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Abstract: Branched-chain amino acids (BCAAs), as essential amino acids, engage in various phys-
iological processes, such as protein synthesis, energy supply, and cellular signaling. The liver is a
crucial site for BCAA metabolism, linking the changes in BCAA homeostasis with the pathogenesis of
a variety of liver diseases and their complications. Peripheral circulating BCAA levels show complex
trends in different liver diseases. This review delineates the alterations of BCAAs in conditions in-
cluding non-alcoholic fatty liver disease, hepatocellular carcinoma, cirrhosis, hepatic encephalopathy,
hepatitis C virus infection, and acute liver failure, as well as the potential mechanisms underlying
these changes. A significant amount of clinical research has utilized BCAA supplements in the
treatment of patients with cirrhosis and liver cancer. However, the efficacy of BCAA supplementation
in clinical practice remains uncertain and controversial due to the heterogeneity of studies. This
review delves into the complicated relationship between BCAAs and liver diseases and tries to
untangle what role BCAAs play in the occurrence, development, and outcomes of liver diseases.
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1. Introduction

Branched-chain amino acids (BCAAs) refer to proteinogenic amino acids that have
aliphatic branched side chains in their chemical structure, consisting of valine (Val), leucine
(Leu), and isoleucine (Ile). As key components of most proteins, BCAAs can be synthesized
by bacteria, plants, and fungi but not by metazoans, which makes them essential amino
acids for the human body [1]. The main catabolic pathways of the three BCAAs are the
same, and the molar relative abundance between them is almost always about 1.6:2.2:1.0
(Val:Leu:Ile) [2]. They are mostly used in the form of mixtures in practical applications, thus
generally studied as a whole. In addition to representing an indispensable nutrient, BCAAs
and their many metabolites also function as signaling molecules, with the most extensively
studied area being their regulatory effect on the mechanistic target of rapamycin (mTOR)
pathway [3].

The liver holds a vital position in BCAA oxidative degradation and incorporation
into protein [4]. Fischer’s ratio, the molar ratio of plasma BCAAs to aromatic amino acids
(AAAs), was first proposed in 1971 [5], and many studies have validated its significance in
evaluating liver metabolism, liver functional capacity, and the degree of liver impairment.
A low Fischer’s ratio is a hallmark of liver cirrhosis and promotes hepatic encephalopathy
(HE) [6,7]. Multiple metabolomic studies conducted recently have demonstrated a correla-
tion between alterations in circulating BCAA levels and a variety of liver diseases [8–10]. It
has been suggested that BCAA supplementation favors anabolic pathways and thereby
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has a promising effect in reducing cachexia, preventing or treating symptoms of HE, and
ameliorating liver disease [11–13]. However, the use of BCAAs in nutritional supplements
remains controversial, and no consensus has been reached. This review intends to explore
the relationship between the liver and BCAA metabolism, assess the causes of alterations
in BCAA levels in various liver diseases, and provide updated perspectives on their use in
nutritional supplements for major possible liver disease indications.

2. Metabolism and Signal Transduction in BCAAs in the Liver

The distribution of BCAA in the human body can be conceptualized as a two-
compartment model: a circulation pool and a tissue pool [2]. BCAAs in the circulat-
ing pool primarily originate from dietary intake and protein breakdown. When entering
the tissue pool, BCAAs are oxidized and removed or used to synthesize new proteins. The
catabolic pathway of BCAAs involves two main common steps: reversible transamination
mediated by branched-chain aminotransferase (BCAT) and irreversible decarboxylation cat-
alyzed by the branched-chain α-keto acid dehydrogenase (BCKDH) complex [14]. Various
tissues are involved in regulating BCAA decomposition, with the liver and muscles playing
pivotal roles. Due to the relatively low hepatic activity of BCAT, only a small proportion
of the initial metabolic reaction of BCAAs occurs in the liver. The majority is taken up by
skeletal muscles after entering systemic circulation through the liver [15]. The reversible
transfer of the amino group of BCAAs to α-ketoglutarate (α-KG) results in the formation
of glutamate and the corresponding branched-chain keto acids (BCKAs). In contrast to
BCAT, the second BCAA catabolic enzyme, BCKDH, a multienzyme complex situated on
the inner surface of the inner mitochondrial membrane, exhibits the highest activity in
the liver [16], indicating that a significant portion of BCKAs is released from the muscle
into the circulation pool and subsequently returned to the liver for further metabolism.
Research has shown that brain insulin signaling regulates BCAA metabolism by inducing
the expression and activity of hepatic BCKDH [17]. Reduced hepatic BCKDH is a primary
cause of increased plasma BCAA levels, potentially explaining the elevated plasma BCAA
levels in insulin-resistant patients. BCKDH catalyzes the decarboxylation of BCKAs to
generate the respective branched-chain acyl-CoA esters and release CO2. The third step of
BCAA catabolism occurs within the mitochondrial matrix, where each BCAA enters the
tricarboxylic acid (TCA) cycle through its own pathway to produce ATP. Depending on
the number of carbon atoms entering the TCA cycle, Val is considered glucogenic, Leu is
ketogenic, and Ile can serve as both. Under homeostatic conditions, circulating BCAA levels
remain stable, maintaining a balance between intake and loss [18]. Changes in circulating
concentrations of BCAAs are associated with a plethora of liver diseases. Fischer’s ratio
and a simplified version known as the BCAA-to-tyrosine ratio (BTR) are recognized as
valuable indicators of amino acid imbalance and pathophysiological disorders in liver
diseases [19,20]. With the progression of liver dysfunction, there is a decrease in plasma
BCAA levels and an increase in AAA levels, leading to a reduction in Fischer’s ratio.

