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ABSTRACT
In a scenario with increasing cases of obesity and diabetes worldwide, branched-chain amino acids (BCAA) metabolism has 
become an important factor in the understanding of these pathologies. More recently, its chronic high plasma levels have been 
postulated, alongside glucose, inflammatory factors, and other molecules, as an important predictive marker for developing insu-
lin resistance. High-fat diet protocols and models mimicking obesity and type-2 diabetes have clarified our knowledge about how 
these conditions, which have an important inflammatory aspect, impact the BCAA catabolism in several tissues and its systemic 
effects. On the other hand, BCAA supplementation has been studied in several experimental models aiming to understand its 
role in inflammation. Evidence reveals that a chronic low-grade inflammatory state is an important factor in several age-related 
pathological conditions and that its presence, characterized by augmented proinflammatory cytokines, high glucose and BCAA 
levels, would be a determining factor. Although, the relationship between BCAA and inflammation is complex and our current 
knowledge cannot identify a causative role for these amino acids, as in the majority of the cases a previous or concomitant stim-
ulus was necessary to demonstrate their role in the modulation of inflammation.

1   |   Introduction

Chronic elevation levels of branched-chain amino acids 
(BCAAs: leucine, isoleucine, and valine) in animal fluids have 
been recently incorporated into the list of predictive biomarkers, 
alongside glucose, inflammatory factors, and other molecules, 

for assessing the risk of developing insulin resistance and sub-
sequently type-2 diabetes mellitus (T2D) [1–7]. However, the 
discovery and study of these amino acids (AAs) in nature are 
described as early as the ninth century, with leucine being the 
first of all AA completely (free nature form and profiled from 
protein hydrolysis) identified [8, 9].
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BCAAs are considered the most hydrophobic aliphatic AAs, 
as a consequence of the nonpolar branch derived from their 
skeleton carbon [10]. Thereby, fundamentally three BCAAs 
are found in nature as this number provides the minimum di-
versity necessary in aliphatic hydrophobic side chains for the 
structure and functioning of all proteins [10]. Thus, BCAA is 
found in high concentrations in nonaqueous environments, 
inside globular proteins, in transmembrane domains of pro-
teins, and as a primary sequence of insoluble proteins [11]. 
From BCAA-rich sequences in proteins, isoleucine, and va-
line take more part in β-sheets, whereas leucine is found in 
α-helices, especially in coiled-coil α-helices present in cyto-
skeleton proteins and motor proteins, from where it was ini-
tially obtained by Braconnot [9, 12].

BCAAs represent up to 35% of essential AAs content in some 
tissues and their metabolism presents a crucial role in energetic 
homeostasis and cellular nitrogen equilibrium [13–16]. The 
transamination reaction of BCAA is a mechanism of nitrogen 
transfer from these AAs, depending on the tissue momentarily 
requirement, which can produce glutamate and consequently 
other nonessential AAs [17, 18]. It should be noted that mamma-
lian branched-chain aminotransferase (BCAT) is the first step 
of the catabolic BCAA pathway and is very specific for BCAA 
and glutamate, with substrate affinities as follows: leucine, 
isoleucine > valine > glutamate [19]. The second BCAA catab-
olism enzyme is the branched-chain ketoacid dehydrogenase 
(BCKDH) complex, which is the main regulatory step in the 
pathway [20]. As the rate-limiting enzyme, the activity of the 
BCKDH complex, unlike BCAT, is tightly modulated by a phos-
phorylation/dephosphorylation regulation [21, 22]. The enzyme 

BCKDH kinase (BCKDK) promotes the inactivation of BCKDH 
by phosphorylation of the E1a subunit, while the BCKDH phos-
phatase (PP2cm also called PPM1K) is responsible for the acti-
vation of the complex by dephosphorylation of the E1a subunit 
[21]. Activation of the BCKDH complex in the short term can 
be achieved by the modulatory inhibition of BCKDK enzyme 
activity by α-KIC (alpha ketoisocaproate), which results from 
transamination of leucine [22]. On the other hand, the long-
term control mechanisms for catabolic activity in animal mod-
els include (i) a reduction or an increase in the gene expression 
of BCKDH and (ii) a decrease or increase in the expression of 
BCKDK and/or PP2cm [23].

A divergence in each BCAA catabolic pathway begins after 
these two initial steps (Figure 1). The products of the BCKDH 
oxidative decarboxylation reaction—the branched-chain acyl-
CoA derivatives—undergo oxidation through different dehy-
drogenases, resulting in leucine as a ketogenic AA, as it will 
produce acetyl-CoA and acetoacetate, while valine is gluco-
genic, in that it is converted to succinyl-CoA—an intermediate 
of the Krebs cycle. Isoleucine is metabolized to succinyl-CoA via 
methylmalonyl-CoA and also acetyl-CoA and can therefore be 
considered a glucogenic and ketogenic AA [24].

Roughly 100 years after the first BCAA was described, isolation 
of insulin was made by Banting and Best [25], and the associa-
tion of obesity with its unproper activity has been recognized 
in the last decades [26–28]. Insulin resistance is the terminol-
ogy used to characterize any state to which responsiveness to 
insulin is lower than normal [29]. Beyond hyperinsulinemia it-
self, insulin resistance can be influenced by numerous factors, 

FIGURE 1    |    Initial common steps of branched-chain amino acids (BCAA) catabolism. BCAA, branched-chain amino acid; BCAT, branched-chain 
aminotransferase; α-KIC, alpha ketoisocaproate; α-KMV, alpha ketomethylvalerate; α-KIV, alpha ketoisovalerate; BCKDH, branched-chain ketoacid 
dehydrogenase; p-BCKDH, phosphorylated branched-chain ketoacid dehydrogenase; BCKDK, BCKDH kinase; PP2cm, BCKDH phosphatase.
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such as aging, weight, ethnic characteristics, nutritional status, 
physical activity and exercise, dietary habits, energy intake, gut 
microbiota, and medications. The insulin classical recognized 
action is the enhancement of glucose utilization and its adequate 
storage aiming to defend the organism against hyperglycemia 
negative effects, but in high levels, it consequentially promotes 
white adipose tissue expansion and lipogenesis in the liver, lead-
ing to hepatic steatosis and hyperlipidemia [30].

