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Abstract: Retinopathy is one of the leading causes of irreversible blindness and vision loss worldwide.
Imbalanced nutrients play important roles in the pathogenesis and pathophysiology of retinal diseases.
Branched-Chain Amino Acids (BCAAs), as essential amino acids, perform a variety of biological
functions, including protein synthesis, glucose metabolism, lipid metabolism, inflammation, and
oxidative stress in metabolic tissues of diabetes and aging-related diseases. Recently, it has been shown
that BCAAs are highly related to neuroprotection, oxidative stress, inflammatory and glutamate
toxicity in the retina of retinopathy. Therefore, this review summarizes the alterations of BCAA levels
in retinopathy, especially diabetic retinopathy and aging-related macular disease, and the genetics,
functions, and mechanisms of BCAAs in the retina as well as other metabolic tissues for reference.
All of these efforts aim to provide fundamental knowledge of BCAAs for further discoveries and
research on retina health based on the sensing and signaling of essential amino acids.

Keywords: retinopathy; branched-chain amino acids; metabolomics; neuroprotection; oxidative
stress; inflammatory; glutamate toxicity

1. Introduction

The latest Global Burden of Disease study reported that there were 43.3 million
blind people in the world in 2020: 295 million people suffered moderate and severe
vision impairment and 258 million people had mild vision impairment. By 2050, there are
expected to be approximately 90% more people with vision impairment and 50% more
blind people [1]. Retinopathy, as one of the leading diseases causing visual impairment and
blindness, includes diabetic retinopathy (DR), age-related macular degeneration (AMD),
and many other retinal diseases [2,3]. It has become a national and even an international
issue with unmet strategies and treatments.

DR is the leading cause of blindness in working-age adults [4]. It is clinically di-
vided into non-proliferative DR (NPDR) and proliferative DR (PDR), which is based on
the emergence of neovascularization. According to reports, vascular endothelial growth
factor (VEGF) promotes neovascularization and regulates the pathophysiology of PDR [5,6].
However, using anti-VEGF drugs as a mainstream treatment method has many shortcom-
ings [7]. More importantly, there is still a lack of treatment for NPDR. In terms of AMD,
it is an aging change in the structure of the macular region, which has been the primary
cause of vision decline and blindness in the elderly [8,9]. There are generally two types
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of AMD: dry-AMD and wet-AMD. The former is characterized by focal yellow extracel-
lular deposits, whereas the latter is characterized by neovascularization [10]. Although
dry-AMD accounts for almost 80-85% of all AMD patients, there is no effective treatment
at present [11]. Current retinopathy treatments are limited for neovascularization, mainly
including laser photocoagulation, vitrectomy, and anti-VEGF therapy [12]. New treatment
modalities and therapeutic targets are urgently needed.

Nutrients from food are of great significance in the pathogenesis and pathophysiology
of retinopathy. Amino acids are reported to be related to retinal diseases [13]. As spe-
cific types of amino acids, branched-chain amino acids (BCAAs) are composed of leucine,
isoleucine, and valine. BCAAs account for about 35% of the essential amino acids in mam-
mals, although they cannot be synthesized [14]. BCAAs are also relatively ample in the
food supplement, comprising approximately 20% of protein intake. BCAAs play important
roles in protein synthesis, energy production, inflammation, oxidative stress, and glucose
metabolism in the metabolic tissues of diabetes and aging-related diseases [15-17]. Cur-
rently, BCAA metabolism and retinopathy have been linked in numerous studies [18-20].
In this review, we intend to summarize the metabolism of BCAAs, the changes in BCAA
levels in retinopathy, especially DR and AMD, and the genetics, functions, and mechanisms
of BCAAs in the retina.

2. BCAA Metabolism Process

The metabolism process of BCAAs is similar for all life forms, as shown in Figure 1.
In mammals, BCAAs initially form branched a-ketoic acids (BCKAs) under the action
of transamination by branched-chain amino transferases (BCATs) [21]. To be specific,
leucine is converted to «-ketoisocaproic acid (KIC), isoleucine to x-ketomethylvaleric acid
(KMYV), and valine to a-ketoisovaleric acid (KIV). The most common nitrogen receptor is
a-ketoglutaric acid («KG), which produces glutamate [22]. The reaction is fast and has low
variation in free energy, so it may be in equilibrium in most cases. BCAT is encoded by two
genes: BCAT1 (or BCATc) encodes cytoplasmic proteins that are expressed primarily in the
brain, while BCAT2 (or BCATm) encodes mitochondrial proteins and is widely expressed
in various tissues [22,23]. Another enzyme that plays a vital role in BCAA metabolism is
the branched amino acid dehydrogenase (BCKDH) complex. As a rate-limiting enzyme
of BCAA catabolism, BCKDH is also a key factor in maintaining BCAA homeostasis, and
it is present on the mitochondrial inner membrane. Under the catalysis of the BCKDH
complex, BCKAs are irreversibly oxidized and decarboxylated, in which CO; is released
and coenzyme A (CoA) is covalently added to the oxidized BCKA products [24]. BCKDH is
decarboxylated to form the corresponding branched acyl CoA derivatives. Eventually, part
of the BCAA carbon is lost in the form of CO,, and the other part enters the tricarboxylic
acid cycle (TCA cycle) [25]. In addition, BCKDH kinase (BCKDK) or phosphatase (PPM1K),
as a key regulatory factor, participates in BCAA metabolism by inhibiting or promoting the
activity of BCKDH.
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Figure 1. Regulatory factors involved in BCAA catabolism. BCAAs are transported to the cytoplasm
by the transporter LAT, then transaminated by BCATc to form BCKA or further transported into
mitochondrion by SLC25A44. In the mitochondrion, BCKDK inhibits the activity of BCKDH by
phosphorylation, while PPM1K promotes BCKDH activity by dephosphorylation. Eventually, the
carbon in BCAAs ends up as CO, or metabolites in the tricarboxylic acid cycle (TCA cycle).