Besides their role as nutrients, BCAAs also serve a crucial function in allosteric reg-
ulation and signal transduction (Figure 1). When the human body is in different energy
states, BCAAs can activate distinct signaling pathways to promote metabolic adaptations
to uphold energy homeostasis, among which the modulation of the mTOR pathway is the
most extensively studied. mTOR comprises two disparate complexes, known as mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2), each receiving unique upstream
inputs and yielding separate downstream outputs. mTORC1 is regulated by five extra-
cellular and intracellular signals—growth factors [such as insulin and insulin-like growth
factor 1 (IGF-1)], cellular energy levels (high ATP/AMP ratio), amino acids, stress, and
oxygen—to promote anabolism, including protein translation and lipid synthesis and to
inhibit catabolism, such as autophagy, thereby shifting metabolic states [21,22]. The process
through which BCAAs activate mTORC1 is called nutritive sensing, but our understanding
of the molecular mechanisms by which mTORC1 senses intracellular amino acids is still
evolving. A 2008 study by Sancak et al. uncovered that Rag proteins, four related guanosine
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triphosphatases (GTPases) that form obligate heterodimers consisting of RagA/B with
RagC/D, interact with mTORC1 in an amino-acid-sensitive manner [23]. This interaction
propels mTORC1 translocation to lysosomal membranes that contain the mTORC1 acti-
vator known as Ras homolog enriched in brain (Rheb) [24]. Rheb binds to mTORC1 and
activates its kinase in a growth-factor-dependent manner [25], so the amino-acid-regulated
recruitment of mTORC1 is a prerequisite for growth factor activation of mTORC1. While
mTORC1 activity is significantly influenced by alterations in amino acid levels, it does not
function as an amino acid sensor. A 2016 study by Wolfson et al. found that Sestrin2 is a Leu
sensor for the mTORC1 pathway [3]. Leu triggers mTORC1 activation by interacting with
Sestrin2, a protein that binds to GATOR2 and suppresses mTORC1 signaling, leading to the
release of GATOR2, a positive mTORC1 regulator. It has also been shown that leucyl-tRNA
synthetase (LRS) initiates molecular events that lead to mTORC1 activation by sensing the
concentration of Leu in cells [26–28]. Growth factors and cellular energy regulate mTORC1
through the tuberous sclerosis (TSC) 1/2 heterodimer, in a manner different from amino
acids. Under conditions of low cellular energy (high AMP/ATP ratio), AMP-activated
protein kinase (AMPK) inhibits mTOR’s function and triggers the catabolic pathway of
energy production. In instances of amino acid deficiency, AMPK enhances the intracellular
uptake of BCAAs and fosters oxidation through various hormones [29].
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Figure 1. Schematic representation of BCAA metabolism in the liver and the signal transduction
processes involved. BCAAs, branched-chain amino acids; BCAT, branched-chain aminotransferase;
BCKAs, branched-chain keto acids; BCKDH, branched-chain α-keto acid dehydrogenase; R-CoA,
respective branched-chain acyl-CoA esters; TCA, tricarboxylic acid; Leu, leucine; GTPases, guano-
sine triphosphatases; mTORC1, mTOR complex 1; Rheb, Ras homolog enriched in brain; AMPK,
AMP-activated protein kinase; S6K, ribosomal protein S6 kinase; 4E-BP1, eukaryotic translation
initiation factor 4E-binding protein 1; IRS-1, insulin receptor substrate-1; PI3K, phosphatidylinositol-
4,5-bisphosphate 3-kinase; Akt, protein kinase B; TSC, tuberous sclerosis; mTORC2, mTOR complex 2.

Activated mTORC1 phosphorylates the downstream translation initiation factors
known as eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) and ribo-
somal protein S6 kinase (S6K) to promote ribosome biogenesis and mRNA translation,
thereby regulating protein synthesis [30]. However, the persistent activation of mTORC1
by BCAAs leads to insulin resistance (IR), attributed to mTORC1-S6K-mediated negative
feedback loops that shut down the downstream cascades dependent on insulin. TSC1/2
acts as a GTPase-activating protein (GAP) for Rheb GTPase, inhibiting mTORC1 activity by
converting Rheb into its inactive GDP-bound state [31]. The binding of insulin to receptor
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tyrosine kinases (RTKs) phosphorylates insulin receptor substrate-1 (IRS-1), subsequently
activating phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), which, in turn, recruits
and activates protein kinase B (Akt/PKB) [32,33]. Akt phosphorylates TSC2 to deactivate
the TSC complex, therefore facilitating mTORC1 regulation through the IRS-PI3K-AKT
axis [34]. Upon activation, mTORC1 and S6K directly phosphorylate IRS-1 to induce its
degradation and alter its localization [35,36], thereby dampening PI3K/Akt activation and
ultimately negatively regulating growth factor signaling. A study conducted in liver cancer
cells verified that BCAAs also inhibit the PI3K/Akt pathway by suppressing mTORC2
kinase activity on Akt, suggesting that supplemental BCAAs may impede liver cancer pro-
gression by inhibiting insulin-induced PI3K/Akt signaling and subsequent anti-apoptotic
pathways [37].

3. Association of BCAAs with Liver Diseases
3.1. Non-Alcoholic Fatty Liver Disease

The prevalence of non-alcoholic fatty liver disease (NAFLD) is increasing and can be
as high as 30% in developed countries. NAFLD is characterized by macrovesicular steatosis
in ≥5% of hepatocytes in individuals who consume minimal-to-no alcohol, frequently
accompanying obesity, type 2 diabetes (T2D), and IR [38]. In 2023, NAFLD was officially
renamed as metabolic-dysfunction-associated steatotic liver disease (MASLD), referring
to patients with hepatic steatosis and at least one of five cardiometabolic risk factors,
emphasizing the significant increase in liver fibrosis and cirrhosis risk associated with
cardiometabolic disorders [39].

The increase in plasma BCAA concentration is one of the important manifestations
of the NAFLD metabolic profile [40]. Metabolomic analysis of obese and lean individ-
uals indicated that, in the context of overnutrition and low IGF-1 levels among obese
subjects, circulating BCAA overload results in sustained activation of the mTOR/S6K
pathway, contributing to IR and an increased BCAA catabolic flux, which ultimately leads
to elevated gluconeogenesis and glucose intolerance [41]. Elevated plasma BCAAs are
inversely correlated with insulin sensitivity and the metabolic clearance of insulin while
showing a positive association with fasting insulin levels [42], which may be related to the
insulinotropic effects of Leu and Ile [43].

