Received: 21 February 2022 | Revised: 13 April 2022

Accepted: 21 April 2022

DOI: 10.1111/acel.13626

REVIEW ARTICLE

Aging WILEY

Protein restriction and branched-chain amino acid restriction
promote geroprotective shifts in metabolism

Michaela E. Trautman®??

1Department of Medicine, University of
Wisconsin-Madison, Madison, Wisconsin,
USA

2William S. Middleton Memorial Veterans
Hospital, Madison, Wisconsin, USA

SInterdepartmental Graduate Program

in Nutritional Sciences, University of
Wisconsin-Madison, Madison, Wisconsin,
USA

4Endocrinology and Reproductive
Physiology Graduate Training Program,
University of Wisconsin-Madison,
Madison, Wisconsin, USA

Correspondence

Nicole E. Richardson and Dudley W.
Lamming, Department of Medicine,
University of Wisconsin-Madison, 2500
Overlook Terrace, VAH C3127 Research
151, Madison, WI 53705, USA.

Emails: nicole.elise.richardson@gmail.com
(N.E.R.); dlamming@medicine.wisc.edu
(D.W.L.)

Funding information

U.S. Department of Veterans Affairs,
Grant/Award Number: 101-BX004031;
National Institute on Aging, Grant/
Award Number: AG000213, AG056771,
AG061635 and AG062328; National
Institute of Diabetes and Digestive and
Kidney Diseases, Grant/Award Number:
DK125859

1 | INTRODUCTION
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Abstract

The proportion of humans suffering from age-related diseases is increasing around
the world, and creative solutions are needed to promote healthy longevity. Recent
work has clearly shown that a calorie is not just a calorie—and that low protein diets
are associated with reduced mortality in humans and promote metabolic health and
extended lifespan in rodents. Many of the benefits of protein restriction on metabo-
lism and aging are the result of decreased consumption of the three branched-chain
amino acids (BCAAs), leucine, isoleucine, and valine. Here, we discuss the emerging
evidence that BCAAs are critical modulators of healthy metabolism and longevity in
rodents and humans, as well as the physiological and molecular mechanisms that may
drive the benefits of BCAA restriction. Our results illustrate that protein quality—the
specific composition of dietary protein—may be a previously unappreciated driver of
metabolic dysfunction and that reducing dietary BCAAs may be a promising new ap-

proach to delay and prevent diseases of aging.
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attributed to noncommunicable diseases, such as age-related dis-
eases, has risen and will continue to rise (Foreman et al., 2018).

Around the globe, human life expectancy increased by almost
20 years between 1950 and 2017 (Collaborators, 2018). Despite the
effect of the global COVID-19 pandemic, which has caused life ex-
pectancy in the United States to slightly decline (Arias et al., 2021),
advances in medicine have shifted population demographics, and
humans older than 65 now represent the fastest growing age group
worldwide (United Nations, 2019). As a result, the portion of deaths

Though human life expectancy has largely increased, the preva-
lence of obesity and related disorders has grown rapidly, threaten-
ing the quality and duration of healthy years for an ever-expanding
aged population. Obesity is more than tripled in men and doubled in
women from 1975 to 2014, and 43% of American adults aged 40-59
are now obese (Collaboration, 2016). Obesity is increasingly impact-

ing younger individuals, with about 40% of children now overweight
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or obese, predisposing them to chronic diseases at younger ages

and lifelong challenges maintaining a healthy body weight (Dietary
Guidelines for Americans, 2020-2025, 2020). This increase comes
despite the fact that the Healthy Eating Index, a score of diet qual-
ity, has not shown significant declines since the early 2000s and in
fact may be higher in recent years (Dietary Guidelines for Americans,
2020-2025, 2020). This suggests that perhaps another factor be-
sides declining food habits is at play. Creative solutions are needed
to combat these conditions and preserve quality of life, as obesity
is a risk factor for many age-related diseases, including metabolic,
cardiovascular, neurodegenerative, and musculoskeletal conditions,
depression, and some cancers (Bluher, 2019). One of these solutions
may be targeting aging itself to promote healthspan rather than
attempt to treat the myriad of age-related diseases present in the
elderly (Partridge, 2014).

2 | DIETARY INTERVENTIONS CAN
PROMOTE HEALTHY AGING

Calorie restriction (CR), defined as a decrease in caloric intake
without malnutrition, is often referred to as the “gold standard”
of nutritional interventions, for its potent ability to preserve
healthspan and extend lifespan in diverse model organisms (Colman
et al., 2014; Gribble & Welch, 2013; Lin et al., 2002; McCay et al.,
1935; Weindruch et al., 1986). The hallmarks of CR in mammals in-
clude decreased mortality and also decreases in all major diseases of
aging, including cancer, cardiovascular disease, kidney disease, dia-
betes, and neurodegenerative diseases (Green et al., 2022). There
has been significant interest in understanding the physiological and
molecular mechanisms engaged by CR that are responsible for its
beneficial effects. We have recently reviewed these in depth (Green
etal., 2022), but will briefly discuss a few of the key potential mecha-
nisms that have been examined here.

Calorie restriction has been proposed to work in part due to
reduced production of reactive oxygen species; however, exten-
sive studies in genetically engineered rodents suggest that reac-
tive oxygen species likely do not play a major role in normal aging
(Salmon et al., 2010). CR substantially reduces the risk of cancer in
mice; however, while the loss of transcription factor NRF2 (nuclear
factor erythroid 2-related factor) blocks the effects of CR on can-
cer protection, it does not block the ability of CR to extend lifes-
pan (Pearson et al., 2008). While CR improves insulin sensitivity in
all mammals, this improvement is dispensable for the benefits of a
CR diet on frailty and longevity in mice (Yu et al., 2019). CR may
promote health through reduced activation of specific signal trans-
duction pathways such as PI3BK/AKT (Mercken et al., 2013) and pos-
sibly mechanistic target of rapamycin (mTOR) (Bjedov et al., 2010;
Unnikrishnan et al., 2020), but this remains to be tested rigorously
in mammals. We recently showed that many of the benefits of CR
require prolonged fasting between meals, which is necessary for CR-
induced improvements in insulin sensitivity, frailty, cognition, and

longevity in mice (Pak et al., 2021).

In short, there are still many questions about the mechanisms
by which CR functions to promote healthy aging. Further, the trans-
latability of CR to humans is generally thought to be low, as most
people are unlikely to be able to maintain lifelong adherence to such
an abstemious diet. Thus, there is substantial interest in identifying
alternative dietary regimens that will mimic the beneficial effects of

CR without restricting calories.

3 | DIETARY PROTEIN IN HEALTHSPAN
AND AGING

Calorie restriction proportionally decreases the consumption of all
three macronutrients (fat, carbohydrate, and protein), and for many
years, the contributions of restricting these individual macronu-
trients to the effects of CR have been explored. It is now gener-
ally believed that the restriction of protein in a CR diet is not great
enough to fully explain the benefits of CR (Speakman et al., 2016).
However, restriction of protein reproducibly extends the lifespan of
flies (Bruce et al., 2013; Grandison et al., 2009; Lee et al., 2008; Mair
et al., 2005) and rodents (Solon-Biet et al., 2014; Weindruch et al.,
1986). Many studies have shown PR improves metabolic parameters
in rodents, such as glucose tolerance, insulin sensitivity, circulating
triglycerides, and other blood lipids (Fontana et al., 2016; Maida
et al., 2016; Solon-Biet et al., 2014, 2015).

These datain model organisms go against trending dietary advice
for humans, which has generally recommended that humans should
be eating more protein to improve satiety and promote weight loss
(Cuenca-Sanchez et al., 2015; Yu et al., 2020). High protein diets
are indeed indicated for certain clinical conditions or life stages,
such as pregnancy and old age, but epidemiological evidence sug-
gests that overconsumption of protein outside of these conditions
could be deleterious (Delimaris, 2013). A randomized controlled trial
(RCT) of overfeeding in metabolically healthy individuals with low,
normal, or high protein content found that low protein feeding re-
sulted in significantly less weight gain, though this was a result of
lack of lean mass gain rather than reduced fat gain (Bray et al., 2012).
In middle-aged overweight males, a RCT of protein restriction (PR)
(feeding of a 7%-9% protein diet without calorie restriction) for 6
weeks resulted in significant body weight and fat mass loss, as well
as improvements in body mass index (BMI) (Fontana et al., 2016).
As evidence regarding appropriate distribution of dietary protein,
carbohydrate, and fat continues to develop, the US and Canadian
Dietary Reference Intake Steering Committee are planning to re-
investigate the Dietary Reference Intake (DRI) recommendations
for energy and the macronutrients (Dietary Guidelines for Americans,
2020-2025, 2020).

In summary, PR is an attractive regimen as it recapitulates
many of the beneficial phenotypes of CR without requiring re-
duced calorie intake. Determining the mechanisms by which PR
improves health is of great interest, as these can inform more spe-
cific dietary recommendations and drug targets to promote health
and longevity.
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Decades ago, it was found that protein source can influence longev-
ity; rats fed a soy protein-based diet lived 15% longer than rats fed
a comparable casein-based diet (Iwasaki et al., 1988). One potential
explanation for these different outcomes is that different protein
sources have distinct amino acid profiles. For example, vegans are
believed to naturally consume less methionine than meat eaters
with a different balance of amino acids overall, though this idea was
challenged in a recent study (MacArthur et al., 2021; McCarty et al.,
2009; Schmidt et al., 2016). Methionine is a sulfur-containing essen-
tial amino acid with roles in methylation that was first observed to
extend lifespan in rats in the 1990s (Orentreich et al., 1993; Richie
et al., 1994), and its lifespan extending effects have since been rep-
licated in other models (Johnson & Johnson, 2014; Lees et al., 2017,
Miller et al., 2005). A fuller discussion of the role of dietary methio-
nine in healthy aging can be found elsewhere (e.g., Brown-Borg &
Buffenstein, 2017), but the work on methionine has highlighted the
possibility that the specific amino acid composition of the diet may
play a critical role in metabolic health and longevity.

The branched-chain amino acids leucine, isoleucine, and valine
are three of the nine amino acids that are known to be essential for
nonruminant mammals, including mice and humans. The BCAAs are
abundant in high protein foods, making up approximately 20% of the
amino acids found in meat, fish, eggs, and nuts. BCAAs are hydro-
phobic and serve important roles at the molecular level in protein
folding, substrate binding, lipid solubility, and interaction with non-
polar substrates; these amino acids are also common in coiled-coiled
o helices, which occur often in the proteins myosin, keratin, and
some transcription factors (Brosnan & Brosnan, 2006).

The BCAAs are strong agonists of the amino acid-sensitive ki-
nase mTOR complex 1 (mMTORC1). mTORC1 regulates a wide variety
of downstream biological processes—most notably those related
to growth and proliferation such as ribosomal, protein, nucleotide,
and lipid synthesis through integration of nutrient and hormonal
cues; this has been reviewed in great detail elsewhere (Babygirija
& Lamming, 2021; Kennedy & Lamming, 2016). Put simply, amino
acids promote the lysosomal localization of mTORC1. Binding of the
BCAAs, especially leucine, to Sestrin2 relieves the inhibitory action
of Sestrin2 on the GATOR2 complex, allowing the Rag GTPases to
bind to mMTORC1 and recruit it to the lysosome (Chantranupong et al.,
2014; Wolfson et al., 2016). Several other molecular mechanisms by
which BCAAs, especially leucine, regulate mTORC1 recruitment by
the Rag GTPases have been discovered (Han et al., 2012; He et al.,
2018; Zhu et al., 2021). At the lysosome, mTORC1's kinase activity
is allosterically activated by the binding of Rheb-GTP (Yang et al.,
2017).

The other amino acid sensor that is involved in BCAA metabo-
lism is GCN2 (general control nonderepressible 2). Unlike mTORC1,
GCN2 senses amino acid deprivation by binding to uncharged
transfer RNA molecules (tRNA) and stalled ribosomes (Dong et al.,
2000; Harding et al., 2019; Wek et al., 1995), and works to repress
general translation and prioritize preferential production of ATF4,
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a transcription factor that upregulates genes necessary to adapt to
PR including the energy balance hormone fibroblast growth factor
21 (FGF21) (De Sousa-Coelho et al., 2012). Mice lacking GCN2 have
a delayed metabolic response to PR, including a 2-week delay in the
induction of FGF21 (Laeger et al., 2016).