Insulin signaling influences not only the classical insulin-
sensitive organs and tissues but all of the body system, as 
augmented insulin circulating levels can downregulate insu-
lin receptors and desensitize postreceptor pathways in cells, 
especially in leukocytes [26]. Excess of nutrient ingestion can 
increase the levels of insulin and also the concentration of cir-
culating BCAAs, consequentially activating the mammalian 
target of rapamycin complex (mTORC1) that can further inhibit 
insulin receptor/insulin receptor substrate (IRS) signaling [17]. 
In this context, BCAAs are viewed not only as substrates for pro-
tein and peptide synthesis but as signaling modulators regulat-
ing the main body metabolism of glucose, lipids, and proteins as 
well, via the PI3K/AKT/mTOR signaling pathways [23]. Chronic 
mTORC1 stimulus also exacerbates the endoplasmic reticulum 
stress response by turning on an unfolded protein response that 
can exacerbate insulin resistance [31]. Thereby, two mecha-
nisms have been proposed to explain the role of BCAAs in the 
insulin resistance phenotype: first, overactivation of mTORC1 
by BCAAs; and second, the dysmetabolism model, which pro-
poses that the accumulation of BCAA-derived metabolites 
causes mitochondrial dysfunction in β cells and adipocytes [23].

The energy derived from caloric excess can also be stored in ad-
ipocytes or as ectopic lipid forms in myocytes, beta-pancreatic 
cells, hepatocytes, and other cell types, leading to obesity and 
T2D [29]. Even the adipocyte, as the designed cell for this func-
tion, can be negatively affected by the accumulation of energy 
excess [32]. Also, increased visceral adiposity creates a microen-
vironment conducive to inflammation, characterized by tissue 
hypoxia, adipocyte death, and dysregulated adipokine secretion, 
including decreased adiponectin levels and increased production 
of leptin, resistin, retinol-binding protein 4, interleukin-6 (IL-6), 
interleukin-8 (IL-8), monocyte chemoattractant protein-1, and 
granulocyte colony-stimulating factor [33, 34]. Together with 
other cytokines, these factors can attract the phenotypic clas-
sic activated macrophages (named as M1 macrophages), which 
release more inflammatory factors such as tumoral necrose fac-
tor (TNF-α) that may have local and systemic phlogistic effects 
inducing insulin resistance [35]. Mechanistically, these proin-
flammatory cytokines M1-macrophages derived create insulin 
resistance through suppressors of cytokines signaling (SOCS1 
or SOCS3), targeting the phosphotyrosinated IRS1 or IRS2 for 
ubiquitination through a BC-containing ubiquitin ligase E3 and 
consequentially degradation [36]. IRS1 and IRS2 can also un-
dergo poly-ubiquitinoylation during inflammation, chronic nu-
trient excess, or hyperinsulinemia through other mechanisms 
[37]. As most IRS1/2 phosphorylation of serine/threonine is de-
rived from the PI3K/Akt/mTOR cascade during insulin stimula-
tion, it indicates that IRS1/2 phospho-serine/threonine is likely 
a feedback status that occurred during a chronic insulin stimu-
lation [17, 38], linking hyperinsulinemia, chronic inflammation, 
and insulin resistance.

Although chronic high plasma level of BCAA has been described 
as a predictive factor for insulin resistance and T2DM, and its 
augment can be observed even 10 years earlier than the deterio-
ration of glucose tolerance [4]; it is still not clear if BCAAs are a 
causative factor in insulin resistance and T2D or a consequence 
biomarker of diminished insulin capacity function [39, 40]. The 
same situation occurs with inflammatory factors, and more 
recently BCAA and its derivatives have been implicated in the 
modulation of leukocytes in immunometabolism studies which 
turned on the light to the relation of BCAA and inflammation 
[41, 42]. Importantly, the detrimental effects of BCAAs on in-
sulin resistance were mostly noticed in high-fat diet (HFD)–fed 
and/or obese situations [43]. Thereby, our aim in this narrative 
review is to describe and present the relation between BCAA 
and inflammation in the obesity and diabetes context.

2   |   HFD and Obesity/Diabetes Models 
Interference in the BCAA Metabolism

2.1   |   BCAA Catabolism Enzyme Levels

HFD, obesity (ob/ob), or type 2 diabetic (db/db) animal mod-
els have been demonstrated to alter systemic [44] and specific 
cellular processes, including BCAA catabolism and the immu-
nometabolism [45, 46]. As aforementioned, the first enzyme in 
the BCAA catabolism pathway is the BCAT, which is poorly 
posttranslational regulated in comparison to BCDKH [19, 47]. 
Thus, the most studied aspect is the tissue levels of the enzymes 
BCKDK and the PP2cm that tightly modulated the most rele-
vant factor in the activity of the rate-limiting enzyme BCKDH: 
its phosphorilation status [21, 22].

In liver tissue, studies evaluating HFD protocols to wild-type 
(WT) mice or a normal diet (ND) to diabetic (db/db, and T2D 
streptozotocin-induced) and obese animal models (ob/ob) pre-
sented unequivocally reduced mRNA and/or protein levels of 
PP2cm [48–51]. A statistical increase in the mRNA and pro-
tein levels of the BCKDK was seen in all studies, except in the 
Gart [50] results (Table 1). In the research, the Ldlr−/−Leiden 
mice, an established experimental model for diet-induced 
Nonalcoholic Fatty Liver Disease/nonalcoholic steatohepatitis 
(NAFLD/NASH) with atherosclerosis, when treated 26 weeks 
with 41% fat and high in fructose HFD, presented a decreased 
mRNA levels of BCAT and PP2cm and although the BCKDK 
did not statiscally change, it presented a tendency to increase 
(p = 0.062). The mRNA levels of the BCKDH enzyme in this par-
ticular study were unchanged [50]. Two other studies analyzed 
the liver tissue levels of expression of the BCKDH. An HFD was 
provided to C57BL/6J or outbred male CD-1 mice augmenting 
the expression level of BCKDH [32, 52]. Although it is known 
that the levels of an mRNA do not always correspond to the ac-
tual protein levels and activity, this might correspond a compen-
satory mechanisms in these cases and can be corroborated by 
the lack of alteration found in the blood BCAA levels in some 
studies (see 2.3 Plasma BCAAand BCKA [branched-chain keto 
acids]).