3. The Alterations of BCAAs in Retinopathy

Metabolomics is capable of simultaneously identifying and quantifying metabolites in
tissues and biofluids [26,27]. The metabolomic analysis elucidates crucial scientific issues re-
lated to cell metabolism through the description and characterization of different substrate
molecules and then recognizes the pathological processes of diseases via the networks
of metabolic profiles [28]. There have been numerous studies applying metabolomics to
retinopathy in recent years. Relevant articles were retrieved through searching with the fol-
lowing keywords: (“Branched-chain amino acids” or “Leucine” or “Isoleucine” or “Valine”
or “metabolomics”) AND “retina” or “retinopathy” in PubMed before 24 February 2023.
Finally, we analyzed nineteen original articles and summarized the species, samples, sub-
jects, platforms, criteria and BCAA levels in these articles (Table 1).

As shown in Table 1, there are mainly three metabolomics analysis platform methods
being used to analyze the alteration of BCAAs in retinopathy, namely, nuclear magnetic
resonance (NMR) spectroscopy, mass spectrometry (MS), and high-performance liquid
chromatography (HPLC) [29-31]. To solve the problem of relatively low identification
of different metabolites in complex samples, NMR is used in conjunction with different
techniques, such as liquid chromatography-MS (LC-MS) and gas chromatography-MS
(GC-MS) [32]. Additionally, Frayser et al. [29] and Valle et al. [30] measured BCAA levels
using the Beckman Model 121 amino acid analyzer and the Technicon amino acid analyzer,
respectively. Masser et al. [31] used a spectrophotometric method to detect BCAA levels.
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Various biological samples of retinopathy have been widely detected via metabolomics.
In the analysis of studied species, seven of them were from human samples, including
plasma and intraocular fluids (subretinal fluid and vitreous); twelve of them were from
rodent models, including six from the plasma, retina, and retinal pigment epithelium cells
(RPE)/choroid of mice and six from the serum, plasma, retina, vitreous and RPE/choroid
of rats, as shown in Table 1. Samples in the remaining study were vitreous humor from
pigs. The different samples used for metabolomics analysis had their own characteristics
and advantages. Blood was readily available and sampling was minimally invasive to
the patient among all clinical samples, therefore serum and plasma were widely used in
metabolomics [33]. Serum and plasma can be divided because they are different when it
comes to the presence of clotting factors [34]. Intraocular metabolic variations are directly
reflected by eye fluids such as vitreous humor and aqueous humor. Located in the posterior
section of the eyeball and being the largest structure of the eye, the vitreous is between the
retina and the lens. The vitreous is considered a critical structure in ocular diseases such as
macular hole formation and the pathogenesis of retinal detachment [35].

BCAA levels were changed in the retinopathy patient’s subretinal fluid (SRF), vitreous,
and plasma, as shown in Table 1. Yalcinbayir et al. [36] collected the SRF from patients with
rhegmatogenous retinal detachment (RRD) and detected variations in amino acid levels
in the SRF. Results showed that the concentrations of BCAAs were decreased. Similarly,
the concentrations of amino acids were detected in the subretinal and vitreous fluid of
primary RRD patients. Compared to control vitreous, BCAA levels were significantly
lower in the SRF of RRD patients [37]. Vitreous samples were collected from twenty-
eight patients of type 2 diabetes (T2D) with PDR and twenty-two non-diabetic patients
with macular hole. GC-TOFMS was used to discern potential metabolite markers for DR.
Results showed that fifteen different metabolites were found in the vitreous, for example,
increased levels of BCAAs [38]. Xuan et al. [39] established reliable biomarker models
by exploring the abnormal metabolism pathway function of DR as compared with NDR.
Their results showed that the levels of leucine, isoleucine, and valine in BCAA metabolism
were enhanced in the serum of DR patients. In an analysis of the relationship between
metabolite levels of plasma and dark adaptation in AMD, Mendez et al. [40] revealed that
BCAA metabolism was associated with rod-intercept time, one measure of dark adaptation.
Moreover, Valle et al. [30] found that the levels of BCAAs were diminished in the plasma
of four patients with gyrate atrophy (GA) of the choroid and retina. Metabolomics of the
plasma from nineteen patients with DR and fourteen controls indicated that BCAA levels
were enhanced in the plasma of DR patients, but not significantly [41].

