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Obesity is a chronic and complex disease defined by excessive deposits of fat that may lead to health damage. Branched-chain
amino acids (BCAAs), including valine, leucine, and isoleucine, play a significant role in obesity and metabolic processes. BCAA
metabolic disorders are a core feature of obesity and its associated metabolic syndrome, but the specific mechanisms and clinical
significance remain highly controversial. This review aims to deeply explore the multifaceted roles of BCAAs in obesity. We first
outline the catabolic pathways of BCAAs, summarize the key roles of branched-chain a-keto acids (BCKAs) and 3-hydroxyisobutyric
acid (3-HIB) as metabolic intermediates in mediating insulin signaling dysregulation, and analyze how BCAA metabolic disorders
drive the progression of obesity and its complications by impairing insulin sensitivity, disrupting lipid homeostasis, and
exacerbating chronic inflammation. Additionally, to reconcile the long-standing controversy over whether BCAAs are beneficial or
harmful, this review provides new insights. Finally, we summarize potential strategies for targeting BCAA metabolism through
dietary modifications, exercise interventions, and drug therapies. This review aims to deepen the understanding of the complex role
of BCAAs in obesity and lay a theoretical foundation for precise prevention and strategies targeting metabolic pathway imbalances.
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Graphical Abstract

BCAAs regulate obesity through pathways that affect insulin sensitivity, lipid metabolism, and inflammatory. Insulin sensitivity is regulated
by the activity of the mTORC1 signaling pathway and the functional state of mitochondria. The metabolism of branched-chain amino
acids influences lipid synthesis and breakdown by inhibiting BCAT2. Elevated levels of branched-chain amino acids may exacerbate
inflammatory through macrophage infiltration and the secretion of pro-inflammatory cytokines. On the right are different intervention
measures for regulating BCAA levels, including dietary, exercise and drug interventions. (Note:The symbol “1” indicates promotion/
increase, and “|” indicates inhibition/decrease.).
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INTRODUCTION

Obesity is a chronic and complex disease characterized by
excessive accumulation of fat, and has become one of the global
public health challenges [1]. According to the latest data from the
World Health Organization, 1 in 8 people worldwide suffer from
obesity. Globally, approximately 16% of adults aged 18 and older

are people with obesity [2]. The World Obesity Federation predicts
that nearly 3 billion adults worldwide (about 50% of the total adult
population) will be in a state of high BMI by 2030 [3]. Obesity is a
core risk factor for multiple severe chronic diseases, significantly
increasing the risk of type 2 diabetes (T2D), cardiovascular
diseases (such as atherosclerosis, coronary heart disease, and
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Table 1.

Known

Elevated circulating BCAAs concentrations are commonly observed in
individuals with obesity.

The fundamental function of BCAA metabolism in the processes of fat
synthesis, decomposition, and energy balance has been uncovered,
especially highlighting the important regulatory roles of BCAT2 and
BAT in relation to obesity.

Supplementing BCAAs has a dual effect.

Diet, exercise, and drugs can regulate BCAA concentrations.

stroke), hypertension, and certain cancers, and causing extensive
damage to metabolic, skeletal, and reproductive health [4-6]. In
recent years, metabolic imbalance has been regarded as a core
link in the occurrence and progression of obesity. BCAAs,
including the three essential amino acids valine, leucine, and
isoleucine, play a crucial role in obesity and metabolism [7]. Recent
studies have shown that the plasma amino acid profiles of
overweight individuals, whether adults or children, undergo
significant changes [8, 9]. Among them, the elevated levels of
BCAAs are strongly associated with insulin resistance (IR), T2D, and
cardiovascular disease risk, making them powerful biomarkers for
predicting future metabolic diseases [8, 10, 11].

In this review, we systematically summarize the BCAA metabolic
pathways and the generation and significance of key intermedi-
ates, and deeply analyze how BCAA metabolic disorders drive the
progression of obesity and its complications by impairing insulin
sensitivity, disrupting lipid homeostasis, and exacerbating chronic
inflammation. Finally, we summarize the regulation of BCAA
concentrations through dietary modifications, exercise, or phar-
macological interventions to improve metabolic health. In the
dietary adjustment section, we analyze the controversy surround-
ing BCAA supplementation versus restriction and offer new
insights to reconcile these conflicting perspectives. This review
aims to provide a clear framework for understanding the dual role
of BCAAs in obesity, a complex metabolic disorder. (Table 1).

OVERVIEW OF BCAA METABOLIC PATHWAYS AND THE IR
DYSREGULATION IN OBESITY

Classical catabolic pathway of BCAAs

The catabolism of BCAAs proceeds via two core sequential steps
(Fig. 1).

The first step involves the reversible transamination of BCAAs
catalyzed by branched-chain amino acid transaminase (BCAT).
Notably, BCAT exists as two isoforms: cytosolic BCAT1 (encoded by
a nuclear gene) and mitochondrial BCAT2 (encoded by a
mitochondrial gene). BCAT1 is predominantly expressed in the
cytoplasm and is highly enriched in the central and peripheral
nervous systems [12, 13], whereas BCAT2 is a ubiquitously
expressed isoform localized to mitochondria in most non-neural
tissues [14, 15]. During transamination, BCAT transfers the amino
group from BCAAs to a-ketoglutarate, producing glutamate and
the corresponding BCKAs: a-ketoisocaproate (a-KIC) from leucine,
a-keto-B-methylvalerate (a-KMV) from isoleucine, and a-ketoiso-
valerate (a-KIV) from valine.

