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Abstract. Osteoporosis is a metabolic disease characterized
by an imbalance in bone remodeling. Its pathogenesis involves
a functional imbalance of osteoblasts, osteoclasts and bone
marrow mesenchymal stem cells. Amino acid metabolism is a
key biochemical process for maintaining biological activities,
including protein synthesis, energy supply and signal trans-
duction. Amino acid metabolism affects bone homeostasis by
regulating osteocyte function and the bone microenvironment.
Branched-chain amino acid and aromatic amino acid metabo-
lism are involved in the regulation of bone mineral density.
The present review demonstrates the mechanism of amino
acid metabolism in osteoporosis and its potential therapeutic
value. In addition, the present review aimed to summarize the
application of Mendelian randomization and metabolomic
methods to provide a reference for future research and clinical
interventions.
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1. Introduction

Continuous bone formation and absorption are key processes
in maintaining bone health. In adolescence, the rate of novel
bone formation in the body is higher than that of old bone
degradation, and thus, bone mass increases. However, after
the age of 20 years, this process slows and the majority of
individuals reach peak bone mass at the age of 30 years (1,2).
Osteoblasts and osteoclasts serve key roles in bone remodeling
in the bone microenvironment. The balanced regulation of
osteogenic and adipogenic differentiation of bone marrow
mesenchymal stem cells is involved in the formation of novel
bone mass (3); these are the primary components of the
bone microenvironment. Osteoporosis is a chronic systemic
endocrine and metabolic disorder. Primary osteoporosis
caused by aging or sex hormone deficiency, and secondary
osteoporosis caused by hyperthyroidism, diabetes, obesity,
Cushing's syndrome, anorexia, rheumatoid arthritis (RA)
or adverse drug effects have similar potential mechanisms,
namely, an imbalance of bone remodeling such that the loss of
bone mass exceeds the formation of new bone (4). Low bone
mineral density (LBMD), including osteoporosis and low bone
mass, has becoming a serious public health concern. Global
deaths and disability-adjusted life years attributable to LBMD
increased from 207,367 and 8,588,936 in 1990 to 437,884
and 16,647 466 in 2019, with a raise of 111.16% and 93.82%,
respectively (5). Furthermore, osteoporosis can increase hospi-
talization rates due to associated secondary complications,
There are more than 8.9 million osteoporotic fractures world-
wide. In other words, an osteoporotic fracture occurs every
three seconds (6). Osteoporosis has become a notable public
health problem and markedly increased healthcare expendi-
ture. Studying the pathological mechanism of osteoporosis
may facilitate decreased expenditure and improved quality of
life of older adults.

Due to the large amount of energy required by the internal
bone environment to maintain bone homeostasis (7), research
on energy metabolism processes in the osteoporosis microen-
vironment has increased (8,9). Energy metabolism includes
pathways that produce energy in the form of adenosine triphos-
phate (ATP) from nutrients, such as carbohydrate, fat and
protein. Both anabolic and catabolic pathways are catalyzed
by enzymes that require cofactors and ATP for activation (10).
In addition to enzymatic activity, proteins [combinations of
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>20 amino acids (A As)] serve as functional molecules (such as
cell components, receptors, cytoskeleton and growth factors)
in cells, extracellular matrices and circulatory systems. AAs
needed to produce them are derived from dietary and/or cellular
protein degradation, as well as synthesis through metabolic
pathways, such as glycogen production and the tricarboxylic
acid (TCA) cycle (also known as the citric acid cycle). The TCA
cycle is dependent on carbohydrate and fatty acid metabolic
pathways that are key for bone homeostasis (11,12). AAs are
basic components of collagen (the primary component of the
bone matrix) (13,14) and other bone-associated proteins (such
as osteocalcin and alkaline phosphatase) (15,16). Therefore,
AA metabolism disorders lead to a variety of pathologies,
including those affecting the bone tissue (17-19). There are
nine essential AAs (EAAs): Histidine, lysine, tryptophan
(Trp), phenylalanine (Phe), methionine, threonine, isoleucine
(Ile), leucine (Leu) and valine (Val). These AAs, including
branched-chain amino acids (BCAAs) with aliphatic side
chains and branched-chain structures, have a notable impact
on bone formation and degradation (20,21).