In the white adipose tissue, an up-regulation of the inhibitory 
enzyme BCKDK, lower PP2cm protein levels, and a decrease in 
expression levels of BCAA degradation enzymes (p < 0.05) were 
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unequivocally seen in the studies (Table 1). C57BL/6J and out-
bred males CD-1 mice were treated with an HFD comprising 
40%–60% calories of fat for a period of 10–18 weeks [32, 48, 52] 
and ob/ob and T2D streptozotocin-induced C57BL/6 mice with 
a ND [49]. Interestingly, no significant expression or minor al-
terations were seen in the main BCAA catabolism enzymes in 
brown adipose tissue [32].

In adipose tissue–resident macrophages of C57BL/6 mice fed a 
60% HFD, BCAT1 and BCKDK presented lower mRNA and pro-
tein levels. PP2cm mRNA expression showed only a tendency to 
increase but was not significant, although its protein levels were 
augmented (p = 0.03) [53]. BCAA degradation enzyme expres-
sion by peritoneal macrophage of HFD-fed mice and diabetic 
models are yet contradictory. In Zhao and colleagues' study, 
HFD-fed versus ND-fed C57BL/6 ApoE−/− animals presented 
BCAT2, BCKDHA, and PP2cm mRNA reduced expression [54]. 
Although when comparing this cell type of db/db with WT mice, 
the study of Liu and colleagues presented no significant differ-
ence in the gene expression of key genes involved in BCAAs 
catabolism (Slc7a5, Bcat1, Bcat2, Bckdha, Bckdhb, Bckdk, Dbt, 
and Pp2cm) [51].

The skeletal muscle tissue presented also some contradictory 
results depending on the study design. In Burril and Zhang's 
studies, the level of muscle PP2cm and BCKDK did not alter, 
although Lian and Liu's studies presented a significant increase 
and decrease in BCKDK protein and mRNA levels, respectively 
[32, 48, 49, 51]. Interestingly in the Liu study, distinctly from 
the Lian study, there was a decrease in the PP2cm mRNA levels 
[49, 51].

2.2   |   BCAA Degradation Enzyme Activity

In addition to assessing the gene expression and protein levels 
of the BCKDH enzyme and its regulators, measuring its actual 
activity is also an important form of evaluation. Naturally, it re-
flects in part the activity of the PP2cm and BCKDK enzymes 
that were already seen are distinctly modulated in the tissues. 
Here, the forms of assessment are the measurement of reaction 
products carried out by BCKDH and the inactive/phosphor-
ylated p-BCKDH E1α subunit per total BCKDH ratio, as the 
immunoreactivity of the BCKDH pSer293 antibody is directly 
correlated with BCKDH activity [21].

In the liver tissue, increased levels of p-BCKDH, which is related 
to a decreased activity of this enzyme, were seen in C57BL/6J 
and Ldlr−/−.Leiden mice in an HFD feeding protocol [48, 50] 
or in obese or diabetes models in a ND protocol (ob/ob; STZ-
induced T2D C57BL/6; db/db) (Table 1) [49, 51]. These results 
reflect the aforementioned alterations in these tissue levels of 
PP2cm and BCKDK regulatories enzymes of BCKDH. Although, 
in the study of Gart and colleagues, this did not translate into al-
teration in the blood BCAA levels [50].

In the white adipose tissue, higher levels of p-BCKDH and 
consequently a lower activity of the BCKDH were seen in ei-
ther a wild type mice in an HFD protocol [48], in ob/ob, or in 
T2D streptozotocin-induced ND-fed animals (Table 1) [49]. As 
the only study from adipose tissue macrophage, Huang and 

colleagues presented an increase in the level of PP2cm and a de-
crease in BCKDK, reflected by less p-BCKDH in C57BL/6 mice 
fed with an HFD (Table 1) [53]. Although that, the BCKDH total 
content remained unaltered. This modulation could represent 
some compensatory mechanism for the BCAT diminished levels 
found, as the intracellular BCAA/BCKA ratio does not change 
expressively, although the levels of the molecules increased al-
most two-fold.

In peritoneal macrophages, distinct results are seen. Zhao and 
colleagues showed that an HFD significantly augmented levels 
of the inactive p-BCKDH in C57BL/6 peritoneal macrophages 
(Table  1) [54]. Conflicting to this study, no significant differ-
ences between the WT and db/db group peritoneal macrophages 
protein levels of p-BCKDH were seen in the Liu study, reflecting 
the aforementioned lack of alteration in the gene expression of 
its regulatory enzymes (Table 1) [51]. A difference here can be 
seen in relation to the protocols utilized, Zhao and colleagues 
analyzed the HFD-fed male C57BL/6 ApoE−/− derived peri-
toneal macrophage just after its isolation, while Liu and col-
leagues analyzed ND-fed C57BLKS/Leprdb after incubation of 
these cells in RPMI medium by some time.

In the skeletal muscle discrepant results were seen. The ND 
protocol in obese or diabetes models increased the levels of p-
BCKDH and the proportion of p-BCKDH/BCKDH in the Lian 
and Liu study (Table 1) [49, 51]. Otherwise, an HFD feeding pro-
tocol presented no significant effect upon BCKDH phosphoryla-
tion or activity in skeletal muscle in C57BL/6 animals (the levels 
of PP2cm and BCKDK were not analyzed) (Table 1) [48].