Downstream of GCN2 and ATF4 is FGF21, which is secreted from
the liver and other tissues in response to nutrient stress (Nishimura
et al., 2000). FGF21 is induced by PR in rodents and humans, and
has been described as a key regulator of the response to PR, increas-
ing insulin sensitivity and energy expenditure (Fontana et al., 2016;
Laeger et al., 2014). Recent studies show that FGF21 signaling in the
brain is required to alter food intake and increase energy expendi-
ture during protein restriction (Hill et al., 2017, 2019), and transgenic
overexpression of FGF21 has been found to extend lifespan (Zhang
et al., 2012). Discussion of the role of FGF21 in response to total and
specific restriction of BCAAs will be discussed in greater detail below.

5 | BCAA CATABOLISM

After consumption, BCAAs are absorbed in the intestine by classic
Na*-dependent co-transporters, and transported across other mem-
branes by the essential amino acid antiporter L-type large neutral
amino acid transporter 1 (LAT1) (Scalise et al., 2018). While many
BCAAs are utilized as building blocks for protein synthesis, BCAAs
in excess of those needed for protein translation are catabolized.
The first catabolic step is reversible: deamination by branched-
chain aminotransferase (BCAT), which catalyzes any BCAA and
a-ketoglutarate to a branched-chain keto acid (BCKA) and gluta-
mate, respectively (Harper et al., 1984). BCAT is expressed in mi-
tochondrial and cytoplasmic isoforms, BCATm and BCATc (Hutson
et al., 1992), though most BCAA catabolism takes place in the mito-
chondria, so intermediates can quickly enter the TCA cycle. Nearly
all subsequent intermediates downstream of the BCKAs remain
trapped in the mitochondria due to their conjugation to CoA, a pro-
cess that is described in greater detail later (Neinast et al., 2019).
BCATc is highly expressed in the brain and various CNS cells; this
provides leucine-derived nitrogen needed for the production of the
neurotransmitter glutamate (Castellano et al., 2007; Hutson et al.,
1998; Yudkoff, 1997).

As shown in Figure 1, BCAT catabolizes each BCAA to its re-
spective keto acid: leucine to a-ketoisocaproate (KIC), isoleucine to
a-keto-methylvalerate (KMV), and valine to a-ketoisovalerate (KIV)
(Harper et al., 1984). The next step in BCAA catabolism, which is
irreversible and rate-limiting, is performed by the branched-chain
keto acid dehydrogenase (BCKDH) complex, a member of the mi-
tochondrial a-keto acid dehydrogenase complex family (Matthews
et al., 1981; Shimomura et al., 2001). BCKDH is comprised of mul-
tiple copies of three subunits: BCKA decarboxylase (E1), dihydroli-
poamide acyltransferase (E2), and dihydrolipoamide dehydrogenase
(E3). BCKDH converts KIC to isovaleryl-CoA (IV-CoA), KMV to a-
methylbutyryl-CoA (MB-CoA), and KIV to isobutyryl-CoA (IB-CoA).
BCKDH is expressed in all tissues, including hepatocytes.
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FIGURE 1 BCAA catabolism. Simplified outline of the process of BCAA catabolism into their respective ketogenic or glucogenic
substrates by the skeletal muscle, though the first catabolic step, deamination, can also occur in many other tissues (but not in liver
hepatocytes). KIC, a-ketoisocaproate; KIV, a-ketoisovalerate; KMV, a-keto-methylvalerate

BCKDH is regulated by a kinase and phosphatase and is inhibited
by serine phosphorylation of the E1 subunit by BCKD kinase (BCKDK)
(Shimomura et al., 1990). Conversely, dephosphorylation of BCKDH
is performed by the mitochondrial protein phosphatase 1K (PPM1K
or PP2Cm) (Lu et al., 2009). BCKDK and PPM1K link BCKDH activity
to feeding; PPM1K is highly expressed in the fed state but lowered
by fasting, while the reverse is true for BCKDK. The overexpression
of the transcription factor ChREBPf upregulates hepatic BCKDK and
downregulates PPM1K expression (White et al., 2018). BCKDK is also
allosterically inhibited by BCKA excess (Shimomura et al., 2001), and
PPM1K s inhibited by interaction with E2 of BCKDH (Dong et al., 2013).

Following processing by BCKDH, BCAA catabolism under-
goes multiple additional steps, some of which are specific to the
catabolism of a specific BCAA and others of which are shared
between catabolic pathways. A key point is that with the excep-
tion of 3-hydroxyisobutyrate (3-HIB)—a valine-specific catabolic
intermediate—the intermediates of BCAA catabolism are conjugated
to CoA and thus confined to the mitochondria (Jang et al., 2016).
The final products are specific to each individual BCAA: Ketogenic
leucine is catabolized to acetoacetate and acetyl-CoA, glucogenic
valine to propionyl-CoA, and isoleucine to both acetyl-CoA and
propionyl-CoA. Propionyl-CoA can enter the TCA cycle via conver-
sion to succinate.

Physiologically, BCAA catabolism is partitioned to tissues for dif-
ferent purposes. While the liver is a major metabolic hub for most

amino acid metabolism, BCATm is not expressed in hepatocytes
(Suryawan et al., 1998; Sweatt et al., 2004). In contrast, skeletal mus-
cle is both a consumer of BCAAs for protein synthesis and expresses
both BCAT and BCKDH. As a result, the conventional model for
amino acid catabolism has for many years suggested that although
other amino acids are catabolized in the liver, BCAAs are primarily
catabolized in skeletal muscle (Suryawan et al., 1998). More recent
work has shown that adipose tissue is also a key player in BCAA
catabolism as transplanting wild-type adipose tissue into whole-
body Bcatm™™ mice is sufficient to decrease circulating BCAAs by
30%-50% (Herman et al., 2010). BCAAs are also used to fuel ther-
mogenesis in brown adipose tissue, and BCAA transport into BAT
mitochondria is essential to raise body temperature after cold expo-
sure (Yoneshiro et al., 2019).

A recent model of whole-body BCAA fates reconciled these re-
cent findings with early models (Neinast et al., 2019). BCAA turnover
is quite rapid once BCAAs enter the bloodstream, with transami-
nation products visible after only 3 min, and end-catabolism into
TCA products detectable within 3-5 min. While a majority of BCAA
catabolism takes place in skeletal muscle, 19% occurred in brown
adipose tissue, with other tissues representing about 20% of flux.
This new model verifies that even in more nuanced tracing exper-
iments, muscle is the main tissue of BCAA catabolism, while also
confirming new data on the catabolic capacity of adipose tissues.
This understanding of the “normal” catabolic process aids our
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understanding—and the potential for therapeutic modulation—of

dysregulated BCAA catabolism in insulin resistance.

5.1 | Modulating BCAA catabolism

Genetic and pharmacological manipulation of BCAA catabolism has
been used to investigate how BCAAs regulate metabolic health.
Whole-body deletion of BCKDK not only activates BCAA catabolism
to promote new steady-state and tissue levels of BCAAs and BCKAs
but also impairs growth and neurological function (Joshi et al., 2006;
Neinast et al., 2019). Conversely in lean mice, the whole-body dele-
tion of Ppm1k decreases but does not completely blunt BCAA ca-
tabolism, and actually improves insulin sensitivity, glucose tolerance,
and weight (Lu et al., 2009). Additionally, the deletion of Bcatm pro-
vides resistance to diet-induced obesity and promotes leanness and
improved glucose tolerance (She, Reid et al., 2007), though these
mice need access to lower BCAA diets to avoid toxicity.

Resistance to diet-induced obesity was also replicated in a recent
study of adipose- and iWAT-specific Bcatm knockout mice (Ma et al.,
2022). The deletion of Bcatm in these tissues improved glucose toler-
ance and insulin resistance, and reduced circulating cholesterol, tri-
glyceride, and free fatty acid levels. Mechanistically, this was found
to be a result of increased thermogenesis and adipose tissue brown-
ing. Further study found that this was the result of PR/SET domain
16 (PRDM16) acetylation by BCAA-derived acetyl-CoA, resulting in
decreased binding of PRDM16 to peroxisome proliferator-activated
receptor y (PPARY). This leads to the suppression of browning genes
and therefore contributes to diet-induced obesity. Interestingly, this
same study identified that telmisartan, an FDA-approved antihyper-
tensive medication, inhibits BCATm, increasing iWAT browning and
energy expenditure, and reducing adiposity in mice.

Acute overexpression of Ppmlk in liver of Zucker fatty rats,
which are obese, hyperphagic, and hyperinsulinemic, lowers hepatic
triglycerides and improves glycemia, likely through action on ATP
citrate lyase (ACL), rather than BCKDH, as described above (White
et al., 2018). However, a greater focus has been placed on modify-
ing BCKDK activity, as increasing BCAA disposal is logically a po-
tential therapy for treating insulin-resistant obesity. The compound
3,6-dichlorobenzo[b]thiophene-2-carboxylic acid (BT2) is a recently
identified allosteric inhibitor of BCKDK (Tso et al., 2014). In Zucker
fatty rats, BT2 rapidly lowers hepatic triglycerides and improves glu-
cose tolerance and insulin sensitivity (White et al., 2018), and treat-
ment of ob/ob and diet-induced obese mice with BT2 restores BCAA
catabolism and is sufficient to improve glucose tolerance and insu-
lin resistance (Zhou et al., 2019). Quantitative tracing experiments
show that BT2 treatment robustly increases BCAA oxidation in skel-
etal muscle, though it alters phosphorylation of BCKDH in liver and
heart as well (Neinast et al., 2019).

Indeed, one of the most characterized applications of BT2 is to
prevent BCAA accumulation in the heart and improve cardiac func-
tion. In the heart, high levels of glucose negatively regulate BCAA
catabolic enzymes through inhibition of the transcription factor
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Krippel-like factor 15 (KLF15), and BCAA accumulation along with
high glucose levels produces insulin-resistant cardiac tissue (Fillmore
etal., 2018; Shao et al., 2018; Sun et al., 2016). This increases vulner-
ability to ischemic injury, accelerates oxidative stress and superoxide
production, and has been linked to multiple types of heart failure in
humans and mice (Li et al., 2017; Sun et al., 2016; Uddin et al., 2019;
Wang et al., 2016). BT2 preserves cardiac function and prevents
vulnerability to acute ischemia in mouse models of heart failure (Li
et al., 2017; Sun et al,, 2016), and can even restore cardiac func-
tion to hearts with preexisting dysfunction (Chen, Gao et al., 2019).
Additional studies are warranted to find the specific mechanisms
that allow improved cardiac function by BT2.

BCAA catabolism is also necessary for and altered by endurance
exercise. Disruption of BCAA catabolism by Bcatm deletion in skel-
etal muscle impairs exercise performance and endurance (She et al.,
2010). Conversely, mice genetically predisposed to high endurance
catabolize BCAAs faster, and more efficiently; this is likely driven by
increased PGC1la activation (Overmyer et al., 2015). When overex-
pressed in skeletal muscle, PGCla drives BCAT and BCKD expres-
sion (Hatazawa et al., 2014), and dramatically increases the BCAA
catabolic capabilities of muscle (Jang et al., 2016; Neinast et al.,
2019). Clearly, perturbations in BCAA catabolism alter physiological
metabolism and may be a therapeutic target in insulin resistance and
tissue-specific metabolic dysfunction.

6 | BCAAs ARE ASSOCIATED WITH
INSULIN-RESISTANT OBESITY

Over 50 years ago, it was discovered that plasma levels of BCAAs
are positively correlated with insulin resistance and obesity in hu-
mans (Felig et al., 1969). This has been expanded upon in more re-
cent studies of obese and insulin-resistant humans around the world
(Chen, Akter et al., 2019; Huffman et al., 2009; Newgard et al., 2009;
Xu et al., 2013), as well as in laboratory models of diabetes and obe-
sity (Lynch & Adams, 2014; She, Van Horn et al., 2007). High BCAA
levels can also be predictive of diabetes onset (Wang et al., 2011),
especially in post-renal transplant recipients (Oste et al., 2020).
This prognostic association has also been observed in adolescents
(McCormack et al., 2013). More recently, elevated BCAAs have been
associated with negative cardiovascular outcomes (Du et al., 2018;
Le Couteur et al., 2020; Portero et al., 2021; Sun et al., 2017).