BCAAs could be an important link between the development and progression of
obesity, IR, NAFLD, and T2D. In patients without diabetes but diagnosed with NAFLD
through biopsy, obese individuals exhibit higher plasma levels of BCAAs compared to
non-obese individuals. Furthermore, the presence of balloon-like changes and/or inflam-
mation during liver biopsy is associated with elevated plasma BCAAs [44]. In a large
prospective study primarily involving individuals of Caucasian descent from the general
population, data analysis of 5791 participants without T2D at baseline assessment re-
vealed elevated fasting total plasma BCAA levels in subjects with NAFLD. This association
remained unaffected by various clinical and laboratory covariates, encompassing assess-
ments of IR and β-cell function. During a median follow-up period of 7.3 years, a total of
276 participants developed T2D, with 70.2% of them exhibiting elevated fatty liver index
levels, indicating a significantly increased risk of developing T2D in individuals with
elevated FLI. The predictive value of higher FLI for the advancement of T2D is partly
attributed to elevatory plasma BCAA levels, suggesting a potential combined effect of
NAFLD and elevated circulating BCAAs on T2D [40].

There are conflicting statements regarding whether the elevation of peripheral BCAA
levels in NAFLD patients is dependent on sex. A study published in 2015 involving
101 individuals aged 50 to 55 showed that elevated serum BCAA levels are associated
with early stage liver fat accumulation, independent of gender, obesity, or IR [45]. Another
cross-sectional cohort study that enrolled 112 obese patients from 2006 to 2014 observed a
significant effect of gender on the association between plasma BCAA concentration and
NAFLD severity. Sex-specific subgroup analysis emphasized a pattern wherein plasma



Nutrients 2024, 16, 1875 5 of 20

BCAA levels rose with NAFLD severity in females but declined in males. Furthermore,
only females showed an increase in liver fibrosis degree with a rise in plasma BCAAs [46].

In order to change the current situation of liver biopsy still being the “gold standard”
for the diagnosis of hepatic steatosis, attempts have been made to develop non-invasive
predictive models based on the characteristics of NAFLD metabolic disorders. A study
conducted in severely obese children and adolescents, with the aim of investigating novel
biomarkers for NAFLD has developed a BCAA-based metabolic score that can predict the
degree of hepatic steatosis in high-risk pediatric populations [9].

3.2. Hepatocellular Carcinoma

Diabetes is a risk factor for hepatocellular carcinoma (HCC) [47–49], and its presence
alongside chronic liver disease is not only closely associated with the progression of HCC
but also linked to a poor prognosis [50]. Further studies showed that hyperinsulinemia
based on underlying chronic liver disease promoted the growth of human HCC and af-
fected its early clinical advancement [51,52]. A multicenter, randomized, controlled trial
involving 622 patients with decompensated cirrhosis found that long-term oral BCAA
supplementation inhibited the evolution of liver cancer in obese patients [53]. In obese
diabetic rats, BCAA exerts a chemopreventive effect on HCC by inhibiting vascular en-
dothelial growth factor (VEGF) expression and hepatic neovascularization [54]. Subsequent
cellular-level studies revealed that BCAA primarily modulates VEGF expression post-
transcriptionally, necessitating all three BCAA components to expedite insulin-induced
VEGF mRNA degradation [55]. The transition of cancer stem cells (CSCs) to cancer cells
heightens their responsiveness to chemotherapy drugs. BCAAs can activate mTORC1,
while the activated mTORC1 inhibits mTORC2, synergistically reducing the number of
CSCs and enhancing chemotherapy sensitivity [56].

A plasma metabolomics study based on gas chromatography–mass spectrometry (GC-
MS) identified elevated BCAA levels in HCC patients [10]. Another study, however, came
to a different conclusion. A retrospective analysis of 1270 patients diagnosed with liver
cancer between 2008 and 2020 revealed that a low BTR (≤4.4) could serve as a valuable
prognostic indicator in chronic liver disease (CLD) patients with early HCC. Additionally,
there was a significant negative correlation between BCAA levels and albumin–bilirubin
scores [57]. This apparent discrepancy in findings could stem from variations in etiology
and sample sizes between the two studies. The former study recruited 40 HCC patients
in Egypt, all with hepatitis C virus (HCV) infection and without hepatitis B virus (HBV)
infection, while the latter study in Japan encompassed a larger sample size and a more
diverse etiology, with HCV infection only constituting 60% of the cases. Another recent
analysis of the amino acid profile of the Egyptian population, involving 302 participants,
showed that the infected group (HCC, HBV, HCV, and co-infected patients) exhibited
decreased levels of BCAAs, increased levels of AAAs, and significant changes in Fisher
ratio and BTR compared with the healthy control group [58].

The changes in BCAA in HCC patients are not only manifested in the circulating
level but also in the metabolism of cancer and adjacent tissues. An analysis of 26 pairs of
severely fibrotic or cirrhotic human HCC and adjacent non-tumor tissues demonstrated
the accumulation of BCAAs in the HCC tissues [59]. A study employing a multi-omics
approach in animal models and HCC patients implied that BCAA catabolism was disrupted
during tumor initiation and progression but remained intact in normally proliferating cells,
suggesting that the loss of BCAA catabolism fosters tumor initiation and growth [60]. The
accumulation of BCAAs in liver cancer tissues may also contribute to their changes in
circulating levels.

The conflicting needs of the tumor and the host complicate the normal requirement for
BCAAs. Heightened BCAA levels correlated with increased visceral fat mass and served as
prognostic markers for enhanced overall survival in HCC patients [61]. The differences in
BCAA level alterations between peripheral circulation and HCC tissues could be due to
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their different uses: circulating BCAAs are utilized to sustain energy metabolism, whereas
cancer cells exploit them to activate oncogenic signaling pathways.