2.3   |   Plasma BCAA and BCKA

Chronic high plasma levels of BCAA have been described as a 
major consequence of its reduced catabolism in obese and T2D 
situations [39]. Importantly, HFDs also have been demonstrated 
to impact systemic and cellular processes including altered 
BCAA catabolism [44–46]. Corroborating this, the majority of 
the animal studies evaluating this aspect confirmed it (Table 2).

HFDs for a period of 10 to 18 weeks, elevated the BCAA and/
or BCKA plasma levels of C57BL/6, ob/ob, and streptozotocin-
induced T2D animals [48, 49, 53–56]. Contradicting these, 
only results from Gart and one protocol from the Lian study 
presented no difference in BCAA or BCKA plasma levels 
[49, 50]. However, here there are some aspects to consider the 
following: (i) The animals in the Gart study were male Ldlr−/− 
Leiden mice with a genetic background of 94% C57BL/6J and 
6% 129S, rendering the study somehow distinct from the oth-
ers. Analyzing the only study evaluating plasma BCAA levels 
in an animal distinct from the C57BL/6 background in our 
search, it is understood that the time for the appearance of 
higher BCAA blood levels can be specie/breed-dependent, 
as male Sprague–Dawley rats treated for only 2 weeks with 
a 45% fat HFD presented higher BCAA plasma levels after 
this short time of intervention [57]. (ii) In the Lian proto-
col with C57BL/6, mice were subjected to a shorter feeding 
duration in relatively young animals compared to the other 
studies, 4 weeks of a 45% fat HFD treatment in 7-week-old an-
imals [49]. As already known, the impact of HFD in BCAA 
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catabolism emerges concomitantly with aging [52]. Moreover, 
these factors can be considered limitations when interpreting 
the results of the described studies. Interestingly, in both stud-
ies, although plasma BCAA levels did not present a significant 
difference, the activity of BCKDH had significantly decreased 
in the tissues of the animals [49, 50].

The two studies evaluating the T2D (C57BLKS/Leprdb—db/
db) mice under an ND feeding presented conflicting results 
[51, 58]. In the Liu and colleagues study the plasma BCAA 
levels of 14-weeks-old animals remained significantly unal-
tered in C57BLKS/Leprdb compared with its WT counterparts 
(C57BLKS) and the only BCAA catabolism product altered in 
this particular study, was an increase in KMV (BKCA) plasma 
levels in db/db group [51]. Evaluating the same animal and feed-
ing protocol, Gong and colleagues presented that BCAA levels 
were significantly increased in the plasma of the db/db group 
in all three time points evaluated by their study (12, 16, and 
20wo) [58]. Here, unlike what was observed in the HFD inter-
vention, the time required to detect alterations in blood BCAA 
levels does not appear to be the determining factor. In Liu and 
colleagues' study, they evaluated this parameter in animals with 
14-week-old whereas Gong and colleagues observed a signifi-
cant difference as early as 12 weeks of age.

The complex interplay between BCAA metabolism and met-
abolic health is a subject with great relevance in the current 

scientific world. Recent studies in the field have presented roles 
for microbiota, polymorphism, and other alterations that culmi-
nate in higher circulating BCAA levels [2, 59, 60]. However, the 
BCAA catabolism enzyme regulation remains the most studied 
and important aspect. The collective evidence here described 
underscores that BCAA catabolism in the liver and white adi-
pose tissue of mice is usually suppressed in HFD and metabolic-
inflammatory disease models such as obesity and type 2 diabetes 
where the circulating BCAA levels are generally high (Figure 2). 
As presented, this phenomenon is derived from disruptions in 
the expression and/or activity of key metabolic BCAA enzymes, 
such as the BCAT, BCKDH, BCKDK, and PP2cm [21] and cor-
roborates with Heman and colleagues' study where the trans-
plantation of a healthy adipose tissue into a BCAA catabolism 
defective mice by BCAT deletion reversed the augmentation of 
the circulating BCAA levels in the acceptor animals [61].

Although this pattern occurs in the liver and white adipose 
tissue, the catabolic impairment in other tissues varies signifi-
cantly depending on the context (diet, animal/experimental 
model, cell type, age, etc.). One example is the skeletal muscle 
tissue where contradictory results are seen depending on the 
study design. In Burril and Zhang's studies, the level of mus-
cle enzymes did not alter [32, 48], although, in the Lian and 
Liu studies BCKDK protein and mRNA level alterations were 
seen [49, 51]. Interestingly in the Liu et al. [51] study, although 
a decrease in BCKDK protein level occurred, there was also a 

TABLE 2    |    High-fat diet and obesity/diabetes modulation of BCAA blood concentration.

Ref. Animal (evaluation age)
Characteristics of 

the protocols Results

Huang et al. [53] Male C57BL/6 (24wo) ND or 60% fat HFD, 16w HFD: > BCAA 
& > BCKA (p < 0.01)

Lian et al. [49] 1- Male ob/ob and STZ-
induced T2DM C57BL/6
2- Male C57BL/6 (11wo)

1-ND 2%–45% fat HFD, 4w 1- ob/ob ND: > BCAA
& BCKA (p < 0.01)

1- STZ T2D ND: > BCAA
& BCKA (p < 0.01)

2- C57BL/6 HFD: BCAA
& BCKA no diff.

Takahashi et al. [55] Male C57BL/6J (25-26wo) ND or 60% fat HFD, 18w HFD: > L (p < 0.009) 
& > V (p < 0.02)

Wang et al. [56] Male C57BL/6J (14wo) ND or 60% fat HFD, 10w HFD: > L (p < 0.05) 
& > V (p < 0.01)

Zhang et al. [48] Male C57BL/6J (20-22wo) ND or 60% fat HFD, 12w HFD: > BCAA 
& > BCKA (p < 0.05)

Zhao et al. [54] Male ApoE−/− C57BL/6J (22wo) ND or 40% fat +1.25% 
CHOL HFD, 14w

HFD ApoE−/−: > 
BCAA& > BCKA (p < 0.01)

Gart et al. [50] Male Ldlr−/− Leiden mice. 
Genetic background: 94% 

C57BL/6J and 6% 129S (38wo)

ND or 41% fat and 44% 
fructose HFD, 26w

No diff.