An imbalance in AA acid metabolism is a key driver of
the development of osteoporosis, which can aggravate bone
loss by affecting bone cell energy supplies, epigenetic modi-
fication and the immune microenvironment. The balance of
bone remodeling is restored by intervening in specific AA
metabolic pathways, thereby decreasing bone loss (22-24).
Although previous studies have revealed the regulatory role
of energy metabolism (such as glucose and fatty acid metabo-
lism) in bone homeostasis (25,26), a knowledge gap remains
regarding the effects of AA metabolism on osteoporosis. To
the best of our knowledge, the specific mechanism by which
AA categories (such as BC and aromatic AAs) affect bone
mineral density (BMD) and quality by regulating the func-
tion of key cells in the bone microenvironment has not been
systematically elucidated, and the clinical transformation
potential of AA metabolism intervention strategies need to
be explored. The purpose of the present review is to address
the limitations of traditional single-mechanism research by
integrating metabolomics, genetics and cell biology evidence,
combined with Mendelian randomization (MR) and computer
simulation technology, to summarize the differential regula-
tory networks of AA categories (BCAA, aromatic AAs and
glutamine) in osteoblasts, osteoclasts and bone marrow
mesenchymal stem cells (BMSCs), systematically analyze the
multiple mechanisms of AA metabolism in osteoporosis and
ways in which it affects bone homeostasis by regulating the
bone microenvironment and evaluate the potential therapeutic
value of metabolic intervention. The present review aimed to
provide understanding of the metabolic heterogeneity of the
bone microenvironment and a scientific foundation for the
development of novel metabolic therapies.

2. AA metabolism and osteoporosis

BCAAs, such as Val, Leu and Ile, serve important roles in bone
health. Cui ef al (27) conducted a two-sample MR analysis
using inverse variance weighting, the MR-Egger method, the
weighted median and the MR robust adjustment profile score
to estimate the association between eight AA levels and BMD
values. Hereditary increases in Ile and Val levels are positively

associated with total body BMD (27). These findings highlight
the key role of BCA As in the development of osteoporosis and
provide evidence that the intake of certain BCA As can prevent
and treat osteoporosis. Liao et al (28) confirmed that increased
BCAA intake is associated with a lower risk of decreased
physical function, indicating that higher dietary BCAA intake
may be beneficial for physical function in the older adult popu-
lation.

However, in a previous study, older adult individuals were
divided into two groups. One group received 0.8 citrulline
and 1.6 g Leu twice daily for 20 weeks, and the other group
received a placebo. Both groups exercised independently. The
results revealed no difference in BMD or bone area between
the groups (29). The lack of a significant positive effect of
citrulline and Leu combined with exercise may have been due
to the small sample size, insufficient dose, the short interven-
tion time, limited AA intake in the control group, limited
increase in plasma Leu levels, a low basic body mass index
(BMI), insufficient dietary control or low exercise intensity.
These factors may have masked the potential effects of citrul-
line and Leu on body composition and physical activity. In
another study, Leu-rich whey protein drinks were provided
to individuals aged between 60 and 90 years of age for
16 weeks (30). Although the aforementioned study revealed
that protein supplementation and resistance training were
beneficial for certain cardiovascular metabolic indicators
(such as low-density lipoprotein levels), the overall interven-
tion effect was limited, potentially due to insufficient time,
low exercise intensity, poor protein compliance and limited
statistical power (30). Therefore, further research is needed
on intestinal and osteoporosis microenvironments. Future
studies should optimize the intervention design to verify the
effect of proteins on the metabolic health of older individuals.
The intake of proteins and AAs in the daily diet should be
controlled and the study time should be prolonged to observe
long-term effects to evaluate the role of AAs in older indi-
viduals with low BMI.

AAs containing a benzene ring, such as Phe, tyrosine
and Trp, are aromatic. Phe and Trp are EAAs for human
nutrition. As Phe is structurally similar to tyrosine, it can
be converted into tyrosine by hydroxylation in the liver and
kidney. Aromatic AAs stimulate anabolic metabolic pathways
associated with bone remodeling under physiological condi-
tions and have a positive effect on bone mass maintenance
in vivo (20,31). Studies have revealed that in the environment
of osteoporosis, Trp, an EAA for BMD, is damaged, and its
metabolic pathway may be abnormal, which affects bone
health (32,33). Kim ez al (34) and Apalset et al (35) revealed
that levels of kynurenine markedly increase in individuals
with reduced hip bone mass. Kynurenine is a key intermediate
of Trp metabolism in humans. Apalset ez al (35) revealed a
negative association between the kynurenine/Trp ratio and hip
BMD. Ling et al (36) used targeted metabolomic techniques
to analyze fecal samples from patients with osteoporosis and
revealed that lumbar spine tyrosine and femoral neck Trp
levels are higher compared with the normal group. However,
by contrast with the results reported by Apalset et al (35), there
were differences in the levels of Trp metabolism (35), which
may be due to the different metabolites of bone loss analyzed
and sample sources. Therefore, further research is needed
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to explore the association between different tissue, sample
biomarkers and the pathogenesis of osteoporosis, especially
the association between osteoporosis epidemic sites and char-
acteristic metabolites.