The second step is the irreversible oxidative decarboxylation of
BCKAs catalyzed by the branched-chain a-keto acid dehydrogen-
ase (BCKDH) complex—this is a rate-limiting step in BCAA
oxidation. The BCKDH complex consists of three functional
subunits: E1 (dehydrogenase), E2 (transacylase), and E3 (dihydro-
lipoyl dehydrogenase) [16]. Its activity is tightly regulated by a
phosphorylation-dephosphorylation cycle: BCKDH kinase (BCKDK)
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Understanding the known and unknown aspects of obesity and BCAA metabolism.

Unknown

The link between increased BCAAs and metabolic disorders associated
with obesity is still not well understood.

The causes of BCAA metabolic imbalance and the specific molecular
mechanisms involved require further investigation.

Long-term safety and efficacy of BCAA-targeted interventions remain
unexplored.

Further validation is needed to determine if dietary changes, exercise,
or medication that alters BCAA concentrations can effectively address
obesity and its related complications.

mediates inhibitory phosphorylation of the E1 subunit, while
protein phosphatase 2 C isoform m (PP2Cm) catalyzes activating
dephosphorylation [17]. Subsequent metabolites from BCKA
oxidation enter tissue-specific metabolic pathways: acetyl-CoA
and succinyl-CoA feed into the tricarboxylic acid (TCA) cycle for
ATP production, while other intermediates (e.g., acetoacetate,
3-hydroxyisobutyrate (3-HIB) participate in ancillary metabolic
processes.

Key intermediates: BCKAs and 3-HIB

An increasing body of evidence suggests that the intermediate
products of BCAA metabolism are not merely passive by-products
but are biologically active signaling molecules that directly
contribute to the pathogenesis of obesity and IR. Understanding
the roles of these intermediates is crucial for elucidating the
mechanisms underlying human metabolic diseases.

Among various intermediates, branched-chain a-keto acids
(BCKAs) are key nodes in BCAA catabolism. Clinical observations
have shown that circulating BCKA levels are significantly elevated
in patients with type T2D and in preclinical models, and are closely
associated with systemic IR [18-20]. The mechanism underlying
this association involves the ability of BCKAs to activate the
mTORC1/S6K1 signaling axis, promoting serine phosphorylation of
insulin receptor substrate 1 (IRS-1), thereby impairing insulin-
stimulated glucose uptake. This directly explains their central role
in inducing IR [21]. Beyond systemic effects, BCKAs are also closely
linked to adipose tissue dysfunction. In human T2D cohorts, BCKA
levels serve as sensitive biomarkers of the severity of adipose
tissue IR [20]. From a pathophysiological perspective, impaired
BCAA catabolism in white adipose tissue (WAT) during obesity
leads to BCKA accumulation, which in turn inhibits WAT browning
through acetylation modification of the brown fat master
regulator PRDM16. This exacerbates the imbalance between
energy storage and expenditure, promoting obesity progression
[22]. Additionally, BCKAs promote polarization of adipose tissue
macrophages toward the pro-inflammatory M1 phenotype by
inducing mitochondrial dysfunction and oxidative stress, thereby
linking metabolic dysregulation with chronic low-grade inflamma-
tion [23, 24]. Notably, pediatric obesity studies have revealed a
gender-specific positive correlation between BCKA levels and IR
markers [25], suggesting that their metabolic effects are context-
dependent and that individual differences should be considered
when assessing risk and formulating intervention strategies. Based
on these mechanisms, targeting BCKA generation or clearance has
emerged as a potential therapeutic approach. Preclinical models
have confirmed that activating BCAA catabolism through drugs
(such as BCKDK inhibitors) to reduce circulating BCKA levels can
effectively improve glucose and lipid homeostasis [19, 24],
establishing BCKAs not only as diagnostic markers but also as
potential therapeutic targets.

Another key intermediate is 3-HIB, a product of valine
catabolism that exerts pleiotropic effects across different tissues.
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An overview of the catabolic pathway of BCAAs. In the first step, the BCAAs—Ileucine, isoleucine, and valine—are transaminated to

form BCKAs under the catalysis of BCAT. Specifically, leucine generates a-ketoisocaproate (a-KIC), isoleucine generates a-keto-p-methylvalerate
(a-KMV), and valine generates a-ketoisovalerate (a-KIV). In the second step, BCKAs (a-KIC, a-KMV, and a-KIV) undergo irreversible oxidative
decarboxylation driven by the BCKDH complex. In the third step, after decarboxylation, each BCKA follows a different metabolic pathway to
produce various downstream metabolites. These metabolites include key metabolic intermediates of the TCA cycle, such as acetoacetate or

acetyl CoA, as well as succinyl CoA.

Paracrine 3-HIB released from cardiomyocytes can activate fatty
acid transporters in endothelial cells, enhancing fatty acid uptake
by muscle, which directly triggers lipid accumulation in skeletal
muscle and IR [26]. Within adipose tissue, 3-HIB plays a complex
role: it promotes fatty acid uptake in white adipocytes while
regulating glucose uptake in brown adipocytes. Genetic knock-
down of 3-HIB synthase reduces lipid accumulation in adipocytes
[27], confirming its functional impact on fat metabolism. Human
genetic studies further support its clinical relevance: impaired
function of the BCAA transporter SLC7A10 in adipocytes leads to
increased 3-HIB release, a phenomenon associated with human
obesity and elevated circulating 3-HIB levels [28]. The pathogenic
role of 3-HIB also extends to the liver, where its synthetase
expression and plasma levels positively correlate with the severity
of hepatic steatosis. It regulates hepatic cell metabolism through a
PDK4-dependent feedback loop, promoting lipogenesis and
inhibiting fatty acid oxidation [29], thereby exacerbating the
metabolic burden on the liver. In human cohorts, the metabolic
significance of 3-HIB has been repeatedly validated: it is an
independent predictor of T2D onset [27, 30, 31]. Interestingly, in
overweight adults, plasma 3-HIB levels are negatively correlated
with the severity of IR, and their decline after weight loss is
accompanied by metabolic improvement [32], which may reflect
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its complex role in dynamic metabolic adaptation. Additionally,
3-HIB is an independent predictor of adverse cardiovascular
events in non-diabetic patients with chronic heart failure [33],
suggesting that its influence extends beyond traditional metabolic
domains to encompass broader cardiovascular metabolic
disorders.