Gong et al. [58] Male db/db (12, 16, 20wo) ND db/db: > BCAA (p < 0.05)

Liu et al. [51] Male C57BLKS db/db (14wo) ND db/db: > KMV (p < 0.01). 
BCAA: no diff.

Abbreviations: ApoE: apolipoprotein E; BCAA: branched-chain amino acids; BCKA: branched-chain keto acids; CHOL: cholesterol; HFD: high-fat diet; KMV: keto 
methylvalerate; LDL: low density lipoprotein; ND: normal diet; STZ: streptozotocin; T2D: type-2 diabetes mellitus; V: valine; w: weeks; wo: weeks-old.
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decrease in the PP2cm mRNA levels resulting in a lower final 
activity of BCKDH and degradation of BCAA as in Lian study 
[49, 51]. This brings the possibility that the experimental model 
was the divergent factor, as the Burril and Zhang studies evalu-
ated C57BL/6J in a 60% HFD protocol, and Lian and Liu worked 
with obese and diabetic models in ND protocols. Another point 
that needs further investigation in the field is the possible dif-
ference in BCAA catabolism between genders, as the studies 
described used male animals and human studies have demon-
strated difference in plasma levels concentrations [4, 5].

3   |   BCAA-Associated Inflammation Modulation

3.1   |   In Vitro and Ex Vivo Studies

BCAA's impact on in  vitro and animal metabolism has been 
extensively researched for decades [19, 62, 63] and although 
BCAAs have a long history in basic science research, they 
have recently been implicated in the modulation of leukocyte 

phenotypes [41, 42]. With the evolution and improvement of im-
munometabolism techniques more studies have correlated the 
BCAA and inflammation relation (Table 3).

Through ex-vivo use of several inhibitors and activators of mo-
lecular pathways, Zhenyukh and colleagues revealed that the 
activation of mTORC1 by BCAA is associated with the pro-
duction of reactive oxygen species (ROS) and mitochondrial 
dysfunction. Furthermore, 10 mM of BCAAs (approximately 
50–100 times the normal physiological levels), added as a sin-
gle stimulus to RPMI medium (containing 0.38-mM leucine 
and isoleucine, 0.17-mM valine, and 5.5 mmol/L glucose) for 
1 h, was capable of activating transcription factor nuclear 
factor κB (NF-κB) in cultured PBMCs from human healthy 
donors. This activation resulted in a two-fold or greater re-
lease of pro-inflammatory molecules, including IL-6, TNFα, 
ICAM-1, and CD40L. When evaluating the activity of NF-κB 
by its p65 component phosphorylation, 10 mM of BCAA treat-
ment showed to augment these parameters comparable to LPS 
(1 μg/mL). BCAA concentrations ranging from 3 to 12 mM 

FIGURE 2    |    Overview of cell/tissue branched-chain amino acids metabolism in obesity and diabetes-induced animal models. BCAA, branched-
chain amino acid; BCKA, branched-chain keto acids; BCAT, branched-chain aminotransferase; BCKDH, branched-chain ketoacid dehydrogenase; 
WT, wild-type; BCKDK, BCKDH kinase; PP2cm, BCKDH phosphatase; ATM, adipose tissue macrophage; M0, macrophage; mRNA, messenger 
ribonucleic acid.
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exhibited oxidative effects similar to treatments with 30 ng/
mL TNFα, 102 U/mL IL-6, or 30 mmol/L glucose—conditions 
typically observed in obesity, type 2 diabetes, and related clin-
ical scenarios [41]. Contradicting this data, Liu and colleagues 
reported that 24 h of BCAA treatment at high concentrations 
(10 mM) did not alter mRNA levels of pro-inflammatory fac-
tors IL-1β, Inducible Nitric Oxide Synthase (iNOS), mitochon-
drial ROS, or ATP production in BMDMs cultured ex-vivo in 
RPMI-1640 medium. Neither the considered higher physio-
logical concentration of BCAA (0.5 mM) supplementation had 
significantly altered the production of pro-inflammatory fac-
tors in M1-like peritoneal macrophages or in M0 or M1-like 
BMDM [51]. Thus, from our search, the isolated BCAA supple-
mentation has only been proved to alter the metabolic activity 
of leukocytes in the particular ex vivo study of Zhenyukh [41] 
and every other study, in vitro or experimental, had used some 
type of additive stimulus (directly or from HFD protocols) to 
verify the interference of BCAA in the leukocyte metabolism.

In vitro studies provide a simplified approach to analyzing the 
expression and levels of cytokines and chemokines, been an ef-
ficient method for understanding and describing the mechanis-
tic effects of various treatment factors. To date, more than 40 
in vitro assay models have been developed, with ROS (reactive 
oxygen species) and interleukin assays being among the most 
widely used to investigate the impact of specific factors [64].

Studies from Bonvini, Gong, and Zhao used classical inflamma-
tory stimulus in cell culture to understand the additive BCAA 
action (Table 3) [54, 58, 65]. Bonvini and colleagues treated RAW 
264.7 macrophage cells in a high glucose medium (25 mmol/L) 
with 1 μg/mL of LPS in distinct protocols using BCAAs (L 
1.2 mM or I 1.2 mM or V 1.2 mM or LIV 1.2 mM of each AA). 
They demonstrated that NO production increased in all individ-
ual AA treatments, but it was unaltered in LIV. The IL-6 su-
pernatant concentrations increased compared to control when it 
was supplemented 24 h before and were supplemented 24 h pre 
and during the LPS treatment, but TNF-α and prostaglandin E2 
supernatant levels were unaltered in all treatments and protocols 
[65]. Gong and colleagues adding high levels of BCAA (5 mM) in 
Mio-M1 cells (Moorfields/Institute of Ophthalmology-Müller 1) 
cultured in a high glucose (25 mM) medium showed an increase 
in TNF-α protein levels [58]. RAW 264.7 macrophages supple-
mented with BCAA (3.6 mM totalizing 4.0 mM) for 12 h also in a 
high glucose (25 mM) medium, resulting in increased IL-1β and 
TNF-α levels mRNA and protein levels [54].