3.3. Cirrhosis

The changes in plasma amino acid profiles in patients with liver cirrhosis showed a de-
creased Fisher’s ratio due to the diminished BCAA content and raised AAA levels, and this
change was positively correlated with the level of albumin [62]. Protein–energy malnutri-
tion (PEM) is a common clinical manifestation in cirrhosis patients, with reported incidence
rates exceeding 65% [63]. Protein malnutrition in cirrhosis is characterized by reduced
serum albumin level and decreased skeletal muscle mass. The reduction in BCAA levels
in cirrhosis is closely linked to the deterioration of protein malnutrition and HE. Patients
with cirrhosis were found to have a lower relative clearance of BCAAs, and this alteration
was significantly correlated with elevated blood ammonia levels [64]. Due to cirrhosis
causing an impaired hepatic ammonia detoxification capacity, leading to elevated blood
ammonia levels, the skeletal muscle will uptake BCAAs as precursors to synthesize glu-
tamine, subsequently incorporating ammonia during the process of glutamine-generating
glutamine synthetase to eliminate blood ammonia. Moreover, the augmented uptake of
BCAAs by skeletal muscles is also intricately linked to shifts in thermogenic characteristics
in cirrhosis patients. While glucose typically serves as the paramount energy substrate for
thermogenesis under physiological circumstances, cirrhotic individuals, afflicted by hepatic
atrophy, experience the depletion of hepatic glycogen reserves and exhibit IR in peripheral
tissues. Consequently, under conditions of liver cirrhosis, the energy efficacy of glucose
markedly diminishes, juxtaposed with a physiological surge in the energy efficiency of
BCAAs from 45% to 96% [65]. Compared with AAAs that are exclusively metabolized
in the liver, BCAAs are mainly metabolized in peripheral tissues represented by skeletal
muscles, which is the reason for their opposite change trend. The transamination reaction
of BCAAs to produce BCKA and glutamate is reversible, and many studies have illus-
trated the liver’s ability to reaminate BCKA and release the corresponding BCAAs back
into the bloodstream. The primary reactions of BCAA metabolism in the liver occur in
mitochondria, and the impairment of mitochondrial function has been observed in various
chronic liver diseases [66]. Therefore, the weakened reamination of BCAAs due to hepatic
mitochondrial abnormality may be an additional mechanism contributing to the reduced
BCAA levels in cirrhotic patients.

3.4. Hepatic Encephalopathy

HE is a reversible syndrome characterized by a range of neuropsychiatric abnormalities
that manifest in patients with advanced liver dysfunction following the exclusion of other
established brain diseases. The elevated blood ammonia concentration resulting from
impaired liver function has long been considered the primary cause of HE. The false
neurotransmitter hypothesis, proposed by Fischer and Baldessarini in the 1980s, shifts
focus to the interplay between amino acids and neurotransmission [67]. Physiologically,
both AAAs and BCAAs are large neutral amino acids (LNAAs) that make use of a shared
transport system to cross the blood–brain barrier. Since all LNAAs must compete with
each other for transport across the blood–brain barrier, their relative concentrations are
more critical than their absolute concentrations in determining brain uptake. Therefore,
the transport of AAAs to the brain can increase not only through an absolute increase in
plasma concentration but also through a decrease in plasma BCAA levels. A low Fischer’s
ratio leads to AAAs mass entry into the central nervous system, potentially causing an
imbalance in the synthesis of dopamine, norepinephrine, and serotonin. This can result
in an increase in false neurotransmitter (dopamine, norepinephrine) production, which
inhibits the synthesis of normal neurotransmitters and competes with them, enhancing
inhibitory neural activity.

Fischer’s ratio exhibits a robust correlation with the grading of HE, and an improve-
ment in HE is noted upon the normalization of this ratio to within the standard range.
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Fischer’s solution, enriched with BCAAs, was utilized for HE treatment as early as 1976 [68].
However, others believe that amino acid imbalance is not the cause of HE, but is more
likely to be the result of ammonia poisoning-induced reduction in BCAA levels after
liver damage.

3.5. Hepatitis C Virus Infection

Infection with HCV has the potential to result in the progression of chronic liver
disease, ultimately culminating in cirrhosis and chronic liver failure. BCAAs, notably
Val, influence the function of human monocyte-derived dendritic cells (MoDCs). CD14-
positive monocytes isolated from peripheral blood mononuclear cells (PBMCs) from both
healthy volunteers and patients with HCV cirrhosis presented an inability to differentiate
into mature dendritic cells in a BCAA- or Val-deficient medium, displaying low CD83
expression. Val dose-dependently boosted the isostimulatory capacity and interleukin
production of MoDCs from both healthy volunteers and HCV cirrhosis patients. Elevated
extracellular Val levels have been noted to improve dendritic cell function in cirrhotic
patients [69]. Among individuals with advanced cirrhosis, administering BCAAs orally
can stimulate peripheral blood monocytes in autologous plasma, resulting in a marked
increase in interferon (IFN)-γ production [70]. A case report documented a patient with
HCV-related decompensated cirrhosis who was treated with an oral Val agent, resulting
in a significant decrease in HCV RNA levels. Subsequently, the patient underwent IFN-β
therapy, successfully eradicating chronic HCV infection [71]. In vitro cellular studies have
found that BCAA has two opposite effects on HCV production: the inhibition of HCV
genomic RNA replication and the promotion of infectious virus formation in infected
cells. BCAAs can dose-dependently inhibit the HCV replicon, with this effect being mTOR
pathway-independent. Val was pinpointed as the key contributor [72]. A study of plasma
amino acid profiles and hepatic gene expression in 168 patients with advanced chronic
hepatitis C undergoing treatment with a combination of pegylated IFN and ribavirin
found that Fischer’s ratio was significantly associated with nonresponders and influenced
by hepatic mTORC1 signaling. Cellular studies proved that malnutrition hinders IFN
signaling by suppressing mTORC1 and triggering Socs3 signaling via Foxo3a. Elevating
BCAA levels to enhance IFN signaling could emerge as a novel approach for individuals
with advanced chronic hepatitis C [73]. Another retrospective study on the effect of BCAA
supplementation on IFN therapy in Japanese patients with chronic HCV infection also
showed consistent results [74].

3.6. Acute Liver Failure

The decreased levels of BCAAs resulting from various complex factors in chronic
liver disease persist into the decompensated stage of chronic liver failure (CLF). However,
during acute liver failure (ALF), changes in BCAA levels show varying trends: decreases,
similarity, and increases have been reported. A study using rat models of acute and
chronic liver failure found that ALF was characterized by increased plasma BCAAs and
BCKA levels and decreased hepatic BCKDH activity, whereas CLF was characterized by
decreased plasma BCAA and BCKA levels and increased hepatic BCKDH activity [75].
BCAA catabolism is inhibited in ALF and heightened in CLF, resulting in varied outcomes
from oral BCAA supplementation. Administering BCAAs in ALF may result in nitrogen
overload, hastening the onset of hyperammonemia and hepatic encephalopathy. While
numerous studies in rat models have validated the protective role of BCAAs against acute
liver injury [76–78] and their positive influence on liver regeneration [79–81], their effects
on humans remain uncertain.