THE RELATIONSHIP BETWEEN BRANCHED-AMINO ACID
METABOLISM AND OBESITY

Obesity and BCAA metabolism disorders

Under physiological conditions, the metabolism of BCAAs main-
tains a dynamic equilibrium across multiple organs. However, this
homeostasis is perturbed in the context of obesity. Elevated
BCAA:s are strongly associated with obesity and IR, first reported in
the blood of individuals with obesity in the 1960s [34]. Rodent
studies have demonstrated that a diet high in BCAAs can
exacerbate obesity [35], whereas a diet low in BCAAs can improve
metabolic disorders in overweight mice [36]. Body fat and glucose
metabolism are closely linked to BCAA metabolism. In rodent
models of obesity, maintaining BCAA catabolism, whether through
a BCAA-restricted diet or by activating restriction enzymes, plays a
key role in preserving glucose and lipid homeostasis [37]. Adipose

SPRINGER NATURE



D. Wang et al.

tissue directly reduces circulating BCAAs concentrations by
promoting their breakdown. However, in animal studies, over-
expression of GLUT4 in adipose tissue has been shown to increase
circulating BCAA concentrations by downregulating BCAA-
metabolizing enzymes and inhibiting their degradation [38].
BCAAs are believed to play a regulatory role in various
physiological processes, including satiety, leptin signaling, glucose
metabolism, cell signaling, obesity, and body weight regulation.
The metabolic profile associated with elevated BCAAs is com-
monly observed in overweight adolescents with nonalcoholic fatty
liver disease, who often exhibit increased plasma concentrations
of valine, isoleucine, tryptophan, and lysine [39]. Similarly, rodent
models of obesity display hyperaminoacidemia, characterized by
elevated BCAA concentrations. In individuals with obesity,
increased plasma BCAAs are linked to reduced hepatic BCAA
catabolism and enhanced BCAA breakdown in adipose tissue [40].
Based on this understanding, intervening in BCAA metabolism is a
reasonable strategy for improving obesity. Approaches such as
BCAA restriction, dietary modifications, and surgical weight loss
interventions have been shown to lower BCAA concentrations in
people with obesity.

Impairment of insulin sensitivity

Insulin, a hormone synthesized and secreted by pancreatic p-cells,
exerts its biological effects by binding to insulin receptors on the
surface of target tissues, including skeletal muscle, adipose tissue,
and the liver. Insulin sensitivity refers to the ability of these target
tissues to respond to insulin signaling, which involves several
physiological processes: enhancing glucose uptake and utilization,
suppressing endogenous glucose production, and promoting de
novo lipogenesis in adipose tissue.

Aberrant activation of the mTORC1 signaling pathway

MTORC refers to a group of protein kinase complexes, including
mTORC1 and mTORC2, which play regulatory roles in cell growth,
metabolism, and autophagy [41, 42]. In the regulation of insulin
sensitivity, insulin  activates the downstream PI3K/AKT/
mTORC1 signaling pathway by binding to its receptor [43].
However, in obesity, this pathway may become excessively or
persistently activated, leading to pathological effects. Metabolo-
mic analyses comparing individuals with obesity to lean indivi-
duals have revealed distinct BCAA-related metabolite profiles,
indicating increased BCAA catabolism correlated with IR [44].
Animal studies further confirm that BCAA plays a significant
promoting role in the development of obesity-related IR in the
context of high-fat diet-induced obesity [44]. In conditions of
overnutrition, elevated BCAA concentrations negatively impact
insulin secretion and sensitivity. Elevated BCAA levels are
significantly correlated with body mass index (BMI). Circulating
BCAA concentrations are associated with obesity and the risk of
future IR in children and adolescents [45]. There may be two
mechanisms underlying the association [46]. The primary mechan-
ism involves the overactivation of the mTORC1 signaling pathway
by leucine. Sustained activation of mTORC1 increases serine
phosphorylation of IRS-1, which impairs insulin signaling cascades
and ultimately results in IR, disrupted glucose metabolism, and the
promotion of ectopic fat accumulation [44, 47, 48]. A secondary
mechanism involves excessive BCAA catabolism competing with
fatty acid B-oxidation for carbon flux into the TCA cycle. This
competition leads to the accumulation of incompletely oxidized
lipid intermediates and mitochondrial stress, both of which
contribute to the development of IR in skeletal muscle and the
liver [49, 50]. The generation, accumulation, and insulin-sensitizing
impairment caused by the incompletely oxidized metabolic
intermediates, such as BCKA and 3-HIB, have been previously
detailed and thus will not be reiterated herein. Notably, alterations
in BCAA oxidation patterns are observed in insulin-resistant states,
including a metabolic shift from adipocytes and the liver toward
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skeletal muscle [51]. This tissue-specific redistribution of BCAA
metabolism may further exacerbate IR. Meanwhile, in overweight
adolescents, enhancing BCAA catabolism has been shown to
improve insulin sensitivity [52]. In light of these mechanisms,
inhibiting mTORC1 activity and promoting BCAA catabolism may
represent potential strategies to improve insulin sensitivity.