Normal BCAA levels can be restored through weight loss; a
comparison of plasma amino acid levels in over 1000 individuals
from two randomized dietary weight loss trials found that pounds
of weight lost correlated well with decreased BCAAs (Zheng et al.,
2016). Other studies have found that plasma BCAA levels during
weight loss interventions are correlated with improvements in glu-
cose homeostasis and insulin sensitivity (Laferrere et al., 2011; Shah
et al., 2012). This correlative effect between BCAAs and metabolic
parameters has raised a question among researchers: Are BCAAs
pathogenic in insulin-resistant obesity, or a by-product of accelerat-
ing metabolic syndrome?
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To answer this question, several groups have combined data

from genome-wide association studies (GWAS) with BCAA and
insulin levels. One meta-analysis found several single nucleotide
polymorphisms (SNPs) in genomic regions of BCAA catabolism and
connected these SNPs to elevated BCAAs and insulin resistance
(Lotta et al., 2016). Two similar studies presented opposing results,
postulating that though BCAAs are elevated in type Il diabetes, this
is caused by genetic risk for insulin resistance (Mahendran et al.,
2017; Wang et al., 2017). Recent research in this field has concen-
trated on what increases circulating BCAAs, how this interacts with
dysregulated metabolic states such as insulin resistance, and what
methods are most effective at restoring BCAA levels.

Another recently published GWAS utilized the generation of a
genetic risk score (GRS) of five common BCAA metabolic pathway
SNPs in conjunction with dietary BCAA intake to parse out de-
terminants of T2DM risk. This study was conducted in a Chinese
population of almost 10,000 individuals and determined that a
high GRS plus high intake of BCAAs conveyed the greatest risk for
T2DM development. Interestingly, high BCAA intake positively cor-
related with HbA1c and circulating BCAA levels in participants with
a high but not a low GRS (Wang et al., 2021). In a cohort of over
1600 Mexican adults, rare SNPs in both BCATm and BCKDH genes
were associated with elevated body weight and BMI, fasting blood
glucose, and blood pressure, compared to their peers with more com-
mon alleles (Vargas-Morales et al., 2021). Individuals with the rare
variants also had higher amounts of isoleucine, methionine, proline,
and aspartate in circulation, though follow-up studies are needed to
determine how this impacts overall health. Together, these data sug-
gest that a personalized nutrition approach with specific attention
to the BCAAs might be warranted, particularly in those with a high
genetic risk for diabetes development or with certain SNPs in the
BCAA catabolism pathway.

BCAA catabolism is altered by insulin resistance, and this likely
perpetuates a cycle where elevated BCAAs promote further insu-
lin resistance and keeps BCAAs elevated. This is exemplified in ad-
ipose tissue, where BCAA catabolic enzymes decrease in activity
and expression in insulin-resistant WAT (Lackey et al., 2013; She,
Van Horn et al., 2007). Furthermore, disrupting BCAA catabolism
or preventing BCAA transport in BAT is sufficient to lower body
temperature and accelerate insulin-resistant obese phenotypes in
mice (Yoneshiro et al., 2019). This was confirmed in tracing experi-
ments of two insulin-resistant mouse models, where catabolism was
shifted away from adipose tissues, with increased reliance on skele-
tal muscle and heart (Neinast et al., 2019).

In both humans and rodents with insulin-resistant obesity, ele-
vated BCAAs are associated with decreased levels of glycine, par-
ticularly in muscle tissue (Newgard et al., 2009; White et al., 2016).
It is postulated that glycine is depleted in an attempt to clear lipid
metabolites that accumulate in muscle as a hallmark of insulin resis-
tance. However, lipotoxicity is further exacerbated by the increased
requirement for BCAA catabolism in muscle. Recently, a catabolite
of valine, 3-hydroxyisobutyrate (3-HIB), was discovered to promote
fatty acid trans-endothelial uptake into skeletal muscle, providing

a key and previously unknown link between BCAA catabolism and
fatty acid transport in muscle (Jang et al., 2016); this catabolite is also
associated with an increased future incidence of insulin-resistant
obesity, even after adjustment for BCAAs (Mardinoglu et al., 2018).
By this mechanism, increased dependence on skeletal muscle for
BCAA catabolism only furthers insulin resistance.

The liver is another site of dysregulated metabolism in insulin re-
sistance; though liver represents <10% of BCAA oxidation, this tis-
sue represents 27% of BCAA disposal into protein synthesis (Neinast
et al., 2019). Elevated hepatic BCAAs prevent GCN2-mediated re-
pression of SREBP1c and fatty acid synthase (FAS), which drive lipo-
genesis (Guo & Cavener, 2007). Additionally, the BCKDH regulators
BCKDK and PPM1K also target ACL in the liver, another key enzyme
in lipogenesis, and in insulin-resistant conditions, high BCKDK and
low PPM1K inhibit BCKDH while promoting ACL activity (White
et al., 2018). By these mechanisms, elevated BCAAs can increase
insulin resistance by promoting hepatic lipogenesis in inappropriate
conditions. Indeed, diets with reduced levels of total BCAAs, iso-
leucine, or valine reversed hepatic lipid accumulation in Western
diet-induced obese mice, even as the mice continued to consume
an otherwise high-fat, high-sucrose Western diet (Cummings et al.,
2018; Yu et al., 2021). As the liver, muscle, and adipose tissues all
alter BCAA catabolism in insulin-resistant states, some researchers
have explored altering these catabolic pathways in an attempt to
treat these conditions and learn more about the pathogenicity of
elevated BCAAs.

7 | BCAA DISPOSAL IN PROTEIN AND
BCAA RESTRICTION

The field of BCAA metabolism has been advanced with the use of
large, multi-omics data analyses and metabolic tracing experiments
that can determine the tissue-specific use of AAs. The new model
proposed by Neinast et al. is certainly a more comprehensive as-
sessment of whole-body BCAA catabolism (Neinast et al., 2019);
however, there are still a few outstanding questions. Although this
updated model seems to agree with previous literature, it only ac-
counts for approximately 50% of whole-body BCAA disposal; for ex-
ample, one major metabolic organ not evaluated was the gut, home
to intestinal microbiota that can produce BCAAs and other essential
amino acids (Lynch & Pedersen, 2016; Pedersen et al., 2016; Ridaura
et al., 2013). Furthermore, there are discrepancies in the literature
regarding the expression and modification of BCAA catabolic en-
zymes, and how this relates to tissue-specific BCAA oxidation. It will
be interesting to see how models of BCAA catabolism evolve, espe-
cially as delineation of sexual dimorphisms is prioritized in research.

In insulin-resistant conditions, BCAA catabolism is decreased in
adipose tissue and shifted toward muscle. However, it is unknown
how BCAA disposal and oxidation change in protein and BCAA
restriction. When fewer BCAAs are fed, BCAA incorporation into
protein would presumably proportionally increase, oxidation would
decrease, and the distribution of BCAA uptake would also likely
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change. BCKA oxidation is elevated in liver of Zucker lean rats and
elevated in muscle of Zucker fatty rats (White et al., 2016), which
agrees with a model that BCAA oxidation is shifted toward muscle in

insulin-resistant conditions.

8 | DIETARY INTAKE OF BCAAs AFFECTS
HEALTH AND LONGEVITY

As early as the 1980s, scientists reported that modifying the BCAA
content of diet can regulate activity of catabolic enzymes (Block
et al., 1985). Dietary BCAA intake is associated with increased
weight and adiposity in both aged male mice and humans (Ribeiro
et al., 2019), and decreasing BCAA consumption through PR was
reduced blood levels of BCAAs in two human trials (Fontana et al.,
2016; Maida et al., 2017). In a large nutritional geometry diet com-
position study, circulating BCAAs were the only amino acids (AAs)
that correlated with dietary protein intake in mice (Solon-Biet et al.,
2014). The use of AA-defined diets has allowed specific modifica-
tion of BCAA intake in several rodent and human trials during the

last decade.

8.1 | BCAA supplementation in rodents

Though it may seem paradoxical to the literature presented so far,
there have been several instances where BCAA supplementation
has been reported to improve health. Specific supplementation of
leucine in drinking water prevented hyperglycemia and decreased
weight and fat gain from high-fat diet feeding in mice, not by de-
creasing energy intake but by increasing resting energy expenditure
and UCP3 (uncoupling protein 3) expression in adipose and muscle
(Zhang et al., 2007). Additionally, supplementation of BCAAs (plus 8
other amino acids) in drinking water to mice from 9 months of age
onward slightly increased lifespan in a single study; this extension
was attributed to increased mitochondrial biogenesis, decreased
reactive oxygen species, and improved exercise capacity (D'Antona
et al., 2010).

However, more recent and carefully controlled studies have re-
ported that BCAA supplementation, particularly in the context of a
Western diet, increases glucose intolerance and insulin resistance
in rodents (Cummings et al., 2018; Newgard et al., 2009). In rats,
this supplementation also increased muscle mTORC1 activity, and
BCAA-induced insulin resistance was acutely reversed by rapamy-
cin treatment (Newgard et al., 2009). Another recent study found
that doubling dietary BCAAs promoted hyperphagia, obesity, and
early mortality (Solon-Biet et al., 2019). A time-of-day feeding study
also identified that feeding BCAA-enriched meals at the end of
wake periods in mice resulted in enhanced cardiovascular growth
and detrimental remodeling in a circadian clock-dependent manner
(Latimer et al., 2021). These studies differ in means and degree of
supplementation, which may explain some of these seemingly con-
tradictory results.

Aging

8.2 | BCAA restriction promotes metabolic health
in rodents

Both BCAA restriction and deprivation have been studied in ro-
dents; as BCAAs are essential, deprivation experiments are only sus-
tainable short-term. Initial deprivation experiments examined the
effects of feeding mice leucine-free, isoleucine-free, or valine-free
diets for up to a week. These deprivation regimens rapidly improved
glycemic control and liver insulin sensitivity (Xiao et al., 2011, 2014).
These diets appeared to influence canonical pathways of PR, as all
three diets were associated with decreased mTORC1 and increased
AMPK activity in the liver. Activation of mTORC1 signaling via S6K1
or whole-body deletion of Gen2 was sufficient to reduce benefits
of BCAA deprivation on insulin sensitivity. In valine-deprived diet
conditions, at least some of these effects appear to be mediated
by GCN2, as whole-body Gecn2™~ mice were slightly less insulin-
sensitive than wild-type mice when fed a valine-free diet.

More recent studies have focused on the more physiologically
relevant reduction in dietary BCAAs. These studies typically exam-
ined a 50%-80% restriction of BCAAs, which in contrast to com-
plete removal of one of these essential amino acids, is sustainable
over the entire lifespan. A 67% restriction of all three BCAAs initi-
ated at 9 weeks of age in male mice—approximately equivalent to a
human teenager (Flurkey et al., 2007)—improves metabolic health
and recapitulates many effects of decreasing consumption of PR
(Fontana et al., 2016; Yu et al., 2021). These mice weighed less de-
spite increased food intake, primarily as a result of increased energy
expenditure and reduced fat mass accretion. BCAA restriction also
improved glucose and pyruvate tolerance equivalently to a PR diet.

As BCAA restriction was extremely successful in promoting met-
abolic health without negative side effects and could be fed for sus-
tained periods of time in mice, we and others have tested the effects
of restricting dietary BCAAs on diet-induced obese mice and other
diabetic rodent models. In agreement with the hypothesis that ele-
vated BCAAs contribute to insulin resistance by increasing muscle
lipotoxicity, a study using a 45% restricted BCAA diet completely
normalized accumulation of fatty acyl-CoAs and restored skeletal
muscle insulin sensitivity in 6-week-old Zucker fatty rats to levels
found in lean rats (White et al., 2016). BCAA restriction also im-
proves fatty acid oxidation and triglyceride levels in hearts of Zucker
fatty rats and shifts fuel selection from glucose to fatty acid catabo-
lism (McGarrah et al., 2020).

Mice eating a Western diet were transitioned to Western diets
in which the three BCAAs or all amino acids were restricted by 67%
at 18 weeks of age, approximately equivalent to a human in their
middle twenties (Flurkey et al., 2007). These mice rapidly returned
to a normal body composition, losing the adipose mass and weight
gained during the previous 12 weeks of Western diet feeding in
about 4 weeks. They also demonstrated substantial improvements
in glucose tolerance and insulin sensitivity. Thus, decreasing BCAA
consumption is potent enough to counteract an otherwise un-
healthy Western diet and rescue a metabolically unhealthy mouse
(Cummings et al., 2018).
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8.3 | BCAA restriction promotes fitness and
longevity in mice

As a BCAA-restricted diet is quite effective and pervasive in im-
proving metabolic health, and recapitulates many of the effects of
a PR diet, and BCAAs are agonists of mTOR signaling, researchers
have investigated the effects of a BCAA-restricted diet on longevity.
Consistent with the negative effect of BCAAs on longevity, dietary
supplementation with extra BCAAs leads not only to impaired meta-
bolic health but also to decreased lifespan (Cummings et al., 2018;
Mu et al., 2018; Newgard et al., 2009; Solon-Biet et al., 2019). Mice
fed a 50% or 80% restricted BCAA diet from 12 weeks of age did not
live longer (Solon-Biet et al., 2019); similarly, a 67% BCAA-restricted
diet improved the metabolic health and reduced the frailty of male
and female mice when started at 16 months of age, but did not in-
crease lifespan (Richardson et al., 2021).