4. Clinical Application of BCAAs in the Treatment of Liver Diseases

In Japan, clinical studies on BCAA supplementation for patients with liver disease
have been conducted since the 1980s [82]. The practice guideline published in 2014 by the
European Association for the Study of the Liver (EASL) and the American Association
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for the Study of Liver Diseases (AASLD) recommends an oral BCAA-enriched nutritional
formulation for the treatment of HE and for improving the nutritional status of cirrhotic
patients [83]. The clinical nutrition guidelines of the European Society of Parenteral and
Enteral Nutrition (ESPEN) [84] also make the same recommendation. Many nutritional sup-
plements containing different doses of BCAAs have been developed and commercialized
over the years, but two prominent products, Aminoleban® EN (Otsuka Pharmaceutical Co.
Ltd., Tokyo, Japan), launched in 1988, and LIVACT® Granules (Ajinomoto Co. Inc., Tokyo,
Japan), launched in 1996, have been widely used in liver disease patients and have been
extensively reported on in the literature.

Table 1 summarizes clinical trials applying BCAA supplements for the treatment of
HCC, unequivocally showcasing the substantial influence of BCAAs on the optimization
of diverse facets of patient outcomes. Studies conducted over the years have consistently
shown favorable effects of BCAAs in HCC patients after hepatectomy and after radiofre-
quency ablation (RFA). BCAA administration in HCC patients undergoing transcatheter
arterial chemoembolization (TACE) prevented treatment-induced liver function suppres-
sion [85]. Impaired hepatic synthetic function results in decreased levels of total protein and
albumin, while BCAAs aid in increasing and maintaining albumin levels [86–89]. In HCC
patients with concomitant cirrhosis, the consumption of BCAA-rich supplements caused
an improvement in the Child–Pugh score [90]. Specifically, BCAAs exhibited a synergistic
effect in anti-angiogenesis and ameliorating IR in individuals already afflicted with it [91].
Moreover, BCAAs have been associated with shorter hospital stays and improved quality
of life (QOL) for patients undergoing different treatment modalities [92–94]. A 26-week
prospective study found that administering BCAAs could lower the incidence of early
recurrence [95], whereas the fact that prolonged BCAA supplementation might reduce the
likelihood of intrahepatic recurrence and associated complications was observed in another
5-year randomized trial [96]. Despite not all studies confirming a reduction in the risk
of recurrence, BCAAs provide noteworthy benefits for specific patient populations, such
as younger individuals with mild impairments in glucose tolerance [97]. The synergistic
use of BCAAs alongside other interventions, including angiotensin-converting enzyme
inhibitor (ACEI) or radiofrequency ablation, has yielded promising results in suppressing
tumor recurrence and strengthening biochemical profiles [98,99]. Patients with HCC who
have normal albumin levels but low BTR can benefit from BCAA therapy in terms of
both overall and disease-specific survival rates [100], while its therapeutic efficacy in other
populations of HCC patients remains to be further investigated. These findings suggest
that BCAAs have a multifaceted impact on the treatment of HCC, providing a range of
benefits that contribute to better patient outcomes and potentially improve survival rates
in the long term.

Table 1. Clinical trials utilizing BCAAs for the treatment of HCC.

Year Hepatocellular
Carcinoma Duration Study

Design
Sample

Size Interventions Frequency Major Outcome Ref.

1997 after curative
resection 3 years RCT 150

100 g Aminoleban® EN
(contains 11 g BCAAs)
daily for at least 1 year

bid

• improved clinical
features and laboratory
data without increasing

the rate of tumor
recurrence

[86]

1999 after hepatic
resection 1 year RCT 44

150 g Aminoleban® EN
(contains 16.5 g

BCAAs) daily for
12 weeks

tid
• a shorter hospital stay
• quicker improvement

of liver function
[92]

2004
undergoing

chemoemboliza-
tion

1 year RCT 84
100 g Aminoleban® EN
(contains 11 g BCAAs)

daily
bid

• increased serum
albumin level

• reduced the morbidity
• improve QOL

[87]
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Table 1. Cont.

Year Hepatocellular
Carcinoma Duration Study

Design
Sample

Size Interventions Frequency Major Outcome Ref.

2005
complicated with

cirrhosis after
hepatectomy

1 year RCT 43

14.22 g LIVACT®

Granules
(contains 12 g BCAAs)

daily

tid
• maintained a higher
serum albumin level

• decreased liver fibrosis
[88]

2009

complicated with
cirrhosis

undergoing
chemoemboliza-

tion

2 weeks RCT 56
50 g Aminoleban® EN
(contains 5.5 g BCAAs)

daily
qd • prevented suppression

of liver function by TACE [85]

2010

complicated with
cirrhosis,

underwent RFA
(HCV)

1 year 49
100 g Aminoleban® EN
(contains 11 g BCAAs)

daily
bid • improved both

nutritional state and QOL [93]

2010 undergoing HAIC 5 weeks RCT 23
50 g Aminoleban® EN
(contains 5.5 g BCAAs)

at 22:00
qd

• improved energy
metabolism and glucose

tolerance
[101]

2010 undergoing
radiotherapy 6 weeks RCT 50

14.22 g LIVACT®

Granules (contains 12 g
BCAAs) daily during

radiotherapy

tid • improved biochemical
profiles [98]

2010 after hepatic
resection 26 weeks RCT 96

100 g Aminoleban® EN
(contains 11 g BCAAs)

daily
bid

• improved
postoperative QOL over

the long term
[94]

2011 underwent RFA 4 years RCT 110

ACEI
(perindopril;
4 mg/day)

or
BCAA granules

(Livact; 12 g/day)
or

ACEI + BCAA

• ACEI + BCAA
markedly inhibited the

cumulative recurrence of
HCC under IR conditions
• neither single treatment

exerted a significant
inhibition

[99]

2012
complicated with

cirrhosis,
underwent RFA

3
months RCT 30

50 g Aminoleban® EN
(contains 5.5 g BCAAs)

daily
after breakfast or

at 22:00

qd
• improved liver
functioning and

Child–Pugh score
[90]