BCAAs were significantly increased in the retinas of DR mice [18,19], DR rats [20,29,42],
oxygen-induced retinopathy (OIR) mice [43], and AMD mice [44]. Moreover, leucine and
isoleucine were increased in the retina and decreased in the vitreous and RPE/choroid of
CNV rats, an AMD model [45]. Xu et al. [46] found leucine and isoleucine were highly
enriched in the retina and RPE/choroid, while valine represented a much lower percentage.
Consuming more leucine than RPE, the retina showed a low leucine catabolizing level.
Leucine also increased the abundance of multiple other amino acids in the RPE/choroid. Ex-
cept for the retina, BCAAs were significantly increased in the serum [31,47] and plasma [29]
of DR rats. Elmi et al. [48] collected vitreous humor from pigs treated with iodoacetic
acid (IAA), the porcine model of photoreceptor degeneration. Their results showed that
BCAAs were decreased in the vitreous humor in the IAA group, compared to physiological
conditions. It was found that BCAA levels were significantly enhanced in human retinal
Miiller cells cultured after treatment with high glucose.

The above studies found that BCAA levels were altered in variant retinopathy condi-
tions. BCAAs were generally increased in the DR (patients, mice, and rats), AMD (mice,
and rats), OIR (mice), and RRD (patients) models, as well as human retina Miiller cells with
high glucose. BCAAs were reduced in the patients with GA and the pig with photoreceptor
degeneration. The reason for this difference may be related to the pathogenesis and process
of the disease and still needs to be explored.
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Table 1. Summary of BCAAs in retinopathy based on metabolomics studies.

Species Samples Subjects Platforms Criteria Differential Metabolites References
SRF and vitreous 46 RRD/7 controls HPLC p<0.05 J Leucine, Isoleucine, Valine Yalcinbayir et al. (2014) [36]
SRF and vitreous 20 SRF and SC\/;:& (;11185/10 Vitreous HPLC p<0.01 } Leucine, Isoleucine, Valine Bertram et al. (2008) [37]
Human Vitreous 28 PDR/22 controls GC-TOFMS p <0.01 T L'Le“C‘“E:VL;EZI”Ie“C‘“E' Wang et al. (2020) [38]
105 NDR, 103 NPDR, . . .
Plasma 103 MNPDR, 113 SNPDR, and 20 PDR GC-MS, LC-MS p<0.05 1 Leucine, Isoleucine, Valine Xuan et al. (2020) [39]
Plasma 19 DR/14 controls NMR p<0.05 1 Leucine Lin et al. (2019) [41]
Plasma 4 GA /22 controls Technicon amino acid analyzer p <0.05 } Leucine, Isoleucine, Valine Valle et al. (1980) [30]
Plasma 53 AMD/18 controls UHPLC-MS p<0.01 1 Leucine, Isoleucine Mendez et al. (2021) [40]
Retina 10 OIR/10 controls HPLC-MS/MS p<0.01 P17: 1 Leucine, Isoleucine, L-Valine Zhou et al. (2021) [43]
. . UHPLC-MS/MS, . .
Retina 6 DR mice/9 controls GC-MS p <0.05 1 Leucine, Isoleucine Wang et al. (2022) [18]
Mice I;{l:;?; DR mice/controls UHPLC-MS/MS p<0.05 1 Leucine, Isoleucine, L-Valine Gong et al. (2022) [19]
Retina . 1 Leucine, Isoleucine . »
Plasma 6 AMD mice/6 controls LC-MS VIP > 1 + Leucine, Isoleucine, Valine Natoli et al. (2018) [44]
RP]?/ect;:)ioi d GC-MS p <0.05 Leucine, Isoleucine, Valine Xu et al. (2020) [46]
Retina DR rats/controls HPLC p <0.05 1 Leucine, Isoleucine, Valine Gowda et al. (2011) [42]
Retina DR rats/controls HPLC p<0.01 1 Leucine, Isoleucine, Valine Ola MS et al. (2019) [20]
Retina 6 DR rats/4 controls Beckman Model 121 amino acid p<0.01 1 Leucine, Isoleucine, Valine Frayser et al. (1978) [29]
Plasma analyzer
Rats Retina 1 Leucylleucine, Isoleucylisoleucine
Vitreous 7 AMD rat/6 controls UHPLC-MS/MS p <0.05 | L-Leucine, Isoleucine Wei et al. (2022) [45]
RPE/choroid } L-Leucine, Leucyll'eucme,
Isoleucylisoleucine
Serum DR rats/controls Spectrophotometric p<0.05 1 Leucine, Isoleucine, Valine Masser et al. (2014) [31]
Serum DR rats/controls p <0.05 1 Leucine, Isoleucine, Valine Gibson et al. (1988) [47]
Pig VH 13 treated with IAA /17 controls 1H NMR p<0.01 } Leucine, Isoleucine, Valine Elmi et al. (2019) [48]
Human cell Human retinal Miiller cell Miiller cell with HG or NG UHPLC-MS/MS p<0.05 1 Leucine, Isoleucine, Valine Gong et al. (2022) [19]