However, we have found that lifelong restriction of BCAAs by
67% extends the longevity of two short-lived mouse models of
Hutchinson-Gilford progeria syndrome (Richardson et al., 2021). In
wild-type mice, the dietary restriction of BCAAs by 67% initiated at
weaning reduces frailty and extends the lifespan of male, but not fe-
male, mice by over 30%. These animals displayed reduced mTORC1
signaling in multiple tissues, specifically in males (Richardson et al.,
2021). In combination, these studies suggest that the precise level of
restriction, time of diet initiation, and sex may play a role in deter-
mining whether BCAA restriction will extend lifespan. Further, while
the sex-specific effects of BCAA restriction on mTORC1 signaling
may explain the male-specific benefits of BCAA restriction on lifes-
pan, the effect of BCAAs on mTORC1 activity is likely dispensable
for the effects of reduced BCAA diets on metabolic health.

8.4 | Dietary BCAAs in human health and longevity
In humans, acute BCAA supplementation has been extensively stud-
ied as a way for athletes and the elderly to build or preserve muscle
mass. BCAA supplementation before and after exercise promotes
muscle protein synthesis and decreases exercise-induced muscle
damage in humans (Howatson et al., 2012; Shimomura et al., 2004).
In mice, BCAA supplementation improves body composition when
wheel access and exercise is allowed (Platt et al., 2016), indicating
that BCAA supplementation may benefit those who are regularly
exercising. As more studies focus on circadian biology and nutri-
ent timing, it will be interesting to see whether BCAA supplemen-
tation yields improvements or disadvantages based on the time of
administration even in nonexercising models. Elevated BCAAs are
specifically associated with poor health outcomes in humans overall,
and higher blood levels of isoleucine are associated with increased
mortality, while in humans, higher dietary levels of isoleucine are as-
sociated with body mass index (Deelen et al., 2019; Yu et al., 2021).
However in the elderly, especially the frail elderly, BCAAs are de-
creased (Adachi et al., 2018; Chaleckis et al., 2016; Ottestad et al.,
2018; Ter Borg et al., 2019). Similarly, in the elderly increased protein

or essential amino acid supplementation improves frailty outcomes
(Dillon et al., 2009), blood glucose control (Solerte et al., 2008), and
lean mass (Solerte et al., 2008).

In addition to frailty, the risk of dementia, related neurological
complications, and neurodegenerative diseases increases with age.
Blood levels of BCAAs are elevated in the blood of humans with
Alzheimer’s disease (AD) and mouse models of the disease, and
brain BCAA catabolism is impaired in the brains of models of AD
by downregulation of Bcat1 expression (Li, Ye et al., 2018). Dietary
supplementation of BCAAs leads to increased cognitive deficits and
increased phosphorylation of Tau, and, when combined with a high-
fat diet, leads to the premature death in the 3xTg mouse model of AD
(Tournissac et al., 2018). Dietary restriction of BCAAs instead im-
proves the cognitive performance of 3xTg AD mice (Tournissac et al.,
2018). It is likely that increasing BCAA consumption may improve
health outcomes or quality of life in some specific conditions or life
stages, and future research should try to determine what factors
predispose humans to respond positively to BCAA supplementation.

8.5 | BCAA- estriction as a clinical intervention
There are many factors that need to be considered in the applica-
tion of experimental diets to human patients, mainly safety and
feasibility. BCAA-restricted diets could conceptually be used as a
weight loss and insulin-sensitizing intervention or promote healthy
longevity. Restricting BCAAs in diet-induced obese mice induced
rapid weight loss (Cummings et al., 2018), and this dramatic effect
would likely not be tolerated well or sustained in humans. Though
mice of both sexes tolerate lifelong BCAA restriction well, some fe-
males who began the diet in midlife suffered early mortality, which
is an obvious safety concern. However, young mice and diet-induced
obese mice do not adversely react to a diet restricted by two-thirds
BCAAs, and this appears to be a safe dietary intervention if weight
is carefully monitored.

Clinical experiments utilizing dietary BCAA restriction in humans
are sparse; to date, there are two trials using this dietary regimen.
The first study was conducted in metabolically healthy individuals
and utilized whole foods in addition to medical-grade foods and
formulas that are engineered for individuals with maple syrup urine
disease (MSUD). MSUD is an autosomal recessive disease in which
mutations in BCKDH genes require limitation of the BCAAs to pre-
vent neurotoxic buildup of BCAAs and BCKAs. Over the course
of a week, the intentional reduction in dietary BCAAs resulted in
reduced circulating BCAAs by 50%. Additionally, the intervention
slightly reduced insulin resistance as measured by Homeostatic
Model Assessment of Insulin Resistance (HOMA-IR) (Ramzan et al.,
2020). Presumably, a longer intervention would yield significant im-
provements in insulin resistance and overall glucose homeostasis,
but more clinical trials are needed, especially in populations with un-
derlying metabolic conditions.

In a second clinical trial of BCAA restriction, BCAAs were re-
duced by supplementing subjects eating a low protein diet with
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either a complete AA mixture or one lacking BCAAs for one month.
BCAA-restricted humans demonstrated lowered circulating BCAAs
in several feeding states, especially during a mixed-meal tolerance
test, and improved some measures of metabolic health. Postprandial
insulin secretion was lowered, oral glucose sensitivity was improved,
and FGF21 increased by 21% (Karusheva et al., 2019). These exciting
results prove efficacy and feasibility of decreasing BCAA consump-
tion in humans, at least for a short period of time.

However, a recent study of mice feeding periodized PR found
that many benefits were transient and reversed after PR ended,
and it is unknown whether this will apply to humans on a protein
or BCAA-restricted diet (Li, Rasmussen et al., 2018). Future studies
should extend BCAA-restricted periods, and track metabolic pa-
rameters after the diet ends, to see how interventions such as these
affect long-term health. Other solutions could involve registered
dietitian-designed diets that naturally control BCAA intake. The out-
comes of dietary BCAA restriction are summarized in Figure 2.

9 | DISTINCT METABOLIC EFFECTS OF
THE INDIVIDUAL BCAAs

While BCAAs are commonly grouped together and referred to
collectively, there is evidence that these AAs can have individual
effects, as alluded to earlier in this review. To test the effects of
individual BCAA restriction on metabolic health, mice were fed a
new series of individually restricted BCAA diets. Restricting leucine
instead of all BCAAs does not improve metabolic health—rather, it
slightly increases adiposity (Fontana et al., 2016; Yu et al., 2021).
Interestingly, valine and isoleucine restriction both improved met-
abolic health. Specific valine deprivation has also been shown to

reduce leukemic burden and increase survival in mice with acute
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FIGURE 2 BCAA restriction improves
health and extends lifespan. Visual
summary of the effects of restricting
dietary BCAAs on molecular signaling,
healthspan, and longevity
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lymphoblastic leukemia (ALL) by reducing expression of valine

tRNAs that are typically upregulated in this condition (Thandapani
et al., 2022). Furthermore, adding isoleucine or valine back to a diet
with low levels of all other AAs markedly reduced the benefits to
metabolic health. Overall, while reduction of isoleucine and valine
proved to drive the benefits of a BCAA-restricted diet, and leucine
often had no effect when manipulated in diet alone, isoleucine re-
striction elicited the most potent improvements to metabolic health
in all conditions tested. Through the use of genetically altered mice,
it was determined that isoleucine restriction improves metabolic
health independently of hepatic mMTORC1 and GCN2, and that
FGF21 may play a role in these benefits (Yu et al., 2021). Overall,
these data show that while BCAAs are often referred to collectively
and grouped together in analysis, they have distinct physiological
roles.

It is curious that the individual BCAAs do not produce equal ef-
fects when restricted. The catabolism of these AAs is regulated by
the same kinases, though their end products differ by glucogenic
and ketogenic properties. In a standard chow diet, leucine is the
most abundantly fed BCAA, and isoleucine is the least abundant,
so it is tempting to think that when restricted by 67%, isoleucine
and valine have crossed some threshold that results in improved
metabolic health. Indeed, when leucine is restricted by 80%-85%,
there are benefits to metabolic health, and FGF21 was only in-
duced after 85% leucine restriction (Lees et al., 2017; Wanders
et al,, 2015). However, even in experiments that eliminate individual
BCAAs, differences among their effects were still observed. Xiao
et al. showed that though eliminating any individual BCAA rapidly
reduces weight and improves insulin sensitivity, only valine and
isoleucine elimination improved glucose tolerance and lowered fed
blood glucose levels, possibly through decreased expression of key

gluconeogenic genes (Xiao et al., 2011, 2014). Furthermore, one
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study of methylmalonyl-CoA mutase heterozygosis in mice, which

prevents complete valine and isoleucine oxidation to succinyl-CoA,
resulted in susceptibility to insulin-resistant obesity (Lerin et al.,
2016). However, the distinctions among the BCAAs that influence
metabolic heath are still unclear, and future work should determine
whether and how diets limited in leucine, isoleucine, and valine are
differently sensed.

Finally, as isoleucine restriction produces such potent effects
compared with the other BCAAs, and as BCAA restriction extends
longevity, feeding an isoleucine-restricted diet and testing the ef-
fects on longevity is a logical next step. Though isoleucine is the
BCAA most influential in improving metabolic health, metabolic
health is not always linked to increased lifespan. Several groups have
now shown that insulin sensitivity and longevity can be uncoupled
(Arriola Apelo et al., 2020; Lamming et al., 2012; Selman et al., 2008;
Yu et al., 2019) however, BCAA-restricted mice of both sexes are
also less frail with age. It will be interesting to determine whether
isoleucine restriction recapitulates these benefits on frailty and

longevity.

10 | SEXUAL DIMORPHISM IN RESPONSE
TO PROTEIN AND BCAA RESTRICTION

Sex differences in longevity have been observed in almost every
species studied, but there is a clear lack of research evenly into
both sexes (Austad & Fischer, 2016; Zucker & Beery, 2010).
Modern longevity studies have found substantial effects of sex
on lifespan and disease burden (Le Couteur et al., 2018; Mitchell
et al., 2016), so it is perhaps unsurprising that sexually dimorphic
effects have also been found in mice subject to protein and BCAA
restriction.

As previously discussed, consumption of a 67% BCAA-restricted
diet starting in midlife improved metabolic health and reduced frailty
in both sexes, though this diet only extended lifespan in males when
initiated at a young age (Richardson et al., 2021). Intriguingly, this
was also the case with respect to PR; a PR diet started early in lifes-
pan only extended the lifespan of males (Richardson et al., 2021).
The only other study evaluating BCAA restriction and longevity to
date did not find any difference in either sex with longevity, and
found most effects were not dimorphic, though this study used a
more strict level of BCAA restriction than ours (Solon-Biet et al.,
2019). Some insights into these results can be drawn from research
into dietary protein intake.

A recent publication tested how different levels of dietary pro-
tein impacted the metabolic health and molecular profile of multiple
strains of male and female mice. While some phenotypes were con-
served across strains and sexes, including increased glucose toler-
ance and energy expenditure, there was large variability in adiposity,
insulin sensitivity, and circulating hormones with sex, strain, and
age of onset (Green et al., 2022). This study also demonstrated that
short-term PR was effective at improving metabolic health when

started much later in life, and the pattern of sexual dimorphism was
altered at old age.

Another experiment testing different protein:carbohydrate ra-
tios in both sexes on reproduction and lifespan found that female
mice maximize reproductive health and longevity at different ratios
compared with male mice. Male longevity was optimized at lower
ratios than females, indicating that the degree of PR increasing
male lifespan is more severe than in females. Additionally, repro-
ductive function is maximized on higher ratios in both sexes, mean-
ing that higher protein intake is needed for optimal reproductive
health (Solon-Biet et al., 2015). This has also been demonstrated in
Drosophila melanogaster, as females suppress egg production on low-
protein, high-carbohydrate diets (Lee, 2015).