Mitochondrial dysfunction and energy metabolic impairment
The oxidative catabolism of BCAAs occurs within mitochondria;
therefore, dysregulation of BCAA metabolism is closely to multi-
faceted mitochondrial dysfunction and impaired energy metabo-
lism. As the central hub of cellular energy metabolism,
mitochondrial dysfunction directly compromises BCAA oxidative
utilization, energy production, and insulin signal transduction. On
one hand, reduced mitochondrial BCAA oxidative capacity is a
hallmark of obesity and related metabolic diseases. Studies using a
skeletal muscle cell model of IR have demonstrated that BCAA
metabolic dysregulation drives declines in mitochondrial function
and content, indicating a systemic context of mitochondrial
insufficiency [53]. Additionally, impaired transport activity of the
mitochondrial BCAA transporter SLC25A44 in brown adipose
tissue (BAT) leads to systemic BCAA accumulation, which
exacerbates IR [54]. On the other hand, mitochondrial energy
metabolic impairment and increased oxidative stress interact
reciprocally with BCAA metabolic dysregulation. In obesity,
skeletal muscle mitochondria maintain normal oxidative capacity
but exhibit significantly increased reactive oxygen species (ROS)
production, indicating a state of elevated “metabolic stress” [55].
This metabolic environment may further suppress BCAA oxidation
efficiency, creating a vicious cycle. Concurrently, accumulation of
BCKAs inhibits hepatic mitochondrial pyruvate carrier (MPC)
activity, reducing pyruvate-driven gluconeogenesis and mitochon-
drial respiration, thereby disrupting systemic glucose homeostasis
[56]. Notably, MPC inhibitors improve insulin sensitivity by
activating AMPK and mTOR signaling, reducing phosphorylation
of the BCKDH complex, and enhancing BCAA oxidation—high-
lighting the critical role of mitochondrial substrate utilization
flexibility in metabolic health [57]. Mitochondrial dysfunction-
including reduced BCAA oxidation, impaired energy conversion
efficiency, excessive ROS generation, and transmembrane trans-
port defects- and BCAA metabolic dysregulation form a bidirec-
tional vicious cycle that synergistically drives the progression of IR
and obesity-related metabolic diseases. Targeted interventions
against mitochondrial BCAA transport and oxidation pathways
(e.g., SLC25A44, BCKDH complex, MPC) may represent promising
strategies to improve insulin sensitivity and restore energy
metabolic homeostasis.

Disruption of lipid metabolic homeostasis

Certain amino acids influence the processes of fat production and
degradation. In cases of obesity, amino acid metabolism can
become disrupted, leading to an excess of amino acids being
converted into fat and stored in adipose tissue. Specific amino
acids improve metabolic health by targeting BAT and WAT to
activate both UCP1-dependent thermogenesis and non-UCP1-
dependent thermogenesis [58]. BCAAs profoundly affect lipid
metabolism through both acute and chronic mechanisms. First,
BCAA catabolism involves two key steps: they are initially
converted into BCKAs; which are then irreversibly oxidized and
decarboxylated to form branched-chain acyl-CoA. This process
activates the mTORCT1 signaling pathway and polyamine synthesis,
directly promoting adipocyte differentiation and lipogenesis [22].
Second, in WAT, the increased concentration of acetyl-CoA
produced by BCAA catabolism catalyzed by BCAT2 enhances the
acetylation of the transcription factor PRDM16. This modification
weakens PRDM16’s interaction with peroxisome proliferator-
activated receptor gamma (PPARYy), thereby chronically inhibiting
UCP1-dependent thermogenic gene expression, hindering WAT
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Table 2.

Food description Food weight Food measure
Mushroom, enoki 1009 1009

Nuts, almonds, whole 100g 1009

Soy milk, unsweetened 1009 1009

Eggs, egg whole 50.3¢g 1 egg
Broccoli, raw 769 1 cup

Milk, whole 2499 1 cup
Sausage, beef 1869 1 link

Fish, pollock, raw 1779 1 fillet
Yogurt, Greek, plain 1569 1 container
Kiwifruit 1009 1009

browning and impairing energy expenditure [22]. Conversely,
drug screening indicates that telmisartan directly binds to BCAT2
and inhibits its activity, suggesting its potential to reduce obesity
by targeting BCAT2 to regulate BCAAs and its BCKA metabolic
pathways. The mechanism involves lowering acetyl-CoA concen-
trations, reducing PRDM16 acetylation, chronically enhancing
PRDM16-PPARy binding, significantly inducing UCP1 expression,
promoting WAT browning and increasing energy expenditure;
BCAT2 knockout mice show significantly increased oxygen
consumption, carbon dioxide production and heat production,
which is independent of their physical activity. The respiratory
exchange ratio of knockout mice is lower than that of the control
group, indicating that fatty acids are mainly used for energy
metabolism [22]. Crucially, supplementation with BCKA comple-
tely reverses the chronic beneficial phenotypes (including weight
control, metabolic improvement, fat reduction and UCP1 induc-
tion) induced by BCAT2 knockout or telmisartan, confirming that
the core of telmisartan’s action lies in its inhibition of BCAT2 and
the regulation of the BCAA-BCKA metabolic pathway, thereby [22].
Additionally, BAT function is chronically regulated by BCAA
metabolism: during cold exposure, BAT actively catabolizes BCAA
for heat production via the mitochondrial transporter SLC25A44,
enhancing systemic BCAA clearance. Defects in BAT-specific BCAA
catabolic lead to a sustained reduction in systemic BCAA clearance
rate reduction, decreased BAT fuel oxidation and thermogenesis,
which promotes diet-induced obesity and impairs glucose
tolerance [54]. Thus, BCAA metabolic imbalance is a key driver
of obesity through the dual mechanisms of acutely stimulating fat
synthesis and chronically inhibiting thermogenesis while facilitat-
ing fat storage. Notably, as a clinical antihypertensive drug,
telmisartan has a unique potential to improve lipid metabolism in
individuals with obesity (distinct from other ARBs) and its
beneficial effects on HFD-induced hypertension and tachycardia.
This provides a mechanistic basis for treating obesity by targeting
BCAT2-mediated BCAA metabolic imbalance, especially in patients
with obesity-hypertensive comorbidity population [22]. Further-
more, adipokines secreted by adipocytes (such as adiponectin)
also regulate lipid metabolism and insulin sensitivity [59], and
damage to the amino acid transporter SLC7A10 in adipocytes is
associated with BCAA metabolic disorders that promote lipid
storage [29], while BCAAs themselves can enhance lipid oxidation
[60].