Glycine is a common metabolite associated with BMD.
Miyamoto et al (37) reported that the levels of serum glycine
are considerably increased in patients with osteoporosis.
Zhang et al (38) analyzed plasma samples using liquid
chromatography-tandem mass spectrometry and revealed
that increased levels of glycine are associated with decreased
BMD in the femoral neck and lumbar vertebrae. The afore-
mentioned studies indicated that glycine concentration is
positively associated with the occurrence of osteoporosis. In
addition, Eriksson et al (39) reported that in 965 elderly male
patients (aged 69-81 years), femoral neck fractures are associ-
ated with the level of glycine circulation. A previous study
revealed that the plasma level of glycine (a non-EAA) was
negatively associated with BMD in male patients with idio-
pathic osteoporosis, whereas the levels of EAAs are normal.
However, Jennings et al (40) and Kim et al (41) revealed that
oral glycine has a protective effect on bones in female patients.
Li et al (42) hypothesized that since glycine has a high affinity
for estrogen receptor a, it may stimulate bone formation via
specific estrogen-receptor-associated signaling pathways.

Future research should focus on exploring the deeper
reasons for sex differences . Wang et al (43) used mass spec-
trometry (MS) technology to analyze serum samples from
patients with osteoporosis and revealed that arginine, gluta-
mine, histidine and serine levels in males, and glycine and
hydroxyproline (t4-OH-Pro) levels in postmenopausal patients
are associated with BMD. Glutamine can regulate bone
metabolism by osteoclasts and trigger the bone resorption
mediated by glutamate receptors on osteoblasts via conversion
to glutamate (44). Sex differences in amino acid metabolism
may be due to heterogeneity in hormone regulation, metabolic
pathways and physiological characteristics (45). In the future,
it is necessary to promote accurate diagnosis and develop
sex-specific intervention strategies for osteoporosis through
multicenter large-scale research, mechanism exploration and
multi-omics integration.

In addition, studies (36,46) have demonstrated that BCA As,
aromatic AAs, and glycine affect osteoporosis through the
intestinal microecology. Intestinal microorganisms metabolize
BCAAs into short-chain fatty acids (SCFAs). SCFAs inhibit
inflammation by regulating immune cells [such as regulatory
T (Treg) cells] (47), and the inhibition of inflammation can
inhibit the activation of osteoclasts, thereby delaying the devel-
opment of osteoporosis. In addition, SCFAs promote osteoblast
differentiation by activating the free fatty acid receptor
2 (11), thereby inhibiting the progression of osteoporosis.
Ling et al (36) used ultra-high-performance liquid chromatog-
raphy-MS/MS to analyze targeted metabolomics in the feces
(15 categories) and serum (12 categories) of 971 participants.
The results demonstrated that Val, Leu and Ile degradation
were associated with the identified microbial biomarkers
and osteoporosis. The aforementioned large-scale population
study provides evidence that intestinal dysbacteriosis and fecal
and serum metabolites are associated with osteoporosis. This
is consistent with osteoporosis-related metabolomic studies
by Palacios-Gonzélez ef al (48,49). Aromatic AAs can be
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metabolized by the intestinal flora into bioactive molecules
such as SCFAs, indole derivatives and phenolic compounds,
which affect bone metabolism. Trp is metabolized to indole
derivatives (such as indole-3-propionic acid) by the intestinal
flora, activating the aromatic hydrocarbon receptor (AhR) (50).
AhR directly promotes the transcription of nuclear factor of
activated T cell cytoplasmic 1 (NFATcl), the core transcrip-
tion factor of osteoclast differentiation (51), which promotes
osteoclast formation, and thus, promotes the development
of osteoporosis. Glycine promotes the growth of beneficial
bacteria (such as lactic acid bacteria and Bifidobacteria),
improves the intestinal microecology (52), inhibits osteoclast
activity and decreases osteoporosis. Gao (53) revealed that
treatment of diabetic mice with Lactobacillus by gavage
markedly increases the abundance of probiotics, alleviates
insulin resistance and delays osteoporosis. Amar et al (54)
demonstrated that, following intragastric administration of
Bifidobacterium and Lactobacillus, diabetic mice exhibit
significantly decreased levels of Enterobacteriaceae and
protein levels of TNF-a, IL-1p, plasminogen activator
inhibitor-1, IL-6 and IFN-y and improved insulin sensitivity,
thereby promoting bone formation and repair (55).

Generally, an imbalance in AA metabolism is a notable
characteristic in patients with osteoporosis (56). Osteoporotic
cells are primarily composed of osteoblasts, osteoclasts and
bone-marrow-derived stem cells. Therefore, it is important to
study the metabolism of AAs in the osteoporotic microenvi-
ronment.