These results are useful when thinking about BCAA restriction,
as it is conceivable that to increase lifespan in females, different
levels of limitation may be needed. At the two-thirds level of re-
striction tested, females did not have diminished mTORC1 activity
(Richardson et al., 2021). Future experiments could test different
degrees of BCAA restriction and measure how mTORC1 signaling
and lifespan respond in female mice. Furthermore, effects on repro-
ductive health may differentially influence female vs. male longevity,
and it would be interesting to determine how BCAA restriction influ-
ences reproductive health in both sexes.

11 | FUTURE DIRECTIONS IN BCAA
RESEARCH METABOLISM AND AGING
11.1 | Therole of FGF21
Probably the largest remaining question in the work presented so
far is the role of FGF21 in response to BCAA or isoleucine restric-
tion. As FGF21 is essential for the metabolic benefits and lifespan
extension of PR (Hill et al., 2022; Laeger et al., 2014) (Figure 3), and
as BCAA and isoleucine addback to a PR diet blunts or eliminates
these metabolic benefits (Yu et al., 2021), it is logical to hypothesize
that FGF21 is essential for the effects we observe in BCAA and
isoleucine restriction. Several studies have examined the effect of
BCAA restriction on FGF21 levels in mice. Two studies found that
BCAA restriction did not increase blood levels of FGF21 (Fontana
etal., 2016; Solon-Biet et al., 2019), while a third observed increased
FGF21 expression in aged males fed a Low BCAA diet (Richardson
et al., 2021). Another study observed that BCAA restriction study
in the context of a Western diet temporarily increased FGF21
(Cummings et al., 2018). Two studies of BCAA repletion in PR have
presented divided results, with one reporting that BCAA addback
did not blunt increases in FGF21 by PR (Maida et al., 2017), and the
other showing a slight decrease (Mu et al., 2018).

The role of FGF21 in response to specific restriction of iso-
leucine is a bit clearer; isoleucine restriction strongly raises
FGF21 levels and induces Fgf21 transcription in multiple tissues.

Moreover, deletion of Fgf21 blocks isoleucine-induced increases
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FIGURE 3 FGF21in PR. PR induces
hepatic FGF21 resulting in metabolic and
physiological effects in many tissues.
Note: FGF21 also acts through autocrine
and paracrine means not illustrated here
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in food consumption and energy expenditure. However, Fgf21™/~
mice on a low isoleucine diet still displayed improved glucose tol-
erance and body composition (Yu et al., 2021). Modifying hepatic
AA sensing by deletion of Gen2 or Tscl (Tuberous sclerosis com-
plex 1—an upstream negative regulator of mTORC1) does not alter
the metabolic response to isoleucine restriction (Yu et al., 2021).
Another study has shown that hepatic ATF4 can activate and in-
crease FGF21 expression without GCN2 activity, though this pro-
cess is delayed (Laeger et al., 2016). The molecular mechanisms
by which FGF21 levels are increased by isoleucine restriction, and
the molecular processes by which dietary isoleucine restriction
promotes glucose tolerance and reduces adiposity, remain to be
determined.

Interestingly, our laboratory recently discovered that the meta-
bolic and molecular response to PR has sex- and strain-dependent
effects (Green et al., 2022). Though many benefits of PR diets are
attributed to FGF21, these studies have primarily been conducted
in C57BL/6J males. Surprisingly, we observed that while blood lev-
els of FGF21 are strongly induced by PR in C57BL/6J males, this
increase was more muted in C57BL/6J females, and not observed in

DBA/2J) or HET3 mice of either sex. Further, these results uncoupled
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increased energy expenditure on PR diets and metabolic health im-
provements, and in DBA females, EE negatively correlated with he-
patic Fgf21. These results suggest that many PR outcomes may be
independent of changes in FGF21.

12 | CONCLUSIONS

There are still questions surrounding dietary AAs, metabolism, and
longevity that remain unanswered by the current literature, espe-
cially in humans. The work discussed above raises new questions
about how the amount and quality of protein intake influences
health, and suggests that perhaps these dietary recommendations
will need to be personalized. For example, as detailed earlier, the
elderly may need to consume more BCAAs to prevent muscle loss
and stave off frailty, while athletes may need to consume more
BCAAs to build and maintain muscle. These protein or BCAA
recommendations may be personalized based on one’s circulat-
ing amino acid levels and genes, allowing us to find the best diet
for each person. Further research into the molecular mechanisms
which underlie the benefits of BCAA and protein restriction may
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allow the development of pharmaceuticals to mimic these dietary

interventions.

ACKNOWLEDGMENTS

Graphical abstract and Figures 1 and 2 were created with BioRender.
com. We would like to thank all members of the Lamming labora-
tory, and Dr. Cara Green and Reji Babygirija for their critical reading
of this manuscript. The Lamming laboratory is supported in part by
the NIH/NIA (AG056771, AG062328, and AG061635), NIH/NIDDK
(DK125859), and startup funds from the University of Wisconsin-
Madison School of Medicine and Public Health and Department of
Medicine to D.W.L. M.E.T. was supported in part by a Supplement
to Promote Diversity in Health-Related Research (RO1AG062328-
0351). N.E.R. was supported in part by a training grant from the UW
Institute on Aging (NIA T32 AG000213). This Lamming laboratory
is supported in part by the U.S. Department of Veterans Affairs
(101-BX004031), and this work was supported using facilities and re-
sources from the William S. Middleton Memorial Veterans Hospital.
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the NIH. This work does
not represent the views of the Department of Veterans Affairs or

the United States Government.

CONFLICT OF INETERST
D.W.L has received funding from, and is a scientific advisory board
member of, Aeovian Pharmaceuticals, which seeks to develop novel,

selective mTOR inhibitors for the treatment of various diseases.

AUTHOR CONTRIBUTIONS
All of the authors contributed to all aspects of the article.

ORCID

Michaela E. Trautman "= https://orcid.org/0000-0002-3172-0436

Dudley W. Lamming "= https://orcid.org/0000-0002-0079-4467

REFERENCES

Adachi, Y., Ono, N., Imaizumi, A., Muramatsu, T., Andou, T., Shimodaira,
Y., Nagao, K., Kageyama, Y., Mori, M., Noguchi, Y., Hashizume, N.,
& Nukada, H. (2018). Plasma amino acid profile in severely frail el-
derly patients in Japan. International Journal of Gerontology, 12(4),
290-293. https://doi.org/10.1016/].ijge.2018.03.003

Arias, E., Tejada-Vera, B., Ahmad, F., & Kochanek, K. D. (2021). Provisional
life expectancy estimates for 2020. NVSS vital statistics rapid release;
report no. 015, National Center for Health Statistics (U.S.). NCHS
Division of Vital Statistics. http://doi.org/10.15620/cdc:107201

Arriola Apelo, S. I, Lin, A., Brinkman, J. A., Meyer, E., Morrison, M.,
Tomasiewicz, J. L., Pumper, C. P,, Baar, E. L., Richardson, N. E.,
Alotaibi, M., & Lamming, D. W. (2020). Ovariectomy uncou-
ples lifespan from metabolic health and reveals a sex-hormone-
dependent role of hepatic mMTORC2 in aging. eLife, 9. https://doi.
org/10.7554/elife.56177

Austad, S. N., & Fischer, K. E. (2016). Sex differences in lifespan.
Cell Metabolism, 23(6), 1022-1033. https://doi.org/10.1016/j.
cmet.2016.05.019

Babygirija, R., & Lamming, D. W. (2021). The regulation of healthspan and
lifespan by dietary amino acids. Translational Medicine of Aging, 5,
17-30. https://doi.org/10.1016/j.tma.2021.05.001

Bjedov, I., Toivonen, J. M., Kerr, F., Slack, C., Jacobson, J,, Foley, A., &
Partridge, L. (2010). Mechanisms of life span extension by rapamy-
cin in the fruit fly Drosophila melanogaster. Cell Metabolism, 11(1),
35-46. https://doi.org/10.1016/j.cmet.2009.11.010

Block, K. P., Soemitro, S., Heywood, B. W., & Harper, A. E. (1985).
Activation of liver branched-chain alpha-keto acid dehydrogenase
in rats by excesses of dietary amino acids. Journal of Nutrition,
115(12), 1550-1561. https://doi.org/10.1093/jn/115.12.1550

Bluher, M. (2019). Obesity: Global epidemiology and pathogene-
sis. Nature Reviews Endocrinology, 15(5), 288-298. https://doi.
org/10.1038/s41574-019-0176-8

Bray, G. A., Smith, S. R., de Jonge, L., Xie, H., Rood, J., Martin, C. K.,
Most, M., Brock, C., Mancuso, S., & Redman, L. M. (2012). Effect
of dietary protein content on weight gain, energy expenditure, and
body composition during overeating: A randomized controlled trial.
JAMA, 307(1), 47-55. https://doi.org/10.1001/jama.2011.1918

Brosnan, J. T., & Brosnan, M. E. (2006). Branched-chain amino acids:
Enzyme and substrate regulation. Journal of Nutrition, 136(1 Suppl),
207S5-211S. https://doi.org/10.1093/jn/136.1.207S

Brown-Borg, H. M., & Buffenstein, R. (2017). Cutting back on the es-
sentials: Can manipulating intake of specific amino acids modulate
health and lifespan? Ageing Research Reviews, 39, 87-95. https://doi.
org/10.1016/j.arr.2016.08.007

Bruce, K. D., Hoxha, S., Carvalho, G. B., Yamada, R., Wang, H.-D.,
Karayan, P., He, S., Brummel, T., Kapahi, P., & Ja, W. W. (2013).
High carbohydrate-low protein consumption maximizes Drosophila
lifespan. Experimental Gerontology, 48(10), 1129-1135. https://doi.
org/10.1016/j.exger.2013.02.003

Castellano, S., Casarosa, S., Sweatt, A. J., Hutson, S. M., & Bozzi, Y. (2007).
Expression of cytosolic branched chain aminotransferase (BCATc)
mRNA in the developing mouse brain. Gene Expression Patterns,
7(4), 485-490. https://doi.org/10.1016/j.modgep.2006.10.010

Chaleckis, R., Murakami, I., Takada, J., Kondoh, H., & Yanagida, M. (2016).
Individual variability in human blood metabolites identifies age-
related differences. Proceedings of the National Academy of Sciences
of the United States of America, 113(16), 4252-4259. https://doi.
org/10.1073/pnas.1603023113

Chantranupong, L., Wolfson, R. L., Orozco, J. M., Saxton, R. A., Scaria,
S. M., Bar-Peled, L., Spooner, E., Isasa, M., Gygi, S. P., & Sabatini, D.
M. (2014). The Sestrins interact with GATOR2 to negatively reg-
ulate the amino-acid-sensing pathway upstream of mTORC1. Cell
Reports, 9(1), 1-8. https://doi.org/10.1016/j.celrep.2014.09.014

Chen, M., Gao, C,, Yu, J, Ren, S., Wang, M., Wynn, R. M., Chuang, D.
T., Wang, Y., & Sun, H. (2019). Therapeutic effect of targeting
branched-chain amino acid catabolic flux in pressure-overload in-
duced heart failure. Journal of the American Heart Association, 8(11),
e€011625. https://doi.org/10.1161/JAHA.118.011625

Chen, S., Akter, S., Kuwahara, K., Matsushita, Y., Nakagawa, T., Konishi,
M., Honda, T., Yamamoto, S., Hayashi, T., Noda, M., & Mizoue, T.
(2019). Serum amino acid profiles and risk of type 2 diabetes among
Japanese adults in the Hitachi Health Study. Scientific Reports, 9(1),
7010. https://doi.org/10.1038/s41598-019-43431-z

Collaboration, N. C. D. R. F. (2016). Trends in adult body-mass index
in 200 countries from 1975 to 2014: A pooled analysis of 1698
population-based measurement studies with 19.2 million partici-
pants. Lancet, 387(10026), 1377-1396. https://doi.org/10.1016/
S0140-6736(16)30054-X

Colman, R. J.,, Beasley, T. M., Kemnitz, J. W., Johnson, S. C., Weindruch,
R., & Anderson, R. M. (2014). Caloric restriction reduces age-related
and all-cause mortality in rhesus monkeys. Nature Communications,
5, 3557. https://doi.org/10.1038/ncomms4557

Cuenca-Sanchez, M., Navas-Carrillo, D., & Orenes-Pinero, E. (2015).
Controversies surrounding high-protein diet intake: Satiating effect
and kidney and bone health. Advances in Nutrition, 6(3), 260-266.
https://doi.org/10.3945/an.114.007716


https://orcid.org/0000-0002-3172-0436
https://orcid.org/0000-0002-3172-0436
https://orcid.org/0000-0002-0079-4467
https://orcid.org/0000-0002-0079-4467
https://doi.org/10.1016/j.ijge.2018.03.003
http://doi.org/10.15620/cdc:107201
https://doi.org/10.7554/elife.56177
https://doi.org/10.7554/elife.56177
https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.1016/j.tma.2021.05.001
https://doi.org/10.1016/j.cmet.2009.11.010
https://doi.org/10.1093/jn/115.12.1550
https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.1001/jama.2011.1918
https://doi.org/10.1093/jn/136.1.207S
https://doi.org/10.1016/j.arr.2016.08.007
https://doi.org/10.1016/j.arr.2016.08.007
https://doi.org/10.1016/j.exger.2013.02.003
https://doi.org/10.1016/j.exger.2013.02.003
https://doi.org/10.1016/j.modgep.2006.10.010
https://doi.org/10.1073/pnas.1603023113
https://doi.org/10.1073/pnas.1603023113
https://doi.org/10.1016/j.celrep.2014.09.014
https://doi.org/10.1161/JAHA.118.011625
https://doi.org/10.1038/s41598-019-43431-z
https://doi.org/10.1016/S0140-6736(16)30054-X
https://doi.org/10.1016/S0140-6736(16)30054-X
https://doi.org/10.1038/ncomms4557
https://doi.org/10.3945/an.114.007716

TRAUTMAN ET AL.