2012 after hepatic
resection 26 weeks RCT 56

14.22 g LIVACT®

Granules
(contains 12 g BCAAs)

daily

tid • reduced early
recurrence [95]

2013
underwent local
curative therapy

(IR)

60
months RCT 93

14.22 g LIVACT®

Granules
(contains 12 g BCAAs)

daily

tid

• BCAAs functioned via
coordinated effects of

anti-angiogenesis and IR
improvement

[91]

2016 undergoing major
liver resection

13
months RCT 77

14.22 g LIVACT®

Granules
(contains 12 g BCAAs)

daily for 1 month
before liver resection

and 1 year after

tid

• preoperative
administration of BCAA

did not significantly
improve the prevention

of refractory ascites
• prevented ascites,

pleural effusion, or both
• improved the

metabolism of albumin

[89]

2017 underwent RFA 5 years RCT 51
100 g Aminoleban® EN
(contains 11 g BCAAs)

daily
bid

• relieved mental stress
• reduced the risks of

intrahepatic recurrence
and complications

[96]
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Table 1. Cont.

Year Hepatocellular
Carcinoma Duration Study

Design
Sample

Size Interventions Frequency Major Outcome Ref.

2019
(normal albumin

levels and low
BTRs)

10 years 78

14.22 g LIVACT®

Granules
(contains 12 g BCAAs)

daily

tid
• improved both overall

survival and
disease-specific survival

[100]

2020 after curative
resection 4 years RCT 156

14.22 g LIVACT®

Granules
(contains 12 g BCAAs)

daily

tid

• did not reduce the risk
of recurrence

• was beneficial for
patients who were

younger and had mildly
impaired glucose

tolerance

[97]

RCT, randomized controlled trial; QOL, quality of life; TACE, transcatheter arterial chemoembolization; RFA,
radiofrequency ablation; HAIC, hepatic arterial infusion chemotherapy; IR, insulin resistance; BTR, BCAA-to-
tyrosine ratio.

Table 2 outlines the clinical research on the applications of BCAAs in the management
of cirrhosis. After the utilization of BCAAs, advancements in serum albumin level were
noticed in patients with cirrhosis, whether in the early stage, in the decompensated stage,
or complicated by HE [102–105]. A randomized study comparing the effects of BCAA
supplementation on serum albumin levels in compensated and decompensated cirrhosis
discovered that patients in a compensated state, despite low BTR, were able to maintain
plasma albumin levels for two years with BCAA intake [106]. Oral supplementation with
BCAAs may mitigate the risk of HCC in cirrhotic patients with certain characteristics. A
multicenter, randomized, controlled trial comprising 622 individuals with decompensated
cirrhosis reported a remarkable decrease in liver cancer risk among those in the long-term
oral BCAA group with a BMI ≥ 25 and AFP levels ≥ 20 ng/mL [53]. It has also been
researched that BCAAs may inhibit hepatocarcinogenesis in individuals with compensated
hepatitis C cirrhosis and serum albumin levels < 4.0 g/dL [107]. For those with advanced
cirrhosis, BCAAs exhibit promising outcomes in preventing progressive hepatic failure and
improving surrogate markers, as well as improving perceived health status [108]. Of partic-
ular importance to patients waiting for liver transplantation, early oral BCAA intervention
could preserve liver reserves and extend the waiting period [109]. However, a recent study
in North American HCV-infected patients with advanced fibrosis or compensated cirrhosis
did not find an association between dietary BCAA intake and liver-related outcomes [110].
The potency of BCAAs in alleviating HE and sarcopenia, two prevalent complications of
cirrhosis, has also been thoroughly explored. In cases of HE, BCAAs were found to improve
minimal HE symptoms while not lessening the recurrence [111]. Patients with cirrhosis
frequently suffer from sarcopenia, a condition defined by lowered muscular mass, quality,
and strength that is linked to poor clinical outcomes. Taking BCAAs at night could reduce
the occurrence of leg muscle cramps, and taking them for a months or more could improve
muscle mass [112–116]. The mechanism behind this may be that impaired mTOR1 signaling
and increased autophagy in skeletal muscle are reversed by BCAAs [117]. However, there
is also a study that came to a negative conclusion [118,119].

Table 2. Clinical trials utilizing BCAAs for the treatment of cirrhosis.

Year Cirrhosis Duration Study
Design Sample Size Interventions Frequency Major Outcome Ref.

1985 cirrhosis 6 weeks SAT 10
150 g SF-1008C (contains
18.45 g BCAAs) daily for

2 weeks
tid

• no deleterious effects on
nitrogen metabolism

• useful for the improvement of
plasma amino acid imbalance and

PEM

[82]
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Table 2. Cont.

Year Cirrhosis Duration Study
Design Sample Size Interventions Frequency Major Outcome Ref.

2001 cirrhosis 28 days SAT 14

100 g Aminoleban®

(contains 11 g BCAAs)
daily at 8:30 and 19:00 or

at 8:30 and 22:30

bid

• late-evening BCAA
supplementation was more

helpful in improving protein
catabolism and lipolysis

[120]

2003 compensated
3 weeks

and 3
months

crossover
study and

RCT
24

14.22 g LIVACT®

Granules (contains 12 g
BCAAs) daily

4g after each meal (at
8:30 AM, 12:30 PM, and
6:30 PM), or 4 g at 8:30
AM and 8 g at 11 PM

bid
or
tid

• nocturnal BCAA administration
improved serum albumin levels,
whereas daytime administration

did not

[121]

2003 advanced 15 months RCT 174 14.4 g BCAAs daily for 1
year tid

• prevented progressive hepatic
failure

• improved surrogate markers
and perceived health status

[108]

2004 early-stage
(HCV) 2 years RCT 65

14.22 g LIVACT®

Granules (contains 12 g
BCAAs) daily

tid
• maintained serum albumin
• improved prognosis and

maintained QOL
[102]

2005 cirrhosis 7 days RCT 26

50 g Aminoleban® EN
(contains 5.5 g BCAAs)

daily at 22:00 or
100 g Aminoleban® EN
(contains 11 g BCAAs)

daily at 22:00 and in the
daytime

bid
or
tid

• LESs alone improved the energy
malnutrition state and glucose

intolerance to the same extent as
LESs combined with divided

meals

[122]