SRE, subretinal fibrosis; RPE, retinal pigment epithelium cells; RRD, rhegmatogenous retinal detachment; DR, diabetic retinopathy; PDR, proliferative DR; NPDR, non-proliferative
DR; MNPDR, moderate non-proliferative DR; SNPDR, severe non-proliferative DR; GA, gyrate atrophy of the choroid and retina; AMD, age-related macular degeneration; OIR,
oxygen-induced retinopathy; IAA, iodoacetic acid; HPLC, high-performance liquid chromatographic; GC-TOFMS, gas chromatography coupled with time-of-flight mass spectrometry;
NMR, nuclear magnetic resonance; UHPLC-MS, ultra-high-performance liquid chromatography-mass spectrometry; HPLC-MS, high-performance liquid chromatography—mass
spectrometry; GC-MS, gas chromatography-mass spectrometry; LC-MS, liquid chromatography-mass spectrometry; LC, liquid chromatography; 1H-NMR, 1H Nuclear Magnetic
Resonance; p17, mice harvested at seventeen days after birth. 1, increased; |, decreased.



Nutrients 2023, 15, 2161

6of 17

Q‘- Food

4. Biological Functions of BCAAs in the Retina and Other Major Tissues

BCAAs perform multiple functions in metabolic tissues, including adipose tissue, the
liver, and muscle as well as the retina. BCAAs in the retina are mainly absorbed from the
small intestine and then transaminated in skeletal muscle, which is the main organ with
high activity of BCAT for BCAA metabolism. Oxidative decarboxylation of BCAAs occurs
in the liver with the highest BCKDH activity, the heart with higher BCAT activity, and
adipose tissue [15,25,49]. Hence, we summarized the biological functions and mechanism
of BCAAs in the retina and crucial tissues, such as muscle, liver, and adipose, which may
be more conducive to further exploring other functions of BCAAs in the retina (Figure 2).
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Figure 2. The roles of BCAAs in the retina and other major metabolic tissues. BCAAs from protein
diets are absorbed by the intestine and exert crucial functions in the retina and tissues, such as liver,
muscle, and adipose tissue. The functions of BCAAs in the retina include regulation of glutamate
excitatory toxicity, neuroprotection, oxidative stress, and inflammation. In addition, BCAAs, as
critical nutrient substances and signaling molecules, are also involved in the regulation of protein
synthesis, glucose metabolism, insulin resistance, and energy expenditure.

4.1. Regulation of the Excitatory Toxicity of Glutamate

Excitatory toxicity mainly refers to the toxic effects of excitatory neurotransmitter
glutamate. Long-term activation of glutamate receptors will lead to a series of neuro-
toxicity, eventually leading to cell death and the loss of neuron function. As the most
abundant amino acid in the central nervous system, glutamate acts as a major excitatory
neurotransmitter [50]. Excessive glutamate overstimulates glutaminergic receptors, such
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as n-methyl-D-aspartic acid and x-amino-3-hydroxy-5-methyl-4-isooxazopropionic acid
receptors, and leads to excitatory toxicity. As a result, glutamate removal mechanisms are
vital in maintaining the neuron survival of the central nervous system.

BCAAs participate in de novo synthesis of glutamate and determine the maintenance
of glutamate levels in the brain, in addition to the glutamine/glutamate cycle [51]. Elevated
levels of BCAAs measured in diabetic retinas may lead to increasing glutamate neurotoxic
levels through transamination of citric acid (TCA) cycle intermediates. Ola et al. [20] found
that excessive BCAAs in retinal Miiller cells of diabetic rats led to increased glutamate
levels and induced glutamate excitatory toxicity. This result may also be due to increased
levels of circulating BCAAs. Contrusciere et al. [52] found that valine and the mixture of
BCAAs significantly increased glutamate excitatory toxicity in cortical neurons and was
toxic to neurons in the absence of any additional stimulus. This result also suggests that
valine, as a major BCAA in glutamate synthesis, may contribute to excitatory toxicity by
increasing glutamate availability. In addition, diabetes causes alterations in glutamate
metabolism in the retina and may participate in neurodegeneration, especially through
glutamate excitotoxicity.

4.2. Neuroprotection

In addition to excessive BCAAs causing glutamate excitatory toxicity, conversely,
BCAA supplements play a neuroprotective role in some diseases. Wang et al. [53] found
that BCAA supplements enhanced the survival and axon regeneration of retinal ganglion
cells in the optic nerve transverse injury model by activating the mTOR pathway. Further
study indicated that BCAA supplements mitigated photoreceptor cell death in retinitis
pigmentosa, inhibited RGC death, and promoted axon regeneration through promoting
ATP production in glaucoma [54].

BCAAs also have a beneficial effect on traumatic brain injury (TBI) in animals and
humans. Cole et al. [55] demonstrated that providing BCAAs in drinking water after
TBI improved cognitive function as compared to untreated TBI mice. BCAA levels were
significantly lower in TBI patients and were correlated with the severity of TBI [56]. BCAAs
may affect cognitive recovery by increasing insulin levels and brain energy production.
Increased brain energy availability can restore ionic homeostasis, reduce membrane de-
polarization and neuronal injury in ischemic regions [57,58]. In conclusion, the potential
neuroprotective effects of BCAAs may come from a variety of reasons, including buffering
toxic levels of glutamate, increasing glucose uptake and energy production, as well as
activating mTOR.