3.2   |   Murine and Human Studies

As in BCAA metabolism-focused studies (Section 2), diet manip-
ulation and models of obesity or diabetes have been necessary 
to study the effects of the BCAA in inflammation modulation. 
Without a previous initial metabolism alteration, the isolated 
supplementation of moderate doses of BCAA appears to lack 
the capacity to alter the immune system activity of animals 
(Table 3).

Murine studies evaluating HFD protocols in wild-type C57BL/6 
present distinct results [48, 66]. A voluntary oral low-dose va-
line supplementation (0.062 mg/g/day BW, 9w) in C57BL/6J 

with induced metabolic dysfunction-associated steatosis liver 
disease mice fed with an HFD showed lower levels of hepatic 
TNF-α and IL-6 protein, and lower IL-10, TNFA, TGFB mRNA 
levels in WAT [66]. Similarly, 12 weeks of valine or isoleucine 
supplementation (2-3 mg/g BW/day, 26w) after a high-fructose 
and HFD protocol in male Ldlr−/−.Leiden mice showed that va-
line and isoleucine (at greater effect) were capable of decreasing 
the mRNA levels of various immune hepatic genes, including 
IL-1β, IL-6, and TNF-α, but interestingly it did not translate to 
the protein level [50]. Zhang and colleagues' study in wild-type 
C57BL/6 animals contradicted the above results. Utilizing a 
high-fat percentage (60%) HFD with or without a high dose of 
the tree BCAAs into the drinking water (L 25 g, I 12.5 g, V 12.5 g 
for 1 L, totalizing 9 mg/g/day of BW, 12w), they showed that the 
supplementation of BCAA atop HFD further increases plasma 
BCAA level and an upregulation of the expression of hepatic 
proinflammatory cytokines TNF-α, IL-6, IL-1β, and MCP-1. 
This occurred even with BCAA supplementation attenuation 
of the classical HFD-induced weight gain. Interestingly, they 
showed that the chronic BCAA supplementation to animals 
feeding an ND does not significantly change plasma BCAA 
levels and does not alter body weight, plasma TG, glucose ho-
meostasis, and liver structure/function [48]. Interestingly, this 
study used the higher dose of BCAA supplementation found in 
our search, and as stated by Jian and colleagues, it seems that 
different doses of BCAA supplementation could have opposite 
effects on liver tissue inflammation [67].

Murine diabetic animal models (db/db C57/BL6 mice), also pre-
sented contradictory results [51, 53, 68]. db/db animals feeding 
an ND and receiving BCAA supplementation (1.5 L:0.8I:1 V, 
1.5 mg/g/day BW, 4w) in the Liu and colleagues study, increased 
the hepatic IL-1β protein level and the mRNAs levels of IL- 1β 
and IL-6, IL-6 levels were also elevated in the blood of the ani-
mals [51]. Contrary to this, the BCAA supplementation (2–3 mg/g 
BW/day 2 L: 1I: 1.2 V proportion, 36w) along with an ND signifi-
cantly decreased liver IL-1β, IL-6, IL-18, and TNF-α protein 
levels and WAT IL-6, TNFA, and MCP-1 mRNA levels along 
with a decreased macrophage infiltration in this tissue [68]. 
Also, a high BCAA supplementation (1.8 L:1I:1.3 V ≈ 17.0 mg/g/
day BW, 16w) in the Huang and colleagues study increased the 
IL-1β, TNF-α and MCP-1 protein levels in the WAT of db/db an-
imals [53].

In a study evaluating the effect of BCAA in the central nervous 
system, 3-months-old male Wistar rats received a normal diet or 
45% fat HFD plus a 42 g/L ad libitum sugary solution for 19 weeks 
and in the final 4 weeks they were supplemented with BCAA 
(0.750 mg/g BW). Isoleucine was the only BCAA to significantly 
increase (p < 0.02) in the central nervous system (measured in 
the cerebellum tissue) after the initial treatment with 45% fat 
HFD plus a 42 g/L ad  libitum sugary solution and the 4 weeks 
supplementation with BCAA. At the cerebral cortex, there were 
just IL-6 levels diet-related increase with no effect difference 
with the BCAA supplementation. Although that, in the hippo-
campus, was shown that BCAA supplementation decreased IL-1 
β immunoreactivity (p < 0.05) in the HFD-fed animal group [69].

In humans, several studies have investigated the relationship 
between BCAA blood levels and IL-6 in pediatric populations 
with varying adiposity (Table 4) [70–73]. Perng et al. reported 
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a significant positive association between a BCAA-related me-
tabolite pattern, which included BCAA, aromatic AAs and re-
lated metabolites, and IL-6 levels in both lean and with obesity 
children [71]. However, a follow-up study by Perng et al. found 
no association between the same BCAA pattern and IL-6 levels 
when comparing baseline and measurements taken 5 years later 
[70]. Similarly, Bugajska et al. did not find a significant correla-
tion between BCAA and IL-6 concentrations in lean and with 
overweight/obesity children [73]. In contrast, Cosentino et  al. 
observed a significant positive correlation between BCAA and 
IL-6 and BCAA and CRP (c-reactive protein) levels in lean and 
with obesity adolescents [72], suggesting a potential age-related 

or developmental differences in this metabolic-inflammatory 
axis (Table 4).

In adults, the association between BCAA blood levels and in-
flammatory markers in adult populations appears to vary de-
pending on health status and metabolic conditions (Table  4) 
[5, 74–76]. In a study involving adult women classified with met-
abolic syndrome, Reddy et al. found that among the BCAA, only 
isoleucine showed a significant positive correlation with IL-6 
levels [74]. Regarding TNF-α, Katagiri et  al. reported no cor-
relation with BCAA in healthy adults [75]. However, Lee et al. 
identified significant positive correlations between BCAA and 

TABLE 4    |    Human blood BCAA and inflammatory mediators levels.