2005 decompensated 2 years RCT 646
14.22 g LIVACT®

Granules (contains 12 g
BCAAs) daily

tid
• improved event-free survival,
serum albumin concentration,

and QOL
[103]

2005
decompensated
(HE, hypoalbu-

minemia)
6 months RCT 281

14.22 g LIVACT®

Granules (contains 12 g
BCAAs) or 100 g
Aminoleban® EN

(contains 12.5 g BCAAs)
daily

bid
or
tid

• adequate BCAAs alone
improved serum albumin profiles

to a similar extent as the oral
nutritional supplementation

[104]

2006
decompensated

(hypoalbu-
minemia)

2 years RCT 622
14.22 g LIVACT®

Granules (contains 12 g
BCAAs) daily

tid

• the risk for liver cancer was
significantly reduced in the BCAA
group with a BMI of 25 or higher

and with an AFP level of 20
ng/mL or higher

[53]

2007 advanced
(HCV) 3 months RCT 48 6.075 g of BCAAs daily

once a day
before

bedtime

• long-term oral supplementation
of BCAA as LESs could better
improve serum albumin levels

and energy metabolism compared
to regular food

[105]

2008 cirrhosis 3 months SAT 11

50 g Aminoleban® EN
(contains 5.5 g BCAAs)

+
0.2 mg voglibose daily

qd

• the combination of
α-glucosidase inhibitors with
BCAA-enriched LESs showed

potential for improving glucose
tolerance and energy metabolism

[123]

2008 compensated
(HCV) 3.5 years RCT 40 12 g BCAAs daily

for 168 weeks tid

• BCAA may inhibit hepatic
carcinogenesis in patients with
compensated cirrhosis with a

serum albumin level of <4.0 g/dL

[107]

2009 early stage 6 years RCT 56

14.22 g LIVACT®

Granules (contains 12 g
BCAAs) daily

for at least 1 year

tid

• early interventional oral BCAAs
might prolong the liver transplant

waiting period by preserving
hepatic reserve in cirrhosis

[109]

2009

decompensated
and

compensated
(HCV)

2 years RCT 65
14.22 g LIVACT®

Granules (contains 12 g
BCAAs) daily

tid

• if cirrhotic patients were in the
compensated stage at the entrybut

with lower BTR, as for
decompensated cirrhosis, oral

BCAA supplementation might be
effective in maintaining serum

albumin levels for 2 years

[106]

2010 (a previous
episode of HE) 8 weeks RCT 21

50 g Aminoleban® EN
(contains 5.5 g BCAAs)

at 22:00
qd • beneficial for patients with sleep

disturbance [124]
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Table 2. Cont.

Year Cirrhosis Duration Study
Design Sample Size Interventions Frequency Major Outcome Ref.

2011 cirrhosis 6 months SAT 17

100 g Aminoleban® EN
(contains 11 g BCAAs)

daily at 22:00 and in the
daytime

bid

• BCAA-enriched LESs could
improve protein malnutrition and
improve hepatic parenchymal cell

mass in the early stages of
cirrhosis

[125]

2011 (a previous
episode of HE) 14 months RCT 116 100 g BCAAs daily

for 56 weeks bid

• did not decrease the recurrence
of HE

• improved minimal HE and
muscle mass

[111]

2013 compensated 3 months RCT 37
14.22 g LIVACT®

Granules (contains 12 g
BCAAs) daily

bid
or
tid

• nocturnal administration
reduced the occurrence of muscle

cramps in the leg but did not
improve the patients’ QOL

[112]

2015 (alcoholic) 14

a single oral BCAA
mixture enriched with
leucine (BCAA/Leu)

(7.5 g L-Leu, 3.75 g L-Ile,
3.75 g L-Val)

• impaired mTOR1 signaling and
increased autophagy in skeletal

muscle was acutely reversed
[117]

2019 cirrhosis 1 month RCT 10

50 g Aminoleban® EN
(contains 5.5 g BCAAs)

as LESs
or

9.48 g LIVACT®

Granules
(contains 8 g BCAAs) +
50 g Aminoleban® EN
(contains 5.5 g BCAAs)

intraday
or

9.48 g LIVACT®

Granules
(contains 8 g BCAAs)

intraday + 50 g
Aminoleban® EN

(contains 5.5 g BCAAs)
as LES

qd
or
tid

• increasing the fasting Fischer’s
ratio required not only an increase
in the intake of BCAAs, but also

BCAA-enriched LES

[126]

2019 compensated
(hypoalbuminemia) 15 days 13

50 g Aminoleban® EN
(contains 5.5 g BCAAs)

as LES
qd

• may worsen glucose
homeostasis in obese and IR

cirrhosis patients
[127]

2021 (sarcopenia) 3 months RCT 32 5.24 g BCAAs daily qd • improved muscle mass [113]

2021 (sarcopenia) 6 months RCT 106 7.2 g BCAAs daily qd • improved sarcopenia and
prognostic markers [114]

2022 (sarcopenia) 6 months RCT 60 12 g BCAAs daily bid • did not improve muscle mass [118]

2023 compensated
(frailty) 4 months RCT 54

100 g Aminoleban®

(contains 11 g BCAAs)
daily

bid
• improved frailty

• improved muscle mass and
physical domain of QOL

[115]

2023 (HCV) retrospective
cohort study 656

• BCAA intake was not associated
with liver-related outcomes in

HCV-infected patients with
advanced fibrosis or compensated

cirrhosis

[110]

2024 (sarcopenia) 12 months RCT 150 21.2 g BCAAs daily
bid
or
tid

• did not improve measures of
muscle strength, mass, or

performance or physical frailty
[119]

2024 cirrhosis 28 days RCT 220

10 g BCAAs daily or
programmed exercise or
10 g BCAAs daily and
programmed exercise

qd • improved quadriceps muscle
quantity and quality [116]

SAT, single-arm trial; PEM: protein–energy malnutrition; RCT, randomized controlled trial; HCV, hepatitis C
virus; QOL, quality of life; HE, hepatic encephalopathy; AFP: alpha-fetoprotein; Leu, leucine; Ile: isoleucine; Val:
valine; IR, insulin resistance.