4.3. Oxidative Stress

When organisms are exposed to biological and abiotic stressors such as hypoxia,
an imbalance between oxidation and antioxidant occurs [59]. Oxidative stress is mainly
characterized by elevated reactive oxygen species (ROS) levels. Excessive ROS results in
morphological damage and functional weakening of DNA, protein, as well as lipids [60].
The retinal metabolism is active enough to maintain normal physiological functions; there-
fore, the retina produces more ROS by consuming a lot of oxygen. Under physiological
conditions, appropriate ROS is beneficial to signal transduction in the retina [61]. However,
overproduction of ROS is involved in the occurrence of DR [62] and AMD [63] by causing
disturbances in cellular structure and function.

Ola et al. [20] used a new method for ROS measurement by injecting a fluorogenic
marker into the eye cavities. ROS levels in the retina were measured 6 h after injection.
Compared to the control rats, the ROS level was increased to almost 55% in the retinas
of STZ-induced diabetic rats, and BCAA levels were also increased. BCATc inhibitor
Gabapentin reduced the increasing level of BCAAs and decreased ROS levels to near
control levels in the retinas of diabetic rats [20]. Excessive BCAA metabolism may lead
to increased ROS production, resulting in RPE degeneration and AMD development. It
has been reported that levels of isoleucine and leucine were dramatically enhanced in the
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retinas of leptin-deficient ob/ob mice. The ROS number was significantly increased by 70%,
and levels of crucial oxidative stress genes were altered, including increasing H,O, and
glutathione peroxidase-3, as well as decreasing heme oxygenase-1. These results suggested
that elevated oxidative stress in the ob/ob retina is associated with changes in metabolites
such as BCAAs [44].

Moreover, BCATc inhibitor improved mitochondrial ROS production and mitochondrial
membrane disruption, then participated in the occurrence and deterioration of non-alcoholic
fatty liver disease [64]. BCAA metabolism can alleviate high-fat diet-induced oxidative stress
and inflammation in the process of metabolic disorder [65]. BCAA treatment significantly
increased levels of myocardial injury markers such as c-reactive protein and myocardial
troponin in the heart. BCAAs also promoted the production of ROS and decreased the activity
of superoxide dismutase. These results indicated that BCAA treatment resulted in myocardial
injury through upregulation of ROS production [66]. Zhenyukh et al. [67] found that BCAAs
increased the expression of genes associated with antioxidant defense, such as SOD1, SOD2,
CAT, and GPx1. An in vitro study reported that BCAAs promoted oxidative stress and the
proinflammatory state of peripheral blood mononuclear cells in healthy donors through
NADPH oxidase and mitochondrial communication [67].

4.4. Inflammation

Inflammation is an integrative series of physiological responses to foreign organisms
such as dust particles, human pathogens, and viruses. There are many molecules involved
in systemic inflammation that act as inflammatory markers, such as c-reactive protein
and soluble intercellular adhesion molecule-1 [68]. Studies have shown that inflammation
is a contributing regulatory factor involved in the development of both DR and AMD.
Miiller cells and astrocytes in the retina are involved in amplifying inflammatory responses
by producing proinflammatory cytokines [69]. Levels of inflammatory factors, including
IL-1B, IL-6, IL-8, TNF-«, and monocyte chemoattractant protein-1, were elevated in the
ocular tissues of NPDR patients, especially IL-8 and TNF-«, compared with active PDR
patients [70]. Complement components C3a and Cb5a are part of the drusen of AMD patients.
Nozaki et al. [71] found that C3a and C5a were located in the drusen, RPE cells, as well
as the Bruch membrane in AMD patients, which suggested complement activation in the
development of AMD.

Gong et al. [19] found that BCAA-mediated mTOR signaling leads to inflammation
during DR development. Levels of BCAAs and BCKA were increased in the retinas of
db/db mice, with hyperglycemic time ranging from 4 to 12 weeks. Expressions of TNF-
o, IL-6, intercellular adhesion molecule-1, and VEGF were promoted, and the mTOR
pathway was activated when BCAAs accumulated. In the outer retinas of the ob/ob mice,
there are distribution changes of C3-expression microglia and macrophages and enhancive
complement activators C2 and Cfb, as well as a decreasing complement regulator Cth. This
study linked inflammation, complement activation, and BCAA metabolites in the retina
of ob/ob mice. Understanding the relationship among these components in the retina
contributes to the risk factor analysis of retinal degenerations [44].

According to a large cross-sectional study, higher circulating BCAA levels are related
to the inflammatory markers above [68], and results from the individual BCAAs isoleucine,
leucine, and valine showed a similar tendency to total BCAAs. Moreover, several studies
explored the relationship between inflammation and circulating BCAA metabolites in
humans [72,73]. A study containing 286 Finnish twins reported that the high sensitivity
c-reactive protein levels were associated with leucine and isoleucine, but not valine [72].
However, there was no significant association between a high sensitivity c-reactive protein
and serum BCAAs after the modulation of influencing factors including age, sex, smoking,
and alcohol consumption in 611 Chinese adults [73]. This result could be due to the diverse
ages of the participants and the lack of exclusion of prevalent T2D at blood draw.