Ref. Population Characteristics of the populations
BCAA and inflammatory 

markers correlation

Perng 
et al. [70]

Lean and with obesity children Obesity: 32M/52F; mean age 8.2 ± 1.0 years; 
BMI z-score 2.07 ± 0,29; fat mass 

15.5 ± 5.1 kg; HOMA-IR 3.49 ± 0.81 
Lean: 84M/66F; mean age 7.9 ± 0.8 years; 

BMI z-score −0.04 ± 0,72; fat mass 
5.7 ± 1.6 kg; HOMA-IR 1.65 ± 0.30

Positive between BCAA pattern 
(BCAA and aromatic amino 

acids an metabolites) and 
IL-6. 0.09 per unit of factor 
score (CI 95%, 0.02–0.17)

Perng 
et al. [70]

Children 104M/109F; mean age 
13.0 ± 0.7/13.1 ± 0.7 years; BMI 

21.3 ± 5.0/23.5 ± 5.7; fat mass N.D.; 
HOMA-IR 3.9 ± 3.7/4.3 ± 3.1

No correlation found between 
BCAA and IL-6 levels

Bugajska 
et al. [73]

Lean and with overweight/
obesity children

Overweight/obesity: 12M/8F; mean age 
7.7 ± 2.3 years; BMI 26.8 ± 5.0; fat mass 

N.D.; HOMA-IR N.D. Lean: 4M/8F; 
mean age 6.5 ± 2.2 years; BMI 14.8 ± 1.5; 

fat mass N.D.; HOMA-IR N.D.

No correlation found between 
BCAA and IL-6 levels

Cosentino 
et al. [72]

Lean and with obesity 
adolescents

Obesity: 3M/4F; mean age 15.9 ± 0.5 years; 
BMI z-score 2.46 ± 0,16; fat mass 

46.11 ± 2.08 kg; HOMA-IR 4.49 ± 0.62 
Lean: 3M/3F; mean age 16.0 ± 0.4 years; 

BMI z-score 0.05 ± 0.43; fat mass 
15.79 ± 2.97 kg; HOMA-IR 0.61 ± 0.16

Positive for BCAA and IL-6 
levels (r = 0.52; p = 0.01) 
and BCAA and log hs-
CRP (r = 0.53; p = 0.01)

Reddy 
et al. [74]

MS-classified adult women MS with diabetes: 3M/17F; mean 
age 48 ± 13 years; BMI 30.2 ± 5.6; fat 
mass N.D.; HOMA-IR 1.6 (1.1–2.8). 

MS without diabetes: 7M/22F; mean 
age 53 ± 9 years; BMI 35.1 ± 6.3; fat 
mass N.D.; HOMA-IR 2.8 (1.9–5.8).

From BCAA only isoleucine 
positive correlated with 
IL-6 (r = 0.43; p = 0.0039)

Katagiri 
et al. [75]

Healthy adults 482M/526F; mean age 59.5/60.0 ± 5.7 years; 
BMI 22.2/23.5 ± 2.7/23.5 ± 5.7; fat mass 

N.D.; HOMA-IR 0.88/1.04 ± 0.4

No correlation found between 
BCAA and TNF-α levels

Lee et al. 
[76]

Adults with T2D NFG: 27M/46F; mean age 32 (24–50) 
years; BMI 21.9 (20.3–24.1); fat mass N.D.; 
HOMA-IR 1.34 (0.90–1.80) IFG: 30M/39F; 

mean age 57 (48–63) years; BMI 24.2 
(22.6–25.7); fat mass N.D.; HOMA-IR 1.82 
(1.22–3.26) T2D: 34M/22F; mean age 53 
(45–64) years; BMI 24.9 (22.9–28.1); fat 
mass N.D.; HOMA-IR 2.74 (2.03–4.27)

Positive for BCAA and IL-6 
levels (r = 0.400; p = 0.001) and 

TNF-α (r = 0.464; p = 0.001)

Abbreviations: BCAA: branched-chain amino acid; BMI: body mass index; CPR: c-reactive protein; IFG: impaired fasting glucose; HOMA-IR: Homeostatic Model 
Assessment of Insulin Resistance; MS: metabolic syndrome; NFG: normal fasting glucose; T2D: type 2 diabetes mellitus; IL-6: interleukin-6; TNF-α: tumoral necrose 
factor alpha.
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both IL-6 and TNF-α in T2D patients [76]. This suggests that 
chronic metabolic disturbances may modulate the inflamma-
tory response to the circulating BCAA levels.

These findings align with growing evidence indicating that 
chronic low-grade inflammation plays a key role in various 
age-related pathological conditions [77], which presence is 
marked by elevated proinflammatory cytokines, high glu-
cose and increased BCAA levels may be a contributing factor. 
Nevertheless, the relationship between BCAA and inflam-
mation is complex, and current knowledge does not support 
a definitive causal role for these AAs, as most studies suggest 
that a prior or concurrent inflammatory stimulus is necessary 
to reveal their involvement in modulating the inflammatory 
response.

Specific tissue alterations can be related to the pattern of BCAA 
enzyme catabolism expression seen in murine animals, where a 
high activity of BCKDH complex is seen in the liver and adipose 
tissue, with a low activity in skeletal muscle when measured 
by organ weight as a proportion of total body weight [32, 78]. 
However, in humans, although the pattern of expression of 
BCAT mRNA in tissues was similar to that in a murine model, 
skeletal muscle represented 50%–60% of the BCKDH oxidative 
capacity [78, 79]. This aspect hampers the development of a di-
rect relation of such results with human studies. Although that, 
the association presented here between BCAA blood levels and 
inflammatory markers in adult populations with obesity and/or 
with diabetes, suggests that chronic metabolic disturbances may 
modulate the inflammatory response and the circulating BCAA 
levels. These alterations in pediatric and healthy adult popula-
tions were uncommonly seen, the same occurring in wild-type 
animals fed an ND [48, 70, 73].