Induction and exacerbation of chronic low-grade
inflammation

Obesity is associated with increased production of pro-
inflammatory cytokines that act not only within adipose tissue,
but also through systemic circulation, triggering a systemic
inflammatory response. Notably, branched-chain amino acids
(BCAAs) can induce metabolic inflammation [61]. Some studies
have indicated that in obesity models, BCAA supplementation can
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Foods and their corresponding amounts of specific and cumulative BCAAs.

Leucine Isoleucine Valine BCAAs
1.05 0.643 1.35 3.043
1.49 0.774 0916 3.18
0.249 0.145 0.142 0.536
0.528 0.31 0.369 1.207
0.098 0.06 0.095 0.253
0.829 0.431 0.515 1.775
0.173 0.086 0.099 0.358
1.88 1.1 1.19 4.17
1.61 0.822 1.04 3.472
0.059 0.046 0.052 0.157

enhance the synthesis of both pro-inflammatory and anti-
inflammatory mediators in macrophages [62], modulate IL-1B
activity within the immune system, and influences neuroinflam-
mation [63]. Additionally, BCAA supplementation reduced the
expression of IL-6 and TNF-a in the liver and WAT of mice and
inhibited macrophage infiltration [64]. In metabolic diseases such
as obesity, T2D, and cardiovascular diseases, elevated BCAA levels
are significantly associated with enhanced inflammatory
responses [65]. Importantly, elevated concentrations of BCAAs
themselves may contribute to the pro-inflammatory process: in
monocytes from patients with coronary heart disease and
peritoneal macrophages from atherosclerotic mice, increased
BCAAs concentrations are associated with activation of pro-
inflammatory macrophages (such as the M1 type), thereby
accelerating the progression of atherosclerotic lesions [66]. This
suggests that BCAAs may directly participate in the pro-
inflammatory polarization of immune cells. Moreover, inflamma-
tion forms a vicious cycle: it plays a crucial role in the pathology of
obesity-related IR by regulating BCAA uptake and metabolism in
adipocytes. Inflammation weakens lipid production in visceral fat
depots by down-regulating the BCAA/TCA metabolic pathway.
More importantly, inflammation causes adipocytes in mice to
secrete pro-inflammatory cytokines, leading to significant down-
regulation of gene expression related to BCAA transport and
oxidation [67]. This inhibition of BCAA metabolic capacity may
further exacerbate the accumulation of intracellular BCAAs or their
metabolites. Accumulated BCAAs or its metabolic intermediates
have been shown to activate pro-inflammatory signaling
pathways,such as mTORC1 and NF-kB, thereby stimulating the
production of additional pro-inflammatory cytokines [66, 67].
These cytokines further intensify the inflammatory response and
metabolic disorders, creating a self-reinforcing vicious cycle.
Therefore, controlling the inflammatory response is crucial for
maintaining normal fat metabolism and preventing obesity. In
summary, under pathological conditions such as obesity and IR,
elevated endogenous BCAA concentrations are closely associated
with heightened inflammation. These elevated BCAA levels may
drive or exacerbate inflammatory responses through mechanisms
including macrophage activation and disruption of adipocyte
metabolism, thereby perpetuating a vicious cycle.

INTERVENTIONS REGULATE BCAA CONCENTRATIONS

Dietary

The body is unable to produce BCAAs on its own and must acquire
them through dietary intake by consuming proteins rich in BCAAs,
such as meat, dairy products, and legumes (Table 2). A high-
protein diet may promote weight loss, increase satiety, and help
maintain lean body mass, potentially through enhanced metabolic
regulation and reduced caloric intake [46]. Research has shown
that increasing the proportion of dietary protein can positively
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affect metabolic disorders [28]. Diets rich in BCAAs generally have
beneficial effects on body weight regulation [68], muscle protein
synthesis [69], and glucose homeostasis [70, 71]. In weight loss
interventions, high-protein, low-fat diets typically show more
significant effects in reducing body weight, fat mass, and lowering
triglycerides compared to standard protein diets [72]. It is
important to note that the observed benefits may vary depending
on the source of dietary protein, as they differ in amino acid
profiles, digestion and absorption rates, and accompanying
nutrients, which may independently or synergistically influence
metabolic outcomes. Therefore, it is recommended to choose
proteins rich in BCAAs to effectively increase circulating BCAA
levels.