BCAAs are also connected with neuroinflammation, referring to the natural immune
response of the central nervous system. Associated molecular features of neuroinflamma-
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tion include epigenetic mechanisms, synaptic plasticity deficits, decreased hippocampal
neurogenesis, as well as altered expression of memory-related genes [74,75]. Persistent
neuroinflammation is widely associated with neurodegenerative diseases. Existing studies
have found that high doses of BCAAs changed the inflammatory profile in mixed glial cell
cultures, the cerebral cortex, and hippocampus of rats [76,77]. BCAA supplements reduced
the increasing IL-13 immunoreactivity caused by a high-fat diet in the hippocampus and
affected astrocyte morphology, suggesting that BCAAs are involved in the regulation of
obesity-induced neuroinflammatory responses [78].

4.5. Other Functions

The above functions are common in the retina and peripheral tissues. There are still
some regulatory functions that are common in tissues but rarely reported in the retina. This
may be related to the specific distribution of BCAA metabolic enzymes and key factors
regulating function in tissues. Leucine participates in promoting muscle protein synthe-
sis through activating mTOR and then regulating the phosphorylation of p70S6K and
4E-BP1 [79]. In the skeletal muscles, the optimal BCAAs ratio in a restricted protein diet
promotes the level of uncoupling protein-3. Associated with glucose metabolism, uncou-
pling protein-3 abundance can regulate glucose uptake by regulating glucose transporter
4 (GLUT4) translocation [80]. The PI3K-AKT pathway that is also activated by BCAAs is
then involved in regulating glucose metabolism [81].

Insulin is necessary to maintain glucose homeostasis. Dietary leucine supplements
in drinking water were found to improve glucose tolerance and insulin sensitivity by
decreasing tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1) and decreasing
insulin-stimulated serine phosphorylation of AKT then reducing hepatic steatosis [82].
On the other hand, giving BCAA mixtures to rats with a high-fat diet increased insulin
resistance, which resulted from the activation of the mTOR/p70S6K pathway and phos-
phorylation of IRS1 on multiple serines [83]. White et al. [84] also showed that BCAA diet
restriction recovers muscle insulin sensitivity in Zucker obese rats.

5. Mechanisms Responsible for Regulation of BCAA Catabolism and BCAA Function

BCAAs are widely used as dietary supplements to perform various functions. How-
ever, the mechanisms by which BCAAs play a role in diverse diseases are different. There-
fore, this section sorted out and summarized the regulatory factors of BCAA metabolism
and the downstream pathways regulated by BCAAs. BCAA accumulation is not only
due to the changes in metabolic enzymes but may also be caused by the differences in
other molecules, such as BCKDK, PPM1K, AMP-activated protein kinase (AMPK), and
sodium-dependent glucose transporter 2 (SGLT2) inhibitor. BCAAs also perform a va-
riety of biological functions by regulating downstream pathways including PI3K-AKT
and mTOR.

5.1. Mechanisms Responsible for Regulation of BCAA Catabolism
5.1.1. BCKDK

BCKDK inhibits BCKDH activity by the phosphorylation of three residues of BCKDHA.
Conversely, BDKDK is negatively regulated by «-ketoacid, resulting in increased activation
of BCKDH [85]. Tso et al. [86] found that KIC inhibits the activity of BCKDK by binding to
an allosteric binding site of BCKDK. Increased BCKDH activity results in a reduction of
BCAA concentration in the plasma with the presence of KIC in vivo [86]. BCKDK exerts
a vital role in many serious diseases such as DR [19], maple syrup urine disease (MSUD),
and obesity [87]. Using the analysis of whole exome-sequencing, the p.His162GIn variant
of BCKDK was found in neonatal screening, showing a biochemical phenotype of mild
MSUD. The mutation contributed to BCKDK activation by causing the conformational dif-
ference of BCKDK protein and decreasing the effect of inhibitors on BCKDK. Activation of
BCKDK caused by the mutation resulted in inactivation of BCKDC and enhancive plasmatic
BCAA levels [88].
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5.1.2. PPMIK

PPM1K is located at position 4q22.1 on chromosome 4 and results in a transcript of
1941 bp. Protein phosphatase 2Cm (PP2Cm) encoded by PPM1K can mediate the BCAA
catabolism defect in diabetes [65]. PPM1K activates BCKDH by dephosphorylation of the
Elo subunit and regulates BCAA metabolism. The inactivity of the BCKDH complex is
closely related to the occurrence of the disease and is the main cause of autosomal recessive
genetic disease MSUD. SNP array-based genotyping showed a loss of heterozygosity on
chromosome 4 in patients with mild variant MSUD. PPM1K was selected for analysis and
might be associated with the phenotype of patients. In the PPM1K (NM_152542.3) coding
region, there was a homozygous c.417_418delTA change identified by Sanger sequencing.
This mutation may result in the production of non-functional protein [89].