Cummings, N. E., Williams, E. M., Kasza, I., Konon, E. N., Schaid, M.
D., Schmidt, B. A., Poudel, C., Sherman, D. S., Yu, D., Arriola
Apelo, S. I, Cottrell, S. E., Geiger, G., Barnes, M. E., Wisinski, J. A.,
Fenske, R. J., Matkowskyj, K. A., Kimple, M. E., Alexander, C. M.,
Merrins, M. J., & Lamming, D. W. (2018). Restoration of metabolic
health by decreased consumption of branched-chain amino acids.
Journal of Physiology, 596(4), 623-645. https://doi.org/10.1113/
JP275075

D'Antona, G., Ragni, M., Cardile, A., Tedesco, L., Dossena, M., Bruttini,
F., Caliaro, F., Corsetti, G., Bottinelli, R., Carruba, M. O, Valerio, A.,
& Nisoli, E. (2010). Branched-chain amino acid supplementation
promotes survival and supports cardiac and skeletal muscle mito-
chondrial biogenesis in middle-aged mice. Cell Metabolism, 12(4),
362-372. https://doi.org/10.1016/j.cmet.2010.08.016

De Sousa-Coelho, A. L., Marrero, P. F., & Haro, D. (2012). Activating tran-
scription factor 4-dependent induction of FGF21 during amino acid
deprivation. The Biochemical Journal, 443(1), 165-171. https://doi.
org/10.1042/BJ20111748

Deelen, J., Kettunen, J., Fischer, K., van der Spek, A., Trompet, S.,
Kastenmdiller, G., Boyd, A., Zierer, J., van den Akker, E. B., Ala-
Korpela, M., Amin, N., Demirkan, A., Ghanbari, M., van Heemst, D.,
lkram, M. A, van Klinken, J. B., Mooijaart, S. P., Peters, A., Salomaa,
V., ... Slaghoom, P. E. (2019). A metabolic profile of all-cause mor-
tality risk identified in an observational study of 44,168 individu-
als. Nature Communications, 10(1), 3346. https://doi.org/10.1038/
s41467-019-11311-9

Delimaris, |. (2013). Adverse effects associated with protein intake above
the recommended dietary allowance for adults. ISRN Nutrition,
2013, 126929. https://doi.org/10.5402/2013/126929

Dicker, D., Nguyen, G., Abate, D., Abate, K. H., Abay, S. M., Abbafati,
C., Abbasi, N., Abbastabar, H., Abd-Allah, F., Abdela, J., Abdelalim,
A., Abdel-Rahman, O., Abdi, A., Abdollahpour, I., Abdulkader, R. S.,
Abdurahman, A. A., Abebe, H. T., Abebe, M., Abebe, Z,, ... Murray,
C. J. L. (2018). Global, regional, and national age-sex-specific mor-
tality and life expectancy, 1950-2017: A systematic analysis for
the Global Burden of Disease Study 2017. The Lancet, 392(10159),
1684-1735. https://doi.org/10.1016/50140-6736(18)31891-9

Dietary Guidelines for Americans, 2020-2025 (2020). DietaryGuidelin
es.gov

Dillon, E. L., Sheffield-Moore, M., Paddon-Jones, D., Gilkison, C., Sanford,
A. P, Casperson, S. L., Jiang, J., Chinkes, D. L., & Urban, R. J. (2009).
Amino acid supplementation increases lean body mass, basal mus-
cle protein synthesis, and insulin-like growth factor-l expression
in older women. Journal of Clinical Endocrinology and Metabolism,
94(5), 1630-1637. https://doi.org/10.1210/jc.2008-1564

Dong, J., Qiu, H., Garcia-Barrio, M., Anderson, J., & Hinnebusch, A. G.
(2000). Uncharged tRNA activates GCN2 by displacing the protein
kinase moiety from a bipartite tRNA-binding domain. Molecular Cell,
6(2), 269-279. https://doi.org/10.1016/s1097-2765(00)00028-9

Dong, J. Y., Zhang, Z. L., Wang, P. Y., & Qin, L. Q. (2013). Effects of high-
protein diets on body weight, glycaemic control, blood lipids and
blood pressure in type 2 diabetes: Meta-analysis of randomised
controlled trials. British Journal of Nutrition, 110(5), 781-789.
https://doi.org/10.1017/S0007114513002055

Du, X., You, H., Li, Y., Wang, Y., Hui, P., Qiao, B., Lu, J., Zhang, W., Zhou,
S., Zheng, Y., & Du, J. (2018). Relationships between circulating
branched chain amino acid concentrations and risk of adverse
cardiovascular events in patients with STEMI treated with PCI.
Scientific Reports, 8(1), 15809. https://doi.org/10.1038/s41598-
018-34245-6

Felig, P., Marliss, E., & Cahill, G. F. Jr (1969). Plasma amino acid levels and
insulin secretion in obesity. New England Journal of Medicine, 281(15),
811-816. https://doi.org/10.1056/NEJM196910092811503

Fillmore, N., Wagg, C. S., Zhang, L., Fukushima, A., & Lopaschuk, G.
D. (2018). Cardiac branched-chain amino acid oxidation is re-
duced during insulin resistance in the heart. American Journal of

Aging —WlLEY 13 of 19

Physiology-Endocrinology and Metabolism, 315(5), E1046-E1052.
https://doi.org/10.1152/ajpendo.00097.2018

Flurkey, K., Currer, J., & Harrison, D. (2007). The mouse in aging research.
In J. G. Fox (Ed.), The mouse in biomedical research, 2nd ed. (pp. 637~
672). American College Laboratory Animal Medicine.

Fontana, L., Cummings, N. E., Arriola Apelo, S. I., Neuman, J. C., Kasza,
l., Schmidt, B. A., Cava, E., Spelta, F., Tosti, V., Syed, F. A., Baar, E.
L., Veronese, N., Cottrell, S. E., Fenske, R. J., Bertozzi, B., Brar, H.
K., Pietka, T., Bullock, A. D., Figenshau, R. S., ... Lamming, D. W.
(2016). Decreased consumption of branched-chain amino acids im-
proves metabolic health. Cell Reports, 16(2), 520-530. https://doi.
org/10.1016/j.celrep.2016.05.092

Foreman, K. J., Marquez, N., Dolgert, A., Fukutaki, K., Fullman, N.,
McGaughey, M., Pletcher, M. A., Smith, A. E., Tang, K., Yuan, C.-
W., Brown, J. C., Friedman, J.,, He, J., Heuton, K. R., Holmberg, M.,
Patel, D. J,, Reidy, P., Carter, A., Cercy, K., ... Murray, C. J. L. (2018).
Forecasting life expectancy, years of life lost, and all-cause and
cause-specific mortality for 250 causes of death: Reference and
alternative scenarios for 2016-40 for 195 countries and territories.
Lancet, 392(10159), 2052-2090. https://doi.org/10.1016/50140
-6736(18)31694-5

Grandison, R. C., Piper, M. D., & Partridge, L. (2009). Amino-acid
imbalance explains extension of lifespan by dietary restric-
tion in Drosophila. Nature, 462(7276), 1061-1064. https://doi.
org/10.1038/nature08619

Green, C. L., Lamming, D. W., & Fontana, L. (2022). Molecular mech-
anisms of dietary restriction promoting health and longevity.
Nature Reviews Molecular Cell Biology, 23(1), 56-73. https://doi.
org/10.1038/s41580-021-00411-4

Green, C. L., Pak, H. H,, Richardson, N. E., Flores, V., Yu, D., Tomasiewicz,
J. L., Dumas, S. N., Kredell, K., Fan, J. W., Kirsh, C., Chaiyakul, K.,
Murphy, M. E., Babygirija, R., Barrett-Wilt, G. A., Rabinowitz, J.,
Ong, I. M., Jang, C., Simcox, J., & Lamming, D. W. (2022). Sex and
genetic background define the metabolic, physiologic, and molecu-
lar response to protein restriction. Cell Metabolism, 34(2), 209-226
€205. https://doi.org/10.1016/j.cmet.2021.12.018

Gribble, K. E., & Welch, D. B. (2013). Life-span extension by caloric re-
striction is determined by type and level of food reduction and by
reproductive mode in Brachionus manjavacas (Rotifera). Journals of
Gerontology. Series A, Biological Sciences and Medical Sciences, 68(4),
349-358. https://doi.org/10.1093/gerona/gls170

Guo, F., & Cavener, D. R. (2007). The GCN2 elF2alpha kinase regu-
lates fatty-acid homeostasis in the liver during deprivation of an
essential amino acid. Cell Metabolism, 5(2), 103-114. https://doi.
org/10.1016/j.cmet.2007.01.001

Han, J. M., Jeong, S. J., Park, M. C,, Kim, G., Kwon, N. H., Kim, H. K., Ha,
S. H., Ryu, S. H., & Kim, S. (2012). Leucyl-tRNA synthetase is an
intracellular leucine sensor for the mTORC1-signaling pathway. Cell,
149(2), 410-424. https://doi.org/10.1016/j.cell.2012.02.044

Harding, H. P.,, Ordonez, A., Allen, F., Parts, L., Inglis, A. J., Williams,
R. L., & Ron, D. (2019). The ribosomal P-stalk couples amino acid
starvation to GCN2 activation in mammalian cells. eLife, 8, e50149.
https://doi.org/10.7554/eLife.50149

Harper, A. E., Miller, R. H., & Block, K. P. (1984). Branched-chain amino
acid metabolism. Annual Review of Nutrition, 4, 409-454. https://
doi.org/10.1146/annurev.nu.04.070184.002205

Hatazawa, Y., Tadaishi, M., Nagaike, Y., Morita, A., Ogawa, Y., Ezaki, O., &
Miura, S. (2014). PGC-1alpha-mediated branched-chain amino acid
metabolism in the skeletal muscle. PLoS One, 9(3), €91006. https://
doi.org/10.1371/journal.pone.0091006

He, X.-D., Gong, W., Zhang, J.-N., Nie, J. |, Yao, C.-F,, Guo, F.-S., Lin, Y.,
Wu, X.-H., Li, F,, Li, J., Sun, W.-C., Wang, E.-D., An, Y.-P., Tang, H.-R.,
Yan, G.-Q., Yang, P.-Y., Wei, Y., Mao, Y.-Z,, Lin, P.-C,, ... Zhao, S.-
M. (2018). Sensing and transmitting intracellular amino acid signals
through reversible lysine aminoacylations. Cell Metabolism, 27(1),
151-166 e156. https://doi.org/10.1016/j.cmet.2017.10.015



https://doi.org/10.1113/JP275075
https://doi.org/10.1113/JP275075
https://doi.org/10.1016/j.cmet.2010.08.016
https://doi.org/10.1042/BJ20111748
https://doi.org/10.1042/BJ20111748
https://doi.org/10.1038/s41467-019-11311-9
https://doi.org/10.1038/s41467-019-11311-9
https://doi.org/10.5402/2013/126929
https://doi.org/10.1016/S0140-6736(18)31891-9
http://DietaryGuidelines.gov
http://DietaryGuidelines.gov
https://doi.org/10.1210/jc.2008-1564
https://doi.org/10.1016/s1097-2765(00)00028-9
https://doi.org/10.1017/S0007114513002055
https://doi.org/10.1038/s41598-018-34245-6
https://doi.org/10.1038/s41598-018-34245-6
https://doi.org/10.1056/NEJM196910092811503
https://doi.org/10.1152/ajpendo.00097.2018
https://doi.org/10.1016/j.celrep.2016.05.092
https://doi.org/10.1016/j.celrep.2016.05.092
https://doi.org/10.1016/S0140-6736(18)31694-5
https://doi.org/10.1016/S0140-6736(18)31694-5
https://doi.org/10.1038/nature08619
https://doi.org/10.1038/nature08619
https://doi.org/10.1038/s41580-021-00411-4
https://doi.org/10.1038/s41580-021-00411-4
https://doi.org/10.1016/j.cmet.2021.12.018
https://doi.org/10.1093/gerona/gls170
https://doi.org/10.1016/j.cmet.2007.01.001
https://doi.org/10.1016/j.cmet.2007.01.001
https://doi.org/10.1016/j.cell.2012.02.044
https://doi.org/10.7554/eLife.50149
https://doi.org/10.1146/annurev.nu.04.070184.002205
https://doi.org/10.1146/annurev.nu.04.070184.002205
https://doi.org/10.1371/journal.pone.0091006
https://doi.org/10.1371/journal.pone.0091006
https://doi.org/10.1016/j.cmet.2017.10.015

TRAUTMAN ET AL.