3. AA metabolism in osteoblasts

Osteocytes are the main regulators of bone homeostasis,
which is achieved by the regulation of bone formation by
osteoblasts and bone absorption by osteoclasts (57). Recent
studies have revealed that a lack of EAAs can lead to the
phosphorylation of MAPK, which leads to cell cycle arrest,
thereby inhibiting cell proliferation and osteogenic differentia-
tion (58-60). In addition, the lack of EAAs induces reactive
oxygen species-mediated DNA damage and apoptosis (60),
confirming the role of EAAs in osteoblasts.

In addition to the effect of EAAs on osteoblasts, the
neutral AA solute carrier family 38 member 2 (SLC38A2)
provides proline and alanine to osteoblasts. In mice, ablation
of SLC38A2 results in a decreased bone mass, highlighting
the role of SLC38A2-mediated proline and alanine intake for
postpartum bone formation and bone homeostasis (61). In addi-
tion, genetic and metabolomics studies have demonstrated that
the AA transporter cysteine transporter 2 (SLC1AS5, encoded
by Slcla5) provide glutamine and asparagine, thereby regu-
lating protein synthesis and osteoblast differentiation (62,63).
AA transporters, system y(+)-L transporter y(+)-L transporter
1 [y (+)-LAT1] and SLC1AS (encoded by SIC7A7 and SIC1AS,
respectively), are the primary transporters of glutamine in
response to Wnt and SLC1AS mediates the majority of gluta-
mine intake (64). Using short hairpin RNAs targeting SIC7A7
or SIC1AS5 decreases Wnt-induced glutamine intake, thereby
preventing osteoblast differentiation (64). The mechanism of
AA metabolism in osteoblasts is shown in Fig. 1. In summary,
the aforementioned studies demonstrated the key role of EAAs
and associated transport genes in osteoblasts and revealed the
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Figure 1. EAAs are crucial for osteoblast function; their deficiency activates MAPK signaling, causing cell cycle arrest, ROS accumulation, DNA damage and
apoptosis. AA transporters also serve key roles. SLC38A2 mediates proline and alanine uptake, and its deletion decreases bone mass in mice. SLC1AS supplies
glutamine and asparagine, key for protein synthesis and osteoblast differentiation. SLC1AS and SLC7A7 (y*-LAT1) coordinate glutamine uptake in response
to Wnt signaling. Knockdown of these transporters impairs glutamine uptake and blocks Wnt-induced osteogenesis. Osteoclastogenesis depends on dynamic
AA metabolism. Key EAA-derived metabolites (from Leu, Ile and Phe) promote differentiation under AA deficiency. Arginine is key for RANKL-induced
osteoclast formation; its depletion impairs differentiation independently of mTORCI and can be rescued by citrulline or argininosuccinate. Glutamine
supports biosynthesis and energy production via a-ketoglutarate (¢KG), activates NFATcl epigenetically through the serine synthesis pathway, and is required
in late differentiation via SLC1A5 and GLS. Hypoxia increases glutamine demand, and MYC inhibition suppresses this pathway. IL-17-0KG signaling
contributes to bone loss and is blocked by SLCIAS5 inhibitor V9302. Tryptophan catabolism via IDO regulates Th17/Treg balance, indirectly affecting
osteoclast activity. BMSC, bone marrow mesenchymal stem cell; EAA, essential amino acid; ROS, reactive oxygen species KIC, a-Ketoisocaproate; KMV,
a-Keto-p-methylvalerate; PPY, Phenylpyruvate; aKG, a-Ketoglutarate; ROS, reactive Oxygen Species; M-CSF, Macrophage Colony-Stimulating Factor; TCA,
Tricarboxylic Acid Cycle; SSP, Serine Synthesis Pathway; IDO, Indoleamine 2,3-Dioxygenase; Th17, T Helper 17 Cells; Treg, Regulatory T Cells; TGF-f,
Transforming Growth Factor-f; hMSC, human Mesenchymal Stem Cell; GLS, Glutaminase; GDH, Glutamate Dehydrogenase; AhR, aryl Hydrocarbon
Receptor; shRNAs, short hairpin RNAs; SLC38A2, Solute Carrier Family 38 Member 2; NFATcl, Nuclear Factor of Activated T Cells, Cytoplasmic 1.

potential for targeting AA metabolism to interfere with bone  the biosynthesis of tyrosine, Phe and Trp (67). Recent studies

formation and resorption (Table I). have revealed that receptor activator of nuclear factor-kB
ligand (RANKL)-induced osteoclast formation is primarily
4. AA metabolism in osteoclasts dependent on the presence of extracellular arginine (68,69).