Higher BCAA levels in circulation are strongly responsible for a higher T2D risk [90,91].
According to genome-wide studies of BCAA levels, there were five genomic regions
associated with BCAA level, of which significance with 21 kb upstream of the PPM1K was
the strongest signal [90]. BCAAs are closely associated with SNPs rs1440581 and rs7678928
at the PPM1K locus; however, these two SNPs were in linkage disequilibrium with the
rs1975393 in T2D [90]. In another study, Xuan et al. [91] found that the C-allele in rs1440581
was related to an increasing risk of T2D after adjustments for the confounder, according
to logistic regression analyses. Rs1440581 significantly altered the influences of weight
gain on increased fasting serum insulin and HOMA-IR, a homeostasis model evaluation
indicator of insulin resistance. These results demonstrated that variant rs1440581 was
relevant to a high risk of incident T2D and might modify the action of weight gain on
insulin resistance [91].

5.1.3. AMPK

As a crucial metabolic sensor, AMPK regulates energy homeostasis with the detec-
tion of changes in energy state. AMPK also can activate numerous targets coordinating
changes in the production of energy. Upregulation of AMPK prevented various eye dis-
eases, including DR, AMD, cataracts, and optic neuritis [92]. It has been reported that
AMPK stimulation delays the photoreceptor degeneration induced by diabetes, with the
regulation of the autophagy-related proteins LC3 and p62 expression. This process im-
proves mitochondrion-related gene expression, membrane potential, and morphological
abnormalities [92].

Exercise can lead to increased BCAA metabolism in skeletal muscle by activating
AMPK [93]. AMPK regulates BCAA metabolism by increasing PPM1K and decreasing
BCKDK expression, which will activate BCKDH and increase the flow of BCAAs to the
TCA cycle [94]. Treatment of diabetic mice with pAMPK activator AICAR led to increased
BCKDH activity, as well as decreased levels of BCAAs and BCKDK. Studies have shown
that AICAR-mediated AMPK activation induces changes in the BCAA catabolic enzyme
expression, playing a crucial role in enhancing BCAA metabolism in diabetic mice [94]. The
expression of metabolic gene PGC-1x was decreased in diabetic patients and involved in
regulating mitochondrial biogenesis and cell metabolism [95]. AMPK regulates PGC-1c ac-
tivity through phosphorylation, and AICAR plays a regulatory role in a PGClx-dependent
manner, including stimulating pAMPK activation and mitochondrial biogenesis [96]. Exces-
sive expression of PGC-1« in the skeletal muscle of mice led to increased BCAA metabolism
and decreased BCAA levels by regulating BCKDH and BCAT [97,98]. Based on the above
studies, AMPK activation directly induced the expression of PGC-1a and promoted the
levels of BCAA catabolic enzyme regulated by PGC-1«.

5.1.4. SGLT2 Inhibitor and L-Type Amino Acid Transporter (LAT1)

Gong et al. [19] found that SGLT2 inhibitor EMPA regulated the metabolic process of
BCAAs. EMPA decreased the abnormal accumulation of BCAAs and BCKA, and decreased
the level of BCKDK, while promoting the increase in BCKDH in the db/db retina. EMPA
also led to inhibition of mTOR, downregulation of inflammation and angiogenesis factors,
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for example, IL-6, TNF-a, VCAM-1, as well as VEGF. BCA As have difficulty entering the
retina because of the existence of the blood-retinal barrier, which is important in main-
taining the homeostatic microenvironment in the retina. The sodium-independent LAT1,
as a large neutral amino acid (LNAA) transporter, is responsible for the transportation
of BCAAs across the blood-retinal barrier [99,100], suggesting that LAT1 may be closely
related to BCAA intake in the retina. Gong et al. [19] also found that LAT1 is expressed in
the nerve fiber layer, ganglion cell layer, inner and outer plexiform layer, and RPE layers of
the retina. Furthermore, elevated LAT1 expression was inhibited by EMPA. In conclusion,
EMPA improves DR performance by regulating the normalization of intake and catabolism
of BCAAs [19].

5.2. Mechanisms of BCAA Function
5.2.1. PI3K-Akt Pathway

PI3K activates phosphoinositide-dependent kinase and atypical protein kinase C, then
participates in glucose uptake via GLUT [101] as well as glycogen synthesis [102]. PDK
activates the downstream effectors GLUT4, mTOR, and phosphodiesterase 3B by activating
Akt, which is closely associated with subsequent glucose uptake, protein synthesis, and
lipid inhibition [103]. The PI3K/ Akt pathway participates in the pathogenesis of retinopa-
thy, especially in DR and AMD, and can protect retinal photoreceptor cells and RPE from
oxidative stress and inflammation mediated by high glucose in the DR model [104,105].

BCAAs have been demonstrated to regulate the PI3K/Akt pathway and elicit a variety
of biological functions. Porcine jejunal epithelial cells were added to different concentrations
of leucine, isoleucine, or valine; the results indicated that leucine treatment promoted the
phosphorylation level of Akt in 5 min, and its level was higher at 40 and 60 min. The
PI3K/ Akt pathway was activated by the leucine treatment then regulated the expressions of
peptide transporters and amino acids in the intestine [106]. BCAA deprivation also caused
significant Akt activation by phosphorylating sites Ser473 or Thr308. Transcription factor
KLF15 expression was promoted by BCAA starvation and Akt activation. KLF15 is a major
regulate factor of the amino acid, glycemic, and lipid metabolism. These results indicated
the role of BCAAs in metabolic regulation by regulating the PI3K/ Akt pathway [107].