The controversy over supplementing or restricting BCAAs
The role of BCAAs in metabolic health presents significant
complexity. On the one hand, numerous studies have revealed
their beneficial effects. Supplementation with leucine can reduce
food intake by activating the mTOR pathway in the hypothalamus
[73] and promote protein synthesis by activating the mTOR
pathway in muscle, partially preventing muscle atrophy [73-75].
At the metabolic level, leucine supplementation has been shown
to enhance insulin signaling, promote mitochondrial biogenesis,
and reduce fat accumulation in mice on a high-fat diet, thereby
improving metabolic health [76, 77]. In overweight mouse models,
BCAA supplementation can improve insulin sensitivity [78], reduce
fat tissue accumulation and its inflammatory response [64, 79],
and improve metabolic and cognitive functions [80, 81]. Some
human studies also suggest that BCAA intake is associated with a
lower obesity rate [82] and may help prevent childhood obesity
and IR [83].

However, on the other hand, elevated circulating BCAA
concentrations are not only biomarkers of metabolic disorders
such as obesity, IR, and T2D but may also act as driving factors in
disease progression [84-86]. The potential risk mechanisms
include: interfering with gene expression and metabolic pathways
in adipose tissue [87]; directly impairing insulin signaling [88, 89];
and during exercise, supplementation may increase fatty acid
synthase expression, thereby promoting fat accumulation [89].
Notably, experiments restricting BCAA intake have further high-
lighted their potential risks: in animal models, restricting BCAA can
rapidly improve metabolic health, reverse obesity, and enhance
glucose regulation [90]; in overweight patients, it can effectively
reduce cardiac triglyceride storage [91]. Moreover, animal studies
have shown that BCAA supplementation may even shorten
lifespan [92, 93].

These seemingly contradictory phenomena have shifted the
research focus from viewing BCAAs as a whole to dissecting the
independent and even antagonistic “component-specific effects”
of leucine, isoleucine, and valine. This constitutes one of the most
profound controversies in the field. The most typical paradox is
seen with leucine: whether through supplementation to activate
the mTOR pathway and produce beneficial effects [73] or through
deprivation to improve metabolism [94, 95], both can yield
beneficial metabolic outcomes. Unlike the controversy surround-
ing leucine, restricting isoleucine or valine consistently and
significantly improves metabolic health. Studies have shown that
restricting isoleucine or valine can significantly improve whole-
body glucose tolerance and liver insulin sensitivity in mice on a
Western diet, and reintroducing isoleucine reverses these benefits
[96]; lifelong restriction of isoleucine can even extend mouse
lifespan and improve glucose homeostasis [97]. In contrast,
supplementing valine alone has been clearly shown to impair
glucose tolerance and insulin sensitivity [98]. Additionally, these
contradictory phenomena are influenced by gender, the genetic
background of the animal, treatment duration, age at treatment
initiation, and the ratio of BCAAs to tryptophan and threonine in
the diet. Therefore, in animal studies, more rigorous experimental
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designs are needed to compare the individual and combined
effects of isoleucine, leucine, and valine in deprivation and
supplementation.

The impact of BCAA on metabolic health is far from simply
“beneficial” or “harmful”, but rather encompasses the contra-
diction between supplementation and restriction strategies at the
overall level, as well as the more fundamental component-specific
effects of the distinct metabolic roles of leucine, isoleucine, and
valine. Understanding this complexity is crucial for the future
design of precise nutritional metabolic intervention strategies.

Physical exercise

During exercise, BCAAs are not only essential amino acids for
muscle protein synthesis but also major substrates for muscle
protein breakdown. Therefore, BCAAs are critical for muscle
maintenance and growth [99]. It has been shown that aerobic
exercise training induces the oxidative utilization of BCAAs in
muscle tissues of the overweight population, thereby decreasing
plasma BCAAs concentrations and eliminating excess acyls of
BCAAs metabolism through binding to glycine in the liver [100]. In
animal models, endurance exercise training induces a down-
regulation of BCKDK protein expression in skeletal muscle, which
relieves the blockage of BCAA catabolism by reducing the kinase’s
inhibitory phosphorylation of the BCKD complex; this effect is
mediated by a negative imbalance in the BCKDK phosphorylation-
dephosphorylation cycle [101, 102]. This effect may also be
attributed to the fact that exercise increases the amount of muscle
tissue in the body, which is the primary site of BCAAs breakdown.
As muscle tissue grows, a greater quantity of BCAAs is used for
muscle protein synthesis, resulting in a reduction of BCAAs in the
bloodstream.

Exercise reduces body weight, increases insulin sensitivity, and
decreases plasma BCAAs. Exercise also inhibits the increase in
metabolites of BCAAs in WAT of overweight mice [88]. These
findings suggest that exercise intervention may positively impact
BCAA metabolism in individuals with obesity. Exercise interven-
tions can be beneficial in reducing BCAAs concentrations in
patients with obesity by enhancing insulin sensitivity, reducing
inflammation, and increasing muscle mass. However, studies have
shown that 12 weeks of combined aerobic and resistance exercise
did not reduce the concentrations of plasma BCAAs in patients
with obesity [103]. There is some controversy regarding the
relationship between exercise and BCAAs concentrations.
Although some research suggests that consistent aerobic exercise
may reduce blood concentrations of BCAAs, other studies have
failed to confirm this association.

Drugs

The effects of pharmacologic interventions on BCAAs concentra-
tions in people with obesity is complex and vary based on the
specific medication and how it works (Fig. 2).