Another focal point in clinical applications is the timing of BCAA supplementation
within the day. Given that patients with liver cirrhosis prioritize BCAAs as energy sub-
strates [65], the timing of BCAA intake becomes crucial. If taken during the daytime, the
majority of BCAAs may be utilized for energy production rather than protein synthesis.
Late-evening snacks (LESs) enriched with BCAA can offer additional protein and calories
before bedtime, assisting in curbing fat oxidation and preventing the onset of a catabolic
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state after overnight fasting. Taking BCAAs before bedtime was more beneficial for patients
than consuming regular carbohydrates as LESs [105]. However, patients with cirrhosis
often have abnormal glucose metabolism, making the impact of nocturnal supplementa-
tion with BCAA on glucose metabolism particularly noteworthy. A number of studies
have shown that providing BCAA-enriched LESs can ameliorate energy malnutrition and
glucose tolerance in patients with cirrhosis or HCC [101,120,122,123,125]. Nonetheless,
a pilot study in 2019 found that obesity and severe IR may be potential risk factors for
deteriorating glucose homeostasis in cirrhotic patients receiving BCAA-enriched LESs [127].
The discrepancies in study outcomes may be attributed to variations in the duration of
BCAA administration and the hepatic functional reserves of participants. In general, the
nocturnal administration of BCAA-enriched LESs is usually safe for cirrhotic patients, with
no adverse effects, and shows better results than equal doses taken during the day [121,126].
Still, it may be more suitable for those without obesity and IR.

In clinical trials like these, the key to establishing a control is to provide equal amounts
of energy and protein to all groups. Researchers typically provide a specialized isoni-
trogenous isocaloric diet to the control group, equivalent to the BCAA intervention group.
However, this approach has obvious limitations; it necessitates high patient compliance
and requires researchers to provide adequate nutritional guidance to patients. Ideally,
having nutritionists track patients throughout the study period is optimal, to ensure the
implementation of this dietary regimen. Patients may also receive treatment for underlying
liver diseases during the trial, which also could influence the outcomes. The trial protocol’s
implementation challenges and the study population’s unique characteristics both possibly
increase the risk of potential biases in the trial.

We identified a blind spot that was easily overlooked in the initial experimental
design: the protein and energy requirements of patients with liver disease. According to
the evidence-based clinical nutrition guidelines for liver disease [84], it is recommended
that patients with chronic liver disease and a sedentary lifestyle receive a total energy
supply of 1.3 times resting energy expenditure (REE) (24 kcal/kg/day), which means that
their energy requirement is 32 kcal/kg/day. Patients with compensated cirrhosis who are
not malnourished should ingest 1.2 g/kg/d protein, whereas those with manifestations of
malnutrition and/or sarcopenia should ingest 1.5 g/kg/d·protein.

Only a very small number of trials emphasize that the BCAA supplement provided,
when combined with the patients’ daily diet, could meet the international recommended
standards of 30–35 kcal/kg/d of energy and 1.2–1.5 g/kg/d of protein for patients with
liver disease. Most trials simply provided diets with equal protein and energy for all
enrolled patients without accounting for weight considerations, and they did not specify
whether the protein and energy provided met the baseline requirements of the patients. In
many clinical trials involving patients with HCC who had undergone liver resection or were
undergoing radiotherapy or chemotherapy, the energy and protein requirements under
these circumstances were definitely different. It is evident that the supplementation of
BCAAs under the conditions of meeting or not meeting the protein and energy requirements
of patients represents two entirely different scenarios.

We speculate that this may be a key reason why, despite numerous clinical trials
conducted over the past few decades, a consensus has not been reached on the therapeutic
efficacy of BCAA supplementation in patients with liver diseases. Addressing this issue
involves refining patient stratification in experimental design, taking into account not
only weight but also specific disease stages and comorbidities such as diabetes or renal
failure, specifying the energy and protein requirements of different patient groups, and
determining whether restrictions are necessary on salt, fluids, and other substrate intake.

While NAFLD may impact over 30% of the general population, it is regrettable that
there is only a limited amount of research on the impact of BCAA supplementation in
NAFLD animal models and clinical trials assessing the efficacy of supplementing leucine
in conjunction with other therapeutic measures. The lack of clinical studies on NAFLD
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patients taking BCAA-enriched supplements prevents us from determining the potential
benefits of BCAA supplementation in these patients.

5. Conclusions

The exploration of BCAAs within the framework of liver disease has unveiled a
complex interplay between metabolism, signaling pathways, disease progression, and
therapeutic interventions. The intricate mechanisms underlying BCAA metabolism and
signal transduction within the liver have shed light on their crucial function in maintaining
liver function and homeostasis. Circulating levels of BCAAs exhibit varying patterns
across distinct liver conditions. While some studies have highlighted the potential bene-
fits of BCAAs in improving nitrogen metabolism, preserving serum albumin levels, and
potentially preventing liver cancer progression, the association between BCAA intake
and liver-related outcomes in certain patient populations remains inconclusive. BCAA
supplements are administered orally, so the patient’s baseline hepatic functional reserve
and compliance during the trial period significantly impact the outcomes. While several
guidelines recommend BCAA supplementation for patients with cirrhosis, there is still no
consensus on the optimal dosage, frequency, and duration, with considerable variation
among numerous clinical trials. The inconsistency in these factors has escalated the het-
erogeneity of clinical trials, leading to an ongoing debate regarding the efficacy of BCAAs
in treating liver diseases, despite decades of clinical practice. Considering the intricate
nature of chronic liver diseases, future clinical trials will require more detailed patient
stratification to identify the specific patient populations that may benefit most from BCAA
supplementation and evaluate the impact of baseline liver function reserves on treatment
outcomes. Many clinical trials are of short duration, and to establish standardized clinical
practice guidelines, there is a need for more long-term clinical trials assessing the sustained
effects of BCAA supplementation on liver health and disease progression. Future research
directions should focus on elucidating the precise mechanisms through which BCAAs
influence liver disease progression, and optimizing therapeutic strategies involving BCAAs.
By bridging the gap between basic science discoveries and clinical applications, further
advancements in our understanding of BCAAs and their impact on liver disease hold great
promise for improving patient care and outcomes in the realm of hepatology.
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