCB.00253-16.

35. Windmueller HG, Spaeth AE. Intestinal metabolism of glutamine and
glutamate from the lumen as compared to glutamine from blood.
Arch Biochem Biophys. 1975;171:662–72.

36. Curthoys NP, Watford M. Regulation of glutaminase activity and glu-
tamine metabolism. Annu Rev Nutr. 1995;15:133–59.

37. Andriamihaja M, Davila AM, Eklou-Lawson M, et al. Colon luminal
content and epithelial cell morphology are markedly modified in rats
fed with a high-protein diet. Am J Physiol Gastrointest Liver Physiol.
2010;299:G1030–7. https://doi.org/10.1152/ajpgi.00149.

38. WatfordM, Chellaraj V, Ismat A, Brown P, Raman P. Hepatic glutamine
metabolism. Nutrition. 2002;18:301–3.

39. Chaumontet C, Azzout-Marniche D, Blais A, et al. Low-protein
and methionine, high-starch diets increase energy intake and
expenditure, increase FGF21, decrease IGF-1, and have little
effect on adiposity in mice. Am J Physiol Regul Integr Comp
Physiol. 2019;316:R486–501. https://doi.org/10.1152/ajpregu.
00316.2018.

40. Ammann P, Zacchetti G, Gasser JA, Lavet C, Rizzoli R. Protein malnu-
trition attenuates bone anabolic response to PTH in female rats.
Endocrinology. 2015;156:419–28. https://doi.org/10.1210/en.2014-
1033.

41. Regan JN, Lim J, Shi Y, et al. Up-regulation of glycolytic metabolism is
required for HIF1alpha-driven bone formation. Proc Natl Acad Sci U S
A. 2014;111:8673–8. https://doi.org/10.1073/pnas.1324290111.

42. Brown PM, Hutchison JD, Crockett JC. Absence of glutamine supple-
mentation prevents differentiation of murine calvarial osteoblasts to
a mineralizing phenotype. Calcif Tissue Int. 2011;89(6):472–82.
https://doi.org/10.1007/s00223-011-9537-6.

43. Karner CM, Long F. Wnt signaling and cellular metabolism in osteo-
blasts. Cell Mol Life Sci. 2017;74:1649–57. https://doi.org/10.1007/
s00018-016-2425-5.

44. Huang T, Liu R, Fu X, et al. Aging reduces an ERRalpha-directed
mitochondrial glutaminase expression suppressing glutamine
anaplerosis and osteogenic differentiation of mesenchymal stem
cells. Stem Cells. 2017;35(2):411–24. https://doi.org/10.1002/stem.
2470.

JBMR Plus (WOA)n 12 of 12 BLAIS ET AL.

https://doi.org/10.1016/j.bone.2011.02.002
https://doi.org/10.1016/j.bone.2011.02.002
https://doi.org/10.1515/hmbci-2016-0003
https://doi.org/10.1016/j.bone.2013.10.013
https://doi.org/10.1017/S0007114512002553
https://doi.org/10.1017/S0007114512002553
https://doi.org/10.1152/ajpgi.00299.2010
https://doi.org/10.1007/s00726-012-1420-x
https://doi.org/10.1007/s00726-012-1420-x
https://doi.org/10.1128/MCB.00253-16
https://doi.org/10.1152/ajpgi.00149
https://doi.org/10.1152/ajpregu.00316.2018
https://doi.org/10.1152/ajpregu.00316.2018
https://doi.org/10.1210/en.2014-1033
https://doi.org/10.1210/en.2014-1033
https://doi.org/10.1073/pnas.1324290111
https://doi.org/10.1007/s00223-011-9537-6
https://doi.org/10.1007/s00018-016-2425-5
https://doi.org/10.1007/s00018-016-2425-5
https://doi.org/10.1002/stem.2470
https://doi.org/10.1002/stem.2470

	Monosodium Glutamate Supplementation Improves Bone Status in Mice Under Moderate Protein Restriction
	Introduction
	Subjects and Methods
	Animals
	Body composition
	Determination of free amino acid profile in plasma
	Isolation and determination of the femur protein fraction
	Biochemical analysis
	Measurement of microarchitectural parameters
	Bone characteristics
	Statistical analysis

	Results
	Effects of MSG on body composition
	Effect of MSG on free amino acids in the plasma
	Effects of MSG on bone mineral density
	Effects of MSG on IGF-1 and bone-remodeling marker plasma concentration
	Effects of MSG on bone microarchitecture

	Discussion
	Conclusion
	Acknowledgments
	References