Another point of interest is the potential effects of BCAA sup-
plementation in mice, and this also brings some contradictory 
results. Gart and colleagues presented an anti-inflammatory 
and hypo-insulinemic valine supplementation potential within 
a capacity to restore some aspects in a mice model for HFD liver 
induced-damage [50]. Interestingly, this was independent of 
effects on body composition or caloric intake and although the 
evaluated inflammatory factors in the liver presented a decrease 
in its expression, no alteration was seen in the protein levels 
when also evaluated [50]. Notably, a low-to-medium isoleucine 
medium supplementation also emerges as a critical component 
among BCAAs with potential immunomodulatory capacity in 
macrophages (increasing NO, IL-6, and IL-10), where it influ-
enced the immune cellular responses prior to LPS stimulation, 
suggesting a priming role that may confer immunomodulatory 
benefits in early or preclinical stages of inflammation [65]. 
These do not corroborate with the literature at some point, as 
studies found that high BCAA levels suppress NO synthesis 
in macrophages [80–82], indicating that supra-physiological 
doses may also dampen classic inflammatory mediator release. 
Thus, BCAA effects on immune modulation appear to be dose-
dependent. For instance, while valine or isoleucine supplemen-
tation reduced markers of liver steatosis and oxidative stress in 
some obese or diabetic murine models [50, 68] when Zheng and 
colleagues evaluated it in lean mice, valine supplementation 
produced adverse effects [83] This corroborates with a BCAAs 
beneficial/negative threshold described by Jian and colleagues 

in avians and confirmed in murine models by Felicianna [66, 67] 
and agree with the results of an earlier study from Harper and 
Peters where a protein consumption equilibrium was pursued in 
the long term by the animals for maintenance of systemic met-
abolic health [84]. In the Jian and Felicianna studies, they used 
significantly lower doses than the majority of studies and pre-
sented beneficial effects distinctly from higher doses where ad-
verse effects were seen. Interestingly, in another study although 
BCAA supplementation induced pro-inflammatory gene expres-
sion in visceral adipose tissue under both normal and low pro-
tein conditions, it deteriorated insulin intolerance only during 
the protein restriction condition [85]. This suggests that an AA 
proportion equilibrium is also necessary to maintain optimum 
systemic metabolic health and some discrepancy in the assay re-
sults can be related to the dose, proportion of each BCAA, and 
the total AAs content supplemented. Interestingly, in the clas-
sical Harper and Peters study they described that distinct from 
the other AAs, the adaptation of BCAA degradation enzymes 
in the long term is somehow deficient and BCAA blood levels 
tend not to accompany the other AA levels [84]. In this context, 
recent studies on high-protein diets have also shown important 
effects on liver function, with long-term high-protein intake 
promoting hepatic triacylglycerol deposition, oxidative stress, 
and inflammatory signatures in animal models [86], while in 
human short-term (6 weeks) dietary interventional studies, iso-
caloric high-protein diets reduced intrahepatic lipid content in 
T2D patients without proportional changes in non-invasive liver 
fat indices, highlighting both risk and therapeutic opportunities 
depending on the experimental conditions and metabolic status 
[87, 88].

Some of the studies presented here proposed some causality pos-
sibilities for the adverse effects of BCAA. Zhao and colleagues 
demonstrated high BCAA exposure can elevate mitochondrial 
H₂O₂ levels. Furthermore, after enhancing BCAA catabolism 
via overexpression of BCKDH, a reduced H₂O₂ formation and 
consequently lower proinflammatory activation of macrophages 
were seen. This proves at some point that an impaired BCAA 
catabolism and a low rate of BCAA or BCKA disappearance 
can contribute to ROS formation [54]. Also, in another study, 
a high BCAA concentration activation of mTORC1 leads to the 
inflammatory transcription factor NF-κB translocation and an 
increase in the production of inflammatory factors. These ef-
fects were promptly inhibited by the presence of the mTORC1 
inhibitor rapamycin in the medium [41]. Together, these results 
presented that when BCAA alters the oxidative equilibrium and 
the inflammatory pathway in a cell, a possible adverse outcome 
will occur.

The complexity of BCAA interactions with inflammation is fur-
ther emphasized in db/db mice, which exhibit severe metabolic 
dysfunction, organ damage, and high inflammatory tone. Liu 
and colleagues observed that high-BCAA supplementation ex-
acerbated lipid accumulation and macrophage infiltration in db/
db mice, while BT2, a BCKDK inhibitor, reversed these effects 
without significantly affecting systemic metabolic markers. 
This corroborates the hypothesis that impaired BCAA oxidation 
contributes to chronic inflammation by promoting macrophage 
activation, especially in metabolic disease states [51], and points 
to the importance of a deeper understanding of the physiological 
response to different doses of BCAA.
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Furthermore, the transcriptional regulation of BCAA metabolic 
pathways by PPAR family members reveals additional layers of 
complexity. For instance, PPAR-α and PPAR-γ overexpression 
have been associated with increased expression of BCKDH com-
ponents and reduced circulating BCAA levels [55, 57]. However, 
again, these effects appear to be tissue-specific and influenced 
by genetic and dietary contexts.

4   |   Concluding Remarks

Altogether, these findings reinforce the notion that BCAAs 
exert context and dose-dependent effects, ranging from benefi-
cial metabolic and anti-inflammatory responses to deleterious 
immune activation. The activity of BCKDH and the balance be-
tween BCAA and BCKA levels appear to be central regulators 
of these outcomes (Figure 3). Variations in genetic background, 
diet, fasting state, and tissue-specific enzyme expression likely 
explain the heterogeneity seen across studies. Given the wide-
spread implications of BCAA metabolism in metabolic health, 
inflammation, and organ integrity, future research should focus 
on standardized BCAA supplementation protocols and long-
term outcomes across different physiological and pathological 
states. In particular, understanding the role of individual BCAAs 
(leucine vs. isoleucine vs. valine), the impact of pharmacological 

BCAA metabolism modulation (e.g., BT2, PPARs activation), 
and the interplay between inflammation and BCAA catabolism 
will be crucial in harnessing the therapeutic potential of BCAA 
modulation.
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