5.2.2. mTOR Pathway

Amino acids play vital roles in cell physiology and disease. There are two main amino
acid-sensing pathways, mTOR and nonderepressible 2 kinase (GCN2), to deal with their
adequacy [108]. Uncharged tRNA activated GCN2 in conditions with limited amino acids
and BCAA starvation. The eukaryotic translation initiation factor 2 subunit « was then
activated by GCN2 through phosphorylation and subsequently inhibited protein synthesis
as well as liver lipogenesis [109].

As a conservative protein kinase, mTOR is the main regulator of cell metabolism
and responds to nutrients levels. The two protein forms, mMTORC1 and mTORC2, are
structurally and functionally different complexes [110]. mTORC1 performs a variety of
biological functions including regulating autophagy and promoting protein synthesis.
As a regulator of the insulin-related PI3K-Akt pathway, mTORC2 can respond to the
growth factor signaling pathway by phosphorylating Akt [111]. Multiple crucial biological
processes were closely associated with the mTOR signaling pathway, including autophagy,
ribosome biogenesis, mitogenic signals, oxygen levels, cell growth and proliferation, energy
status, and growth factors [112]. mTOR disorders have been identified in many diseases,
including AMD, DR, retinitis pigmentosa, traumatic optic neuropathy, and glaucoma. Avet-
Rochex et al. [113] found that the development of the retina and optic nerve in Drosophila
is mainly regulated by mTOR pathway activity via influencing neurogenesis. Moreover,
RGC differentiation in human or rat models was also temporally correlated with mTOR
pathway activity [114]. mTOR also functions in vascular development through VEGF
expression mediated by HIF-1¢; this process can be delayed by inhibiting the mTORC1
disruption [115].
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Recent studies have reported that BCAAs, especially leucine, exert a primary role in
mTORCI activation. Sestrin2 was identified as a leucine sensor for the mTORC1 signal
pathway in cytoplasm [116]. Sestrin2 can bind to leucine and then be released from a
complex with a GTPase-activating protein 2 (GATOR2), which activates mTORC1 as a
positive regulator. GATOR? interacts with GATOR1 on the lysosomal membrane, which
activates a complex of Rag guanosine triphosphatases (GTPases) [117]. The process of
GTP-RagA /B binding to mTOR regulatory-related proteins contributes to the mTORC1
translocation to the lysosome. The activated GTP-binding protein promotes the mTORC1
kinase activity in the lysosome [118]. mTORC1 activity is required for BCAA-induced
protein anabolic signaling in the rodent, since the inhibitor of mTOR prevents leucine-
induced increases in the phosphorylation of p70S6K and 4E-BP1 [119].

5.2.3. Other Pathways

Excepting the PI3K-AKT and mTOR pathways mentioned above, it has been shown
that BCAAs activate the NF-kB pathway then promote release of TNF-« and IL-6 in
peripheral blood mononuclear cells [67]. The cGAS-STING pathway may also play a role in
this process by promoting the NF-kB response [120]. Dietary L-isoleucine supplementation
decreased the proportion of immune cells and reduced expressions of proinflammatory
cytokines and levels of TLR4, MyD88, NF-kB in the colon. Results indicated that dietary
supplementation with L-isoleucine participated in inhibiting inflammation in rats through
regulating the TLR4/MyD88/NF-kB pathway, including amelioration of growth retardation
induced by DSS and decreased colon injury [121]. BCAA treatment increased ileal f3-
defensins expression in weaned piglets, possibly through activating the Sirtl /ERK/90RSK
signaling pathway. This result showed that BCAAs are also closely responsible for intestinal
functions [122]. SLC25A44, a member of the mitochondrial membrane transporter family,
was identified as the BCAA transporter in mitochondrial membranes [123]. BCAAs in
the mitochondrion were used for thermogenesis in brown adipose tissue under cold
environments. The active BCAA catabolism in brown adipose tissue was mediated by
SLC25A44 and significantly affected thermogenic activity, energy expenditure, and overall
metabolic health [124].

6. Conclusions

In recent years, BCAAs have been shown to be highly related to retinopathy, especially
DR and AMD. We summarized the alterations in the metabolic differences of BCAAs in
retinopathy to gain insight into the role of BCAAs in the retina. In addition, we included
the functions and mechanisms of BCAAs in other metabolic tissues for reference, including
muscle, liver, and adipose tissues. The BCAA metabolism is mainly controlled by upstream
regulators such as BCKDK and PPM1K. BCA As mainly stimulate the mTOR and PI3K-AKT
signaling pathways to perform oxidative stress, inflammation, neuroprotection, and glucol-
ipid metabolism in multiple metabolic tissues, which provides new ideas for exploring the
roles and mechanisms of BCAAs in the retina. However, the currently available data are
still limited to explaining how BCAA levels in other tissues or circulation contribute to the
function of BCAAs in the retina. Therefore, studying the BCAA metabolism in different
tissues will provide a better understanding of the future interaction of the tissue-retina axis.
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