BT2. BT2 (3,6-dichlorobenzo[b]thiophene-2-carboxylic acid) is a
weak lipophilic acid that acts as a small-molecule mitochondrial
uncoupler [104]. It is an inhibitor of branched-chain ketoacid
dehydrogenase kinase (BCKDK), enhances the activity of the
BCKDH complex, and reduces BCAAs concentrations in vivo [105].
In animal experiments, administering BT2 for 1 week led to near-
complete dephosphorylation of the branched-chain a-ketoacid
dehydrogenase complex (BCKDC) and decreased plasma BCAAs
concentrations in the heart, muscle, kidney, and liver. This
suggests that BT2 treatment contributes to the promotion of
metabolic disorders induced by elevated BCAAs concentrations
[106]. BT2 is commonly used in preclinical models to increase the
oxidation of BCAAs and restore steady-state BCAAs and BCKA
levels. In rodent models, BT2 administration has been found to be
protective in heart failure and various metabolic disorders [104].
Improvements in insulin sensitivity, steatosis, and inflammation
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Fig.2 The effect of drug intervention on BCAAs concentrations in patients with obesity. BT2 regulates BCAAs concentrations by acting as
an inhibitor of BCKDK, thereby enhancing the activity of the BCKDH complex. This promotes the conversion of BCKAs into R-CoA, which
enters the TCA cycle to generate COz and energy, ultimately reducing BCAAs concentrations in vivo. BCAAs enter cells and are catalyzed by
BCATs in the mitochondria to form BCKAs. PPARy agonists regulate BCAA metabolism through multiple pathways. Obesity-related BCAA
overload chronically activates mTORC1, leading to inhibitory phosphorylation of IRS1 at multiple serine residues, contributing to insulin
resistance. However, PPARy activation may partially prevent IRS1 phosphorylation in skeletal muscle by upregulating BCAA catabolism in
adipose tissue, thereby lowering circulating BCAAs concentrations to which skeletal muscle is exposed. GLP-1 is a hormone primarily secreted
by intestinal L cells and belongs to the incretin family. It exerts its physiological effects mainly through binding and activating the GLP-1
receptor (GLP-1R). In addition to GLP-1, the human intestine also produces glucose-dependent insulinotropic polypeptide (GIP), but only GLP-
1 can suppress glucagon release and induce satiety. GLP-1R is widely expressed in various tissues and organs such as the pancreas, stomach,
brain, and liver. Upon activation by GLP-1 or synthetic GLP-1 agonists, it mediates diverse physiological functions. In neural tissue, GLP-1R
activation protects nerve cells and reduces appetite. In gastrointestinal tissues, it inhibits gastric secretion and motility, delays gastric
emptying, enhances satiety, and decreases food intake. It also suppresses hepatic glucose production. Within pancreatic islets, GLP-1R
promotes B-cell proliferation, stimulates insulin synthesis and secretion, and inhibits glucagon synthesis and release. Metformin influences
BCAA metabolism by activating AMPK, which promotes degradation of PROX1 and subsequently enhances BCAA breakdown. Additionally,

AMPK inhibits mTOR signaling, further contributing to metabolic regulation.

have been observed in overweight mouse model treated with BT2
[107]. Mechanistically, BT2 upregulates the expression of liver fatty
acid oxidation genes, downregulates the expression of fat
synthesis genes, and activates peroxisome proliferator-activated
receptor a signaling [108]. In conclusion, BT2 can promote BCAAs
catabolism and alleviate BCAAs catabolic defects.

Metformin. Metformin is the drug of choice for the treatment of
T2D. Metformin affects the metabolism of BCAAs. On one side,
metformin acts by affecting the metabolism of BCAAs in the liver.
Liver is one of the primary organs responsible for the degradation
of BCAAs, and metformin may reduce the degradation of BCAAs
by inhibiting specific enzymes in the liver, thereby increasing their
concentration in the blood [109]. Administration of metformin for
more than 4 weeks in overweight mice significantly inhibited the
catabolism of BCAAs in overweight mice, leading to increased
concentrations of BCAAs [110]. AMPK mediates the effects of
metformin on the catabolism of BCAAs in hepatocytes [110].
AMPK promotes the degradation of prospero homeobox protein 1
(PROX1), and consequently the degradation of BCAAs, and inhibits
mTOR signaling [108]. Among them, PROX1 deficiency in liver
tumors showed therapeutic resistance to metformin. On the other
hand, the effect of metformin in improving insulin sensitivity may
be related to its influence on the metabolism of BCAAs [111].
Insulin, as a key hormone regulating protein metabolism,
promotes the uptake and utilization of amino acids by muscle

International Journal of Obesity

tissue; metformin may reduce the concentrations of BCAAs in the
blood by promoting their oxidation and utilization in muscle. In
summary, BCAAs can be regulated by diet, exercise, and
pharmacologic interventions, but the mechanisms are not fully
understood.

PPARy agonists. PPARy agonists play a crucial role in regulating
obesity and treating T2D [112]. They primarily enhance insulin
sensitivity by activating PPARy [113]. PPARy, a transcription factor
within the PPAR family, is responsible for up-regulating genes in
the TCA cycle, BCAA metabolism, fatty acid metabolism, PPAR
signaling, AMPK and cAMP signaling, and the insulin signaling
pathway. It also down-regulates genes related to antigen
processing and presentation, immune responses, and inflamma-
tory responses in adipose tissue [113]. This receptor is predomi-
nantly expressed in adipocytes [114], and is essential for lipid
storage and mobilization, glucose metabolism, morphogenesis,
and inflammation [112]. In adipocytes, PPARy agonists can induce
adipocyte phenotype transformation, facilitate fat remodeling,
enhance lipid storage capacity and energy balance regulation
function, thereby improving insulin sensitivity in skeletal muscle
and liver, and reducing the production of inflammatory cytokines,
thus exerting anti-inflammatory effects [115]. Animal studies have
demonstrated that PPARy is a key regulator of circulating BCAAs
concentrations and catabolism in adipose tissue [116]. Conse-
quently, PPARy agonists can lower circulating BCAAs
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concentrations, enhance systemic and muscular insulin sensitivity,
and improve overall health [116].