14 of 19 Wl LEY- Aging

Herman, M. A., She, P., Peroni, O. D., Lynch, C. J., & Kahn, B. B. (2010).
Adipose tissue branched chain amino acid (BCAA) metabolism
modulates circulating BCAA levels. Journal of Biological Chemistry,
285(15), 11348-11356. https://doi.org/10.1074/jbc.M109.075184

Hill, C. M., Albarado, D. C., Coco, L. G,, Spann, R. A, Khan, M. S., Qualls-
Creekmore, E., Burk, D. H., Burke, S. J., Collier, J. J., Yu, S., McDougal,
D. H., Berthoud, H.-R., Miinzberg, H., Bartke, A., & Morrison, C. D.
(2022). FGF21 is required for protein restriction to extend lifespan
and improve metabolic health in male mice. Nature Communications,
13(1), 1897. https://doi.org/10.1038/s41467-022-29499-8

Hill, C. M., Laeger, T., Albarado, D. C., McDougal, D. H., Berthoud, H.
R., Munzberg, H., & Morrison, C. D. (2017). Low protein-induced
increases in FGF21 drive UCP1-dependent metabolic but not ther-
moregulatory endpoints. Scientific Reports, 7(1), 8209. https://doi.
org/10.1038/s41598-017-07498-w

Hill, C. M., Laeger, T., Dehner, M., Albarado, D. C., Clarke, B., Wanders,
D., Burke, S. J.,, Collier, J. J., Qualls-Creekmore, E., Solon-Biet, S.
M., Simpson, S. J., Berthoud, H.-R., Miinzberg, H., & Morrison, C.
D. (2019). FGF21 signals protein status to the brain and adaptively
regulates food choice and metabolism. Cell Reports, 27(10), 2934-
2947 e2933. https://doi.org/10.1016/j.celrep.2019.05.022

Howatson, G., Hoad, M., Goodall, S., Tallent, J., Bell, P. G., & French, D. N.
(2012). Exercise-induced muscle damage is reduced in resistance-
trained males by branched chain amino acids: Arandomized, double-
blind, placebo controlled study. Journal of the International Society of
Sports Nutrition, 9, 20. https://doi.org/10.1186/1550-2783-9-20

Huffman, K. M., Shah, S. H., Stevens, R. D., Bain, J. R., Muehlbauer,
M., Slentz, C. A., Tanner, C. J., Kuchibhatla, M., Houmard, J. A.,
Newgard, C. B., & Kraus, W. E. (2009). Relationships between circu-
lating metabolic intermediates and insulin action in overweight to
obese, inactive men and women. Diabetes Care, 32(9), 1678-1683.
https://doi.org/10.2337/dc08-2075

Hutson, S. M., Berkich, D., Drown, P., Xu, B., Aschner, M., & LaNoue,
K. F. (1998). Role of branched-chain aminotransferase isoen-
zymes and gabapentin in neurotransmitter metabolism. Journal
of Neurochemistry, 71(2), 863-874. https://doi.org/10.1046/
j.1471-4159.1998.71020863.x

Hutson, S. M., Wallin, R., & Hall, T. R. (1992). Identification of mitochon-
drial branched chain aminotransferase and its isoforms in rat tis-
sues. Journal of Biological Chemistry, 267(22), 15681-15686. https://
doi.org/10.1016/50021-9258(19)49589-6

lwasaki, K., Gleiser, C. A., Masoro, E. J., McMahan, C. A, Seo, E. J., & Yu,
B. P. (1988). The influence of dietary protein source on longevity
and age-related disease processes of Fischer rats. The Journal of
Gerontology, 43(1), B5-12. https://doi.org/10.1093/geronj/43.1.b5

Jang, C,, Oh, S. F,, Wada, S., Rowe, G. C,, Liu, L., Chan, M. C., Rhee, J.,
Hoshino, A., Kim, B., Ibrahim, A., Baca, L. G., Kim, E., Ghosh, C.
C., Parikh, S. M., Jiang, A., Chu, Q., Forman, D. E., Lecker, S. H.,
Krishnaiah, S., ... Arany, Z. (2016). A branched-chain amino acid me-
tabolite drives vascular fatty acid transport and causes insulin re-
sistance. Nature Medicine, 22(4), 421-426. https://doi.org/10.1038/
nm.4057

Johnson, J. E., & Johnson, F. B. (2014). Methionine restriction activates
the retrograde response and confers both stress tolerance and
lifespan extension to yeast, mouse and human cells. PLoS One, 9(5),
e97729. https://doi.org/10.1371/journal.pone.0097729

Joshi, M. A., Jeoung, N. H., Obayashi, M., Hattab, E. M., Brocken, E. G.,
Liechty, E. A., & Harris, R. A. (2006). Impaired growth and neuro-
logical abnormalities in branched-chain alpha-keto acid dehydro-
genase kinase-deficient mice. The Biochemical Journal, 400(1), 153-
162. https://doi.org/10.1042/BJ20060869

Karusheva, Y., Koessler, T., Strassburger, K., Markgraf, D., Mastrototaro,
L., Jelenik, T., Simon, M.-C., Pesta, D., Zaharia, O.-P., Bédis, K.,
Barenz, F., Schmoll, D., Wolkersdorfer, M., Tura, A., Pacini, G.,
Burkart, V., Missig, K., Szendroedi, J., & Roden, M. (2019). Short-
term dietary reduction of branched-chain amino acids reduces

meal-induced insulin secretion and modifies microbiome compo-
sition in type 2 diabetes: A randomized controlled crossover trial.
American Journal of Clinical Nutrition, 110(5), 1098-1107. https://
doi.org/10.1093/ajcn/nqz191

Kennedy, B. K., & Lamming, D. W. (2016). The mechanistic target of
rapamycin: The grand ConducTOR of metabolism and aging.
Cell Metabolism, 23(6), 990-1003. https://doi.org/10.1016/j.
cmet.2016.05.009

Lackey, D. E., Lynch, C. J., Olson, K. C., Mostaedi, R., Ali, M., Smith, W. H.,
Karpe, F., Humphreys, S., Bedinger, D. H., Dunn, T.N., Thomas, A. P.,
Oort, P. J., Kieffer, D. A., Amin, R., Bettaieb, A., Haj, F. G., Permana,
P., Anthony, T. G., & Adams, S. H. (2013). Regulation of adipose
branched-chain amino acid catabolism enzyme expression and
cross-adipose amino acid flux in human obesity. American Journal
of Physiology. Endocrinology and Metabolism, 304(11), E1175-1187.
https://doi.org/10.1152/ajpendo.00630.2012

Laeger, T., Albarado, D. C., Burke, S. J., Trosclair, L., Hedgepeth, J.
W., Berthoud, H.-R., Gettys, T. W., Collier, J. J., Minzberg, H., &
Morrison, C. D. (2016). Metabolic responses to dietary protein re-
strictionrequire anincrease in FGF21 that is delayed by the absence
of GCN2. Cell Reports, 16(3), 707-716. https://doi.org/10.1016/j.
celrep.2016.06.044

Laeger, T., Henagan, T. M., Albarado, D. C., Redman, L. M., Bray, G. A,,
Noland, R. C., Miinzberg, H., Hutson, S. M., Gettys, T. W., Schwartz,
M. W., & Morrison, C. D. (2014). FGF21 is an endocrine signal of
protein restriction. Journal of Clinical Investigation, 124(9), 3913-
3922. https://doi.org/10.1172/JCI174915

Laferréere, B., Reilly, D., Arias, S., Swerdlow, N., Gorroochurn, P., Bawa,
B., Bose, M, Teixeira, J., Stevens, R. D., Wenner, B. R., Bain, J. R,
Muehlbauer, M. J,, Haqq, A., Lien, L., Shah, S. H., Svetkey, L. P., &
Newgard, C. B. (2011). Differential metabolic impact of gastric by-
pass surgery versus dietary intervention in obese diabetic subjects
despite identical weight loss. Science Translational Medicine, 3(80),
80re82. https://doi.org/10.1126/scitransimed.3002043

Lamming, D. W.,, Ye, L., Katajisto, P., Goncalves, M. D., Saitoh, M.,
Stevens, D. M., Davis, J. G., Salmon, A. B., Richardson, A., Ahima, R.
S., Guertin, D. A., Sabatini, D. M., & Baur, J. A. (2012). Rapamycin-
induced insulin resistance is mediated by mTORC2 loss and uncou-
pled from longevity. Science, 335(6076), 1638-1643. https://doi.
org/10.1126/science.1215135

Latimer, M. N., Sonkar, R., Mia, S., Frayne, |. R, Carter, K. J., Johnson, C.
A., Rana, S., Xie, M., Rowe, G. C., Wende, A. R., Prabhu, S. D., Frank,
S.J., Rosiers, C. D., Chatham, J. C., & Young, M. E. (2021). Branched
chain amino acids selectively promote cardiac growth at the end of
the awake period. Journal of Molecular and Cellular Cardiology, 157,
31-44. https://doi.org/10.1016/j.yjmcc.2021.04.005

Le Couteur, D. G., Anderson, R. M., & de Cabo, R. (2018). Sex and aging.
Journals of Gerontology. Series A, Biological Sciences and Medical
Sciences, 73(2), 139-140. https://doi.org/10.1093/gerona/glx221

Le Couteur, D. G., Ribeiro, R., Senior, A., Hsu, B., Hirani, V., Blyth, F.
M., Waite, L. M., Simpson, S. J., Naganathan, V., Cumming, R. G.,
& Handelsman, D. J. (2020). Branched chain amino acids, car-
diometabolic risk factors and outcomes in older men: The concord
health and ageing in men project. Journals of Gerontology. Series A,
Biological Sciences and Medical Sciences, 75(10), 1805-1810. https://
doi.org/10.1093/gerona/glz192

Lee, K. P. (2015). Dietary protein:carbohydrate balance is a critical mod-
ulator of lifespan and reproduction in Drosophila melanogaster: A
test using a chemically defined diet. Journal of Insect Physiology, 75,
12-19. https://doi.org/10.1016/j.jinsphys.2015.02.007

Lee, K. P, Simpson, S. J., Clissold, F. J., Brooks, R., Ballard, J. W., Taylor,
P. W., Soran, N., & Raubenheimer, D. (2008). Lifespan and re-
production in Drosophila: New insights from nutritional geome-
try. Proceedings of the National Academy of Sciences of the United
States of America, 105(7), 2498-2503. https://doi.org/10.1073/
pnas.0710787105


https://doi.org/10.1074/jbc.M109.075184
https://doi.org/10.1038/s41467-022-29499-8
https://doi.org/10.1038/s41598-017-07498-w
https://doi.org/10.1038/s41598-017-07498-w
https://doi.org/10.1016/j.celrep.2019.05.022
https://doi.org/10.1186/1550-2783-9-20
https://doi.org/10.2337/dc08-2075
https://doi.org/10.1046/j.1471-4159.1998.71020863.x
https://doi.org/10.1046/j.1471-4159.1998.71020863.x
https://doi.org/10.1016/S0021-9258(19)49589-6
https://doi.org/10.1016/S0021-9258(19)49589-6
https://doi.org/10.1093/geronj/43.1.b5
https://doi.org/10.1038/nm.4057
https://doi.org/10.1038/nm.4057
https://doi.org/10.1371/journal.pone.0097729
https://doi.org/10.1042/BJ20060869
https://doi.org/10.1093/ajcn/nqz191
https://doi.org/10.1093/ajcn/nqz191
https://doi.org/10.1016/j.cmet.2016.05.009
https://doi.org/10.1016/j.cmet.2016.05.009
https://doi.org/10.1152/ajpendo.00630.2012
https://doi.org/10.1016/j.celrep.2016.06.044
https://doi.org/10.1016/j.celrep.2016.06.044
https://doi.org/10.1172/JCI74915
https://doi.org/10.1126/scitranslmed.3002043
https://doi.org/10.1126/science.1215135
https://doi.org/10.1126/science.1215135
https://doi.org/10.1016/j.yjmcc.2021.04.005
https://doi.org/10.1093/gerona/glx221
https://doi.org/10.1093/gerona/glz192
https://doi.org/10.1093/gerona/glz192
https://doi.org/10.1016/j.jinsphys.2015.02.007
https://doi.org/10.1073/pnas.0710787105
https://doi.org/10.1073/pnas.0710787105

TRAUTMAN ET AL.