RANKL-induced proteins are antagonized by recombinant
During osteoclast development, metabolic pathways change, arginase 1, which metabolizes arginine to urea and ornithine.
especially AA metabolism, and this serves a key role in the = Excessive arginine intake can restore osteoclastogenesis by
regulation of osteoclast formation. EAAs a-ketoisocaproate,  supplementing arginine-succinic acid and citrulline, but direct
o-keto-pf-methylvalerate and phenylpyruvate, the intermedi-  supplementation of TCA intermediates, such as a-ketoglutarate
ates of Leu, Ile and Phe metabolism, respectively (4), serve  (0KG), has no effect (65). The effect of arginine deficiency on
a key role in the formation of osteoclasts. These amino acids  osteoclast formation is not affected by mTORCI activity or
can effectively alleviate the inhibition of osteoclast forma-  the inhibition of overall transcription and translation (67). In
tion because of a lack of parental AAs (65). Osteoclasts  patients with RA and pre-RA, L-arginine effectively inhibits
contain a large number of intracellular proteins involved in  the progression of arthritis and bone loss, and can directly block
lysine decomposition, which stimulate the biosynthesis of = TNFa-induced osteoclastogenesis in mice and humans (8).
tyrosine, Phe and Trp (66). Osteoclasts are rich in intracel- Osteoclast differentiation is synergistically affected by
lular proteins involved in lysine degradation, which activates = macrophage colony-stimulating factor and RANKL, which
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Table I. Application of amino acid metabolism in osteoblasts/osteoclasts.
Amino acid
Targeted intervention or
First author/s, year bone cells  involvement Mechanism Results (Refs.)
Liet al, 2023 Osteoblast Lack of Leads to phosphorylation of Induces cell cycle arrest, (59)
essential MAPK signaling pathway; inhibits cell proliferation
amino acids induces reactive oxygen and osteogenic
species differentiation; mediates
DNA damage and apoptosis
Shen et al, 2022 Osteoblast Proline and SLC38A2 gene ablation Bone mass loss in mice (62)
alanine
Sharma et al, 2021; Osteoblast Glutamine and SLC1AS provides glutamine Regulates protein (63,64)
Jiménez et al, 2022 asparagine and asparagine for osteoblast synthesis and osteoblast
differentiation differentiation
Shen et al, 2021 Osteoblast Glutamine Short hairpin RNA targeting Prevents osteoblast (65)
SIC7A7T or SIC1AS decreases  differentiation
WNT-induced glutamine intake
Nie et al, 2018,; Osteoclast Leucine A-ketoisocaproate Restores the inhibitory (4,66)
Lademann et al, Osteoclast Isoleucine Ketoisoleucine effect of lack of parental
2020 Osteoclast Phenylalanine  p-phenylpyruvic acid amino acids on
osteoclastogenesis
Nie et al,2018; Osteoclast Arginine Recombinant arginase 1 can Inhibition of osteoclast (66,69,70)
Onuora et al, antagonize RANKL-induced formation induced by
20230Shen et al, protein receptor activator
2024 of nuclear factor-«B
ligand ( RANKL )
Stegen et al Osteoclast Glutamine Glutamine is decomposed into  Promote osteoclast (71,72,73)
2024; Zhou et al, differentiation aKG, which enters the
2019; Yu et al, tricarboxylic acid cycle and is
2019 converted into citric acid.
Hu et al, 2024 Osteoclast Glutamine Promote the synthesis of Accelerating the (44)
biological macromolecules differentiation and
functional maturation
of osteoclasts
Peng et al, 2024 Osteoclast Glutamic acid ~ Downstream metabolite oKG ~ IL-17 aggravates 77)
bone loss.
Zhang et al, 2020; Indoleamine 2,3-dioxygenase Metabolites inhibit
Mellor et al,2004  Osteoclast Kynurenine may be a key protein regulating generation of Treg (79,80)

the balance ratio of Th17/
Treg cells

cells, affecting the the
differentiation of Th17
cells and promote the
balance of Th17 / Treg.

oKG, a-ketoglutarate; SLC38A2, solute Carrier Family 38 Member 2; p-, phosphorylated; shRNA, Short Hairpin RNA; ROS, Reactive Oxygen
Species; RANKL, Receptor Activator of Nuclear Factor-kB Ligand; RecArgl, Recombinant Arginase 1; TCA, Tricarboxylic Acid Cycle; Th17,
T Helper 17 Cells; Treg, Regulatory T Cells; IDO, Indoleamine 2,3-Dioxygenase.

activate signaling pathways and interact with each other to
regulate the expression and function of the key transcriptional
regulator NFATcl.Early in the process of osteoclast formation,
0KG produced by RANKL-induced serine synthesis pathway
activation regulates the expression of Nfatcl by epigenetics,
thereby promoting osteoclast differentiation (70). In addition

to facilitating protein synthesis, glutamine is an important
energy source and a carbon and nitrogen donor for the
synthesis of AAs, nucleotides, glutathione and aminohexose.
It is converted to aKG via glutamine decomposition, enters
the TCA cycle, and is converted to citric acid (71,72). During
osteoclast differentiation, the expression of Na*-dependent
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glutamine neutral AA transporter B increases, which serves
a key role in the later stage of differentiation (73). In addition,
Tsumura et al (74) revealed that a hypoxic environment can
stimulate osteoclasts to consume glutamine. The inhibition
of MYC can effectively prevent osteoclast differentiation
and function and inhibit the expression of SLC1AS and
glutaminase (GLS). Therefore, glutamine uptake is key for
osteoclast development and bone resorption (75). Although
glutamine metabolism may indirectly support energy supply
by providing intermediates of the TCA cycle, its primary role
is to promote the synthesis of biomolecules that accelerate
osteoclast differentiation and functional maturation (44).
During the development of osteoporosis, osteoclasts require
ATP to exert their bone resorption function. Glu and its down-
stream metabolite aKG are involved in the IL-17-mediated
pathway in vivo to aggravate ovariectomy-induced bone loss,
which can be inhibited by V9302 (an SLC1AS inhibitors),
thereby interfering with osteoclast differentiation and bone
resorption (76).

An imbalance of osteoblast and osteoclast activity is a
key factor in AA metabolism (77). Specific T cell subsets,
such as regulatory (Treg) and helper T cells 17 (Th17) are
involved in the imbalance between osteoblast and osteoclast
activity (78). Indoleamine 2,3-dioxygenase, a rate-limiting
enzyme of Trp catabolism, serves a role in the kynurenine
pathway and may be a key protein in regulating the balance
ratio of Th17/Treg cells (79). Its metabolites inhibit Th17 cell
differentiation and promote Treg cells production, thereby
affecting the balance between Thl7 and Treg cells (80).
In summary, amino acid metabolism is associated with
osteoclasts (Fig. 1; Table I).

5. AA metabolism in bone marrow mesenchymal stem cells

Eagle et al (81) studied the role of glutamine in the prolif-
eration of mesenchymal stem cells. Colombo et al (82) and
Ahn et al (83) used advanced pulse-tracking, liquid chro-
matography-MS, isotope tracing technology, computational
deconvolution and metabolic flux modeling techniques to
confirm that glutamine is an essential substrate that specifi-
cally leads from the S phase to cell division. Glutamine can
also increase the expression of cyclin DI and D3, promote the
initiation of S phase and inhibit the expression of p21, a key
regulator of the G1/S cycle checkpoint (84,85). Notably, this
may involve GLS, because glutamine can increase the activity
of GLS and glutamate dehydrogenase in a dose-dependent
manner via the mTOR/S6 and MAPK pathways, thereby
promoting cell proliferation (86). However, the underlying
mechanism remains unclear. In addition, glutamine not only
provides precursors for DNA replication in S phase and lipid
synthesis in G2 phase, but also degrades glutamine in endo-
thelial cells, which is the primary source of TCA cycle carbon
and nitrogen for some non-EAAs (87).

BMSCs are progenitor cells with potential to differentiate
into bone, fat and cartilage lineages (88). Previous studies
have revealed that human and mouse BMSCs consume large
amounts of glutamine during differentiation (71,89). During
this process, glutamine metabolism produces ATP through the
TCA cycle to meet the energy needs of physiological func-
tions (72). In addition, GLS has also been demonstrated to

promote the differentiation of BMSCs into osteoblasts (90).
However, when BMSCs lack GLS, there is a decrease in the
total number of osteoblasts and bone formation ability (89).
Yu et al (72) also revealed that the proliferation and colony
expansion of BMSCs is dependent on the production of AA
transaminase-dependent aKG, which explains the adverse
effects of decreased GLS activity on the proliferation of
BMSCs. Other studies have revealed that the glutamine
metabolite aKG improves the osteogenic potential of BMSCs
by decreasing histone methylation (91,92). These results
suggest that glutamine and aKG may promote the osteogenic
differentiation of BMSCs. Therefore, in-depth study on gluta-
mine metabolism in BMSCs may provide novel strategies and
methods for the treatment of bone loss.

In BMSCs, the glutamine concentration directly
affects immune characteristics. High concentrations of
glutamine effectively inhibit inflammation, potentially by
decreasing activity of pro-inflammatory cytokines, such as
IL-1B and IL-6, and increasing the expression levels of the
anti-inflammatory cytokines IL-10 and transforming growth
factor-p (93). The mechanism mainly involves the regula-
tion of cytokines by decreasing the levels of phosphorylated
NF-«B and signal transduction and activator 3 (STAT-3) (94).
In particular,IL-10,an important anti-inflammatory cytokine
that can hinder the activity of NF-kB and regulate cytokine
production (95). Studies (96-98) have shown that glutamine
concentration has a regulatory effect on IL-10 expression.
Adequate glutamine supply upregulates IL-10 expression
and enhances its anti-inflammatory function; glutamine
deficiency leads to decreased IL-10 expression and impairs
its inhibitory effect on the NF-xB signaling pathway,
thereby exacerbating the inflammatory response (99,100).
IL-10 can also activate STAT-3, thereby decreasing the
levels of pro-inflammatory cytokines (101,102). In addition,
proliferation of lymphocytes and macrophages in BMSCs
decreases following glutamine exposure and the secretion
of IL-10 increases (103). At 4 weeks following the intra-
peritoneal injection of kynurenine (10 mg/kg) in adult mice,
the osteogenic differentiation ability of BMSCs decreases
considerably, accompanied by the deterioration of osteo-
blast bioenergetics and productivity (104). In vitro studies
have revealed that human pluripotent stem cells stimulated
by kynurenine have altered microRNA (miRNA or miR)
expression levels, resulting in increased oxidative stress
and the inhibition of osteogenic differentiation (105,106).
The C-X-C motif chemokine ligand 12 (CXCL12) protein,
a necessary mediator of the osteogenic differentiation of
BMSCs, is also notably affected by kynurenine. Kynurenine
decreases its expression through the AhR signaling
pathway (107). Kynurenine also increases the levels of P21
and cell death (108). In addition, it causes BMSCs to develop
mainly in the direction of adipogenesis by increasing the
expression level of miR-29b-1-5p and downregulating
the levels of histone deacetylase-3 (Hdac3) and CXCL12,
creating a toxic bone marrow environment, thus exacer-
bating bone loss and increasing the fracture risk (109). The
mechanism of AA metabolism in BMSCs is shown in Fig. 2.
In summary, kynurenine regulates the levels of miRNAs,
proteins and activity of metabolic pathways to affect the
osteogenic differentiation ability of BMSCs (Table II).
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Figure 2. Glutamine not only promotes the proliferation and osteogenic differentiation of BMSCs via mTOR/S6 and MAPK pathways, but also improves
the inflammatory microenvironment by inhibiting pro-inflammatory factors such as IL-1§3 or IL-6 and enhancing anti-inflammatory factors such as IL-10 or
TGF-f; metabolites such as kynurenine inhibit bone formation by promoting adipogenesis and apoptosis of BMSCs, while AA metabolism disorders break the
dynamic balance of osteogenesis and osteoclasts via multiple pathways such as inflammation, oxidative stress and energy imbalance, leading to bone loss. AhR,
aryl Hydrocarbon Receptor; BMSC, Bone Marrow Mesenchymal Stem Cell; CDKs, cyclin-Dependent Kinases; CXCL12, C-X-C Motif Chemokine Ligand 12;
GLS, Glutaminase; GDH, Glutamate Dehydrogenase; aKG, Alpha-Ketoglutarate; Hdac3, Histone Deacetylase 3; IDO, Indoleamine 2,3-Dioxygenase; Kyn,
Kynurenine; miR-29b-1-5p, microRNA-29b-1-5p; TCA, Tricarboxylic Acid Cycle.

6. Summary and prospects

Osteoporosis is a metabolic disease characterized by an
imbalance in bone remodeling. Its pathology is caused by
dysfunction of osteoblasts, osteoclasts and BMSCs. Recent
studies have demonstrated that AA metabolism serves a
key role in the occurrence and development of osteoporosis
by regulating energy supply, signal transduction, epigenetic
modification and immune homeostasis of the bone micro-
environment (20,44,110). The present review summarized
the differential regulatory networks of types of AA, such as
BCAAs, aromatic AAs and glutamine, in bone homeostasis
and the mechanisms underlying their effects on osteoporosis
by interfering with the functions of osteoblasts, osteoclasts and
bone marrow mesenchymal stem cells, as well as application
prospects of research methods based on metabolomics and
genetics for promoting the development of precise treatment.
Although several studies have revealed the role of AA
metabolism in osteoporosis, they have limitations (9,20,56,111).
First, the specific regulatory mechanisms of AAs in bone
metabolism have not yet been fully elucidated. For example, to
the best of our knowledge, a systematic analysis of the roles of
BCAAs, aromatic AAs and glutamine in different bone cells
(osteoblasts, osteoclasts and BMSCs) is lacking (112). In addi-
tion, the specific regulatory network of AA metabolism in the

bone microenvironment is complex and is affected by numerous
factors, including gene expression, signaling pathways, the
immune microenvironment and energy metabolism (21).
However, the majority of studies are limited to exploring a
single mechanism and do not reveal the overall regulatory
model (20,56). Although observational and genetic association
studies have revealed an association between AA metabolism
and the occurrence and development of osteoporosis, random-
ized controlled trials based on metabolic interventions are
limited (9,27). For example, there is a lack of long-term inter-
vention data demonstrating that BCAA supplementation can
improve BMD and decrease fracture risk (113). In addition,
certain studies have problems such as a small sample size, a
short intervention time and insufficient dietary control, resulting
in inconsistent results and affecting its clinical transformation
value (114,115). In addition, individual differences such as sex,
age, genetic background and lifestyle may lead to differences in
AA metabolism patterns. For example, female patients are more
affected by changes in estrogen levels, whereas male patients
may be more affected by androgens and other metabolic path-
ways (116). Therefore, future studies should consider individual
factors to improve the applicability of the results.

In future, the mechanisms of AA metabolism in osteopo-
rosis should be elucidated. In addition, new animal models
of osteoporosis should be developed using specific metabolic
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Table II. Application of amino acid metabolism in BMSCs.

Amino acid

and metabolite

First author/s, year involvement Mechanism Outcome (Refs.)
Malakar et al, 2023; Glutamine Enhanced expression of Accelerate BMSC (85,86)
Minchenko et al, 2011 cyclin D1 and D3 proliferation
Yuan et al, 2015 Glutamine GLS and glutamate Accelerate BMSC 87)
dehydrogenase activity proliferation
increased in a dose-
dependent manner
through mTOR/S6 and
MAPK pathways
Skerry et al, 2008; Glutamine GLS Promotes the differentiation (90,91)
Ning et al, 2022 of BMSC:s into osteoblasts.
When BMSCs lack GLS, the
number of osteoblasts and
bone formation decreases
Wang et al, 2020; Glutamine oK G decreases histone Improves osteogenic (92,93)
fan et al, 2022 methylation potential of BMSCs
Qian et al, 2017, Glutamine Decreases expression of Strong osteogenic (94,95,97-101)
Ganesan et al, 2017, pro-inflammatory differentiation ability and
Santos et al, 2016; cytokines such as IL-1f3 immune regulation
da Silva Lima et al,2013; and IL-6 and increases function of BMSCs
sun et al, 2019; anti-inflammatory
Levy et al, 2002; cytokines such as IL-10,
Dos Santos et al, 2017 STAT-3 and TGF-f3; IL-
10 activates STAT-3,
decreasing the levels of
pro-inflammatory
cytokines
Wang et al, 2020 Glutamine The glutamine metabolite Improves the osteogenic 92)
oK G reduces histone potential of BMSCs
methylation
Dalton et al, 2020; Kynurenine Human pluripotent stem Increased oxidative stress (103,104)
Sas et al, 2018 cells stimulated by and inhibited osteogenic
kynurenine exhibit altered  differentiation
expression level of miR
Elmansi et al, 2020 Kynurenine Kynurenine decreases Decreases CXCL12 protein (105)
CXCL12 expression levels and osteogenic
through the AhR differentiation
signaling pathway
Anaya et al, 2020 Kynurenine Upregulation of miR- Promotes development of (107)
29b-1-5p and BMSCs in the direction of

downregulation of
Hdac3 and CXCL12

adipogenesis, causing toxic
bone marrow environment,
exacerbating bone loss and

increasing the risk of fracture

GLS, glutaminase; GDH, glutamate dehydrogenase; aKG, a-ketoglutarate; BMSC, bone marrow mesenchymal stem cell; CXCL12, C-X-C
motif chemokine ligand 12; AhR, aryl hydrocarbon receptor; miR microRNA; Hdac, histone deacetylase-3.

markers. This may provide a novel perspective for the direct
visual analysis of bone cell metabolic changes to develop drug,

prevention and treatment concepts. The effects of AA metabo-
lism on the energy supply and epigenetic modification of bone
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cells should be explored. In clinical practice, a larger-scale,
long-term follow-up clinical intervention trial should be
designed to evaluate the effects of AA supplementation
on BMD, fracture risk and quality of life in patients with
osteoporosis and optimize the clinical transformation of AA
metabolism intervention strategies. In addition, the applica-
tion of individualized medicine should be strengthened by
combining genomic and metabolomic data to explore the
differences in the responses of individuals to AA metabolism
interventions. Artificial intelligence and machine-learning
techniques can be used in combination with big data analysis to
establish predictive models to assess the risk of individual AA
metabolism patterns in osteoporosis and provide personalized
nutrition intervention recommendations. In recent years, more
evidence has revealed that the gut microbiota serve a key role
in the development of osteoporosis (117,118). It is of clinical
value to explore the interactions between AA metabolism
and intestinal microecology. Specifically, RNA sequencing,
metagenomic and metabolomic analyses should be used to
study the composition of the intestinal flora and its associa-
tion with AA metabolism in different groups of patients with
osteoporosis. In addition, the effects of probiotics, prebiotics
and specific AA supplementation on BMD should be evalu-
ated to explore the regulation of the intestinal microecology as
a novel strategy for the treatment of osteoporosis.
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