GLP-1 receptor agonists. Glucagon-like peptide-1 (GLP-1) receptor
is a crucial receptor involved in regulating blood glucose
concentration and influencing feeding behavior. Due to its potent
incretin action, it has garnered significant attention in the
management of obesity and diabetes. GLP-1 receptor agonists
have diverse functions, including anti-obesity, anti-hypertension,
anti-hyperglycemia, anti-lipid, anti-inflammatory, and endothelial
function protection [117, 118], and are now widely used in clinical
practice [119]. Agonists and antagonists of the glucose-dependent
insulinotropic polypeptide receptor can enhance the weight loss
induced by GLP-1 receptor agonists [120-122]. Mixtures of
peptides as well as long-acting single-molecule mono-, dual-,
and multi-agonists have been developed to interact with
receptors for GLP-1, GIP, glucagon, amylin, and other peptides
[123]. Tirzepatide is the first single-molecule peptide with dual
activity on two incretin receptors and is currently in clinical trials,
showing unprecedented effects in reducing blood glucose and
body weight [124-127]. Besides weight loss and blood glucose
reduction, tirzepatide significantly reduces visceral adipose tissue
and liver fat content, and improves fat distribution patterns [128].
In animal studies, tirzepatide also significantly reduces white fat
volume and promotes brown fat activity, and these effects are
mainly mediated through sympathetic innervation of adipose
tissue [128, 129]. Additionally, In the overweight mouse model,
tirzepatide reduces the secretion of inflammatory factors by
regulating the ERK signaling pathway and promoting the
apoptosis of M1-type macrophages, thereby improving insulin
sensitivity and glucose and lipid metabolism disorders [130].
Tirzepatide has been shown to improve insulin sensitivity in
overweight mouse models, while reducing the circulating
concentrations of BCAAs and BCKAs, possibly due to the induction
of a thermogenic-like amino acid profile in BAT [18]. In overweight
IR mouse models, the plasma concentrations of BCAAs and BCKAs
decreased after tirzepatide treatment [131]. In human trials,
tizepatide treatment reduced plasma concentrations of BCAAs,
BCKAs, and other BCAA-derived metabolites [132] and also
decreased the composite risk of cardiovascular death or worsen-
ing heart failure, significantly improving patients’ exercise
tolerance and quality of life, while reducing systemic inflammatory
markers [133]. In a phase Il clinical trial, patients treated with
tirzepatide for 52 weeks experienced a reduction in liver
inflammation without worsening of fibrosis [134].

The introduction of tirzepatide signifies a new phase in the
treatment of obesity and metabolic diseases, characterized by a
multi-target approach. This medication influences the metabolism
of adipose tissue, inflammation, and energy balance, effectively
managing body weight, blood glucose level, and BCAA metabo-
lism, while also offering protective benefits to organs like the
cardiovascular system [135] and liver. In addition to intestinal
insulin, new agonists that target the neurokinin receptor have
demonstrated potential for weight loss in studies with mice and
macaques, indicating that multi-target drugs could address a
wider array of metabolic pathways [136].

CONCLUSIONS

Obesity is typically results from a combination of factors, including
diet, physical activity, genetics, and environmental influence. It is
closely associated with various metabolic diseases, such as
cardiovascular diseases and T2D. BCAAs play a crucial role in
metabolic regulation, and maintaining their metabolic home-
ostasis holds significant potential for the prevention and
treatment of obesity. A systematic review has provided a solid
foundation for understanding the core principles of BCAA
metabolism in mammals, clearly elucidating its metabolic
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mechanisms and their roles in disease pathophysiology [42].
Notably, gene knockout and drug intervention experiments
demonstrated that disruption of BCAA metabolic pathways is a
key driver of obesity, underscoring the central role of BCAAs in
obesity regulation [22]. This review incorporates the latest high-
quality research up to 2025, not only focusing on the relationship
between BCAAs and IR but also exploring the central regulatory
role of the mTORC1 signaling pathway. It emphasizes the
bidirectional effects (promotion or inhibition) of BCAAs supple-
mentation on obesity. Crucially, this review provides a detailed
analysis of the impact of drug interventions on BCAAs concentra-
tions in individuals with obesity. Through this integrated
approach, the review offers a more comprehensive and in-depth
understanding of the relationship between BCAAs and obesity:
highlighting that it is far from a simple linear causal relationship.
Instead, it is intricately regulated by multiple factors including
sample heterogeneity, intervention dosage, and individual differ-
ences. Building on this understanding, this review transcends the
limitations of earlier studies that mainly focused on the association
between plasma BCAAs concentrations and obesity, instead
emphasizing the central role of the overall BCAAs metabolic
homeostasis and its regulatory mechanisms. At the same time, in
both population samples and animal experimental models, it is
essential to investigate whether there are tissue-specific effects
(such as in fat, liver, and muscle), and to examine how BCAA
metabolic disorders interact with other metabolic abnormalities
such as mitochondrial dysfunction and inflammation, collectively
promoting obesity. It is also necessary to further verify the efficacy
of existing drugs (such as telmisartan) in treating human obesity
and to optimize their targeting to reduce side effects, ultimately
achieving precise prevention and treatment of obesity through
BCAA metabolic regulation.
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