Lees, E. K., Banks, R., Cook, C., Hill, S., Morrice, N., Grant, L., Mody, N.,
& Delibegovic, M. (2017). Direct comparison of methionine restric-
tion with leucine restriction on the metabolic health of C57BL/6J
mice. Scientific Reports, 7(1), 9977. https://doi.org/10.1038/s4159
8-017-10381-3

Lerin, C., Goldfine, A. B., Boes, T, Liu, M., Kasif, S., Dreyfuss, J. M., De
Sousa-Coelho, A. L., Daher, G., Manoli, I., Sysol, J. R., Isganaitis,
E., Jessen, N., Goodyear, L. J., Beebe, K., Gall, W., Venditti, C.
P., & Patti, M.-E. (2016). Defects in muscle branched-chain
amino acid oxidation contribute to impaired lipid metabolism.
Molecular Metabolism, 5(10), 926-936. https://doi.org/10.1016/j.
molmet.2016.08.001

Li, H., Ye, D., Xie, W., Hua, F., Yang, Y., Wu, J., Gu, A, Ren, Y. |, & Mao,
K. (2018). Defect of branched-chain amino acid metabolism pro-
motes the development of Alzheimer's disease by targeting the
mTOR signaling. Bioscience Reports, 38(4), BSR20180127. https://
doi.org/10.1042/BSR20180127

Li, T., Zhang, Z., Kolwicz, S. C., Abell, L., Roe, N. D., Kim, M., Zhou, B. O.,
Cao, Y., Ritterhoff, J., Gu, H., Raftery, D., Sun, H., & Tian, R. (2017).
Defective branched-chain amino acid catabolism disrupts glucose
metabolism and sensitizes the heart to ischemia-reperfusion in-
jury. Cell Metabolism, 25(2), 374-385. https://doi.org/10.1016/j.
cmet.2016.11.005

Li, Z., Rasmussen, M. L., Li, J., Henriquez-Olguin, C., Knudsen, J. R.,
Madsen, A. B., Sanchez-Quant, E., Kleinert, M., & Jensen, T. E.
(2018). Periodized low protein-high carbohydrate diet confers po-
tent, but transient, metabolic improvements. Molecular Metabolism,
17,112-121. https://doi.org/10.1016/j.molmet.2018.08.008

Lin, S.-J., Kaeberlein, M., Andalis, A. A., Sturtz, L. A., Defossez, P.-A.,
Culotta, V. C., Fink, G. R., & Guarente, L. (2002). Calorie restriction
extends Saccharomyces cerevisiae lifespan by increasing respira-
tion. Nature, 418(6895), 344-348. https://doi.org/10.1038/natur
00829

Lotta, L. A., Scott, R. A., Sharp, S. J,, Burgess, S., Luan, J.,, Tillin, T.,
Schmidt, A. F., Imamura, F., Stewart, |. D., Perry, J. R. B., Marney, L.,
Koulman, A., Karoly, E. D., Forouhi, N. G., Sjégren, R. J. O., Naslund,
E., Zierath, J. R., Krook, A., Savage, D. B., ... Langenberg, C. (2016).
Genetic predisposition to an impaired metabolism of the branched-
chain amino acids and risk of type 2 diabetes: A Mendelian ran-
domisation analysis. PLoS Med, 13(11), €1002179. https://doi.
org/10.1371/journal.pmed.1002179

Lu, G,, Sun, H., She, P, Youn, J.-Y., Warburton, S., Ping, P., Vondriska, T.
M., Cai, H., Lynch, C. J., & Wang, Y. (2009). Protein phosphatase
2Cm is a critical regulator of branched-chain amino acid catabolism
in mice and cultured cells. Journal of Clinical Investigation, 119(6),
1678-1687. https://doi.org/10.1172/JCI38151

Lynch, C. J., & Adams, S. H. (2014). Branched-chain amino acids in meta-
bolic signalling and insulin resistance. Nature Reviews Endocrinology,
10(12), 723-736. https://doi.org/10.1038/nrendo.2014.171

Lynch, S. V., & Pedersen, O. (2016). The human intestinal microbiome in
health and disease. New England Journal of Medicine, 375(24), 2369-
2379. https://doi.org/10.1056/NEJMral1600266

Ma, Q.-X., Zhu, W.-Y., Lu, X.-C., Jiang, D., Xu, F., Li, J.-T., Zhang, L., Wu, Y.-
L.,Chen,Z.-J.,Yin, M., Huang, H.-Y., & Lei, Q.-Y.(2022). BCAA-BCKA
axis regulates WAT browning through acetylation of PRDM16.
Nature Metabolism, 4(1), 106-122. https://doi.org/10.1038/s4225
5-021-00520-6

MacArthur, M. R., Mitchell, S. J., Trevifo-Villarreal, J. H., Grondin,
Y., Reynolds, J. S., Kip, P., Jung, J., Trocha, K. M., Ozaki, C. K., &
Mitchell, J. R. (2021). Total protein, not amino acid composition,
differs in plant-based versus omnivorous dietary patterns and de-
termines metabolic health effects in mice. Cell Metabolism, 33(9),
1808-1819 e1802. https://doi.org/10.1016/j.cmet.2021.06.011

Mahendran, Y., Jonsson, A., Have, C. T., Allin, K. H., Witte, D. R,,
Jorgensen, M. E., Grarup, N., Pedersen, O., Kilpeldinen, T. O., &
Hansen, T. (2017). Genetic evidence of a causal effect of insulin

. S 150f 19
Aging & wiLey- >
resistance on branched-chain amino acid levels. Diabetologia, 60(5),
873-878. https://doi.org/10.1007/s00125-017-4222-6
Maida, A., Chan, J. S. K., Sjgberg, K. A., Zota, A., Schmoll, D., Kiens, B.,

Herzig, S., & Rose, A. J. (2017). Repletion of branched chain amino

acids reverses mTORC1 signaling but not improved metabolism

during dietary protein dilution. Molecular Metabolism, 6(8), 873-

881. https://doi.org/10.1016/j.molmet.2017.06.009
Maida, A., Zota, A., Sjgberg, K. A., Schumacher, J., Sijmonsma, T. P,,

Pfenninger, A., Christensen, M. M., Gantert, T., Fuhrmeister,

J., Rothermel, U., Schmoll, D., Heikenwélder, M., lovanna, J. L.,

Stemmer, K., Kiens, B., Herzig, S., & Rose, A. J. (2016). A liver stress-

endocrine nexus promotes metabolic integrity during dietary pro-

tein dilution. Journal of Clinical Investigation, 126(9), 3263-3278.

https://doi.org/10.1172/JCI85%946
Mair, W., Piper, M. D., & Partridge, L. (2005). Calories do not explain ex-

tension of life span by dietary restriction in Drosophila. PLoS Biology,

3(7), e223. https://doi.org/10.1371/journal.pbio.0030223
Mardinoglu, A., Gogg, S., Lotta, L. A., Stancakova, A., Nerstedt, A.,

Boren, J., Bluher, M., Ferrannini, E., Langenberg, C., Wareham,

N. J,, Laakso, M., & Smith, U. (2018). Elevated plasma levels of

3-hydroxyisobutyric acid are associated with incident type 2 di-

abetes. EBioMedicine, 27, 151-155. https://doi.org/10.1016/j.

ebiom.2017.12.008
Matthews, D. E., Bier, D. M., Rennie, M. J., Edwards, R. H., Halliday, D.,

Millward, D. J., & Clugston, G. A. (1981). Regulation of leucine me-

tabolism in man: A stable isotope study. Science, 214(4525), 1129-

1131. https://doi.org/10.1126/science.7302583
McCarty, M. F., Barroso-Aranda, J., & Contreras, F. (2009). The low-

methionine content of vegan diets may make methionine restric-

tion feasible as a life extension strategy. Medical Hypotheses, 72(2),

125-128. https://doi.org/10.1016/j.mehy.2008.07.044
McCay, C. M,, Crowell, M. F,, & Maynard, L. A. (1935). The effect of re-

tarded growth upon the length of life span and upon the ultimate

body size. Journal of Nutrition, 10, 63-79. https://doi.org/10.1093/
jn/10.1.63
McCormack, S. E., Shaham, O., McCarthy, M. A, Deik, A. A., Wang, T.

J., Gerszten, R. E., Clish, C. B., Mootha, V. K., Grinspoon, S. K., &

Fleischman, A. (2013). Circulating branched-chain amino acid

concentrations are associated with obesity and future insulin re-

sistance in children and adolescents. Pediatric Obesity, 8(1), 52-61.

https://doi.org/10.1111/j.2047-6310.2012.00087.x
McGarrah, R. W., Zhang, G.-F., Christopher, B. A., Deleye, Y., Walejko,

J. M., Page, S., llkayeva, O., White, P. J., & Newgard, C. B. (2020).

Dietary branched-chain amino acid restriction alters fuel selec-

tion and reduces triglyceride stores in hearts of Zucker fatty rats.

American Journal of Physiology. Endocrinology and Metabolism,

318(2), E216-E223. https://doi.org/10.1152/ajpendo.00334.2019
Mercken, E. M., Crosby, S. D., Lamming, D. W., JeBailey, L., Krzysik-

Walker, S., Villareal, D. T., Capri, M., Franceschi, C., Zhang, Y.,

Becker, K., Sabatini, D. M., de Cabo, R., & Fontana, L. (2013). Calorie

restriction in humans inhibits the PI3K/AKT pathway and induces

a younger transcription profile. Aging Cell, 12(4), 645-651. https://

doi.org/10.1111/acel. 12088
Miller, R. A., Buehner, G., Chang, Y., Harper, J. M,, Sigler, R., & Smith-

Wheelock, M. (2005). Methionine-deficient diet extends

mouse lifespan, slows immune and lens aging, alters glucose,

T4, IGF-1 and insulin levels, and increases hepatocyte MIF lev-

els and stress resistance. Aging Cell, 4(3), 119-125. https://doi.

org/10.1111/j.1474-9726.2005.00152.x

Mitchell, S. J., Madrigal-Matute, J., Scheibye-Knudsen, M., Fang, E.,
Aon, M., Gonzalez-Reyes, J. A., Cortassa, S., Kaushik, S., Gonzalez-
Freire, M., Patel, B., Wahl, D., Ali, A., Calvo-Rubio, M., Burén, M.
I., Guiterrez, V., Ward, T. M., Palacios, H. H., Cai, H., Frederick, D.
W., ... de Cabo, R. (2016). Effects of sex, strain, and energy intake
on hallmarks of aging in mice. Cell Metabolism, 23(6), 1093-1112.
https://doi.org/10.1016/j.cmet.2016.05.027


https://doi.org/10.1038/s41598-017-10381-3
https://doi.org/10.1038/s41598-017-10381-3
https://doi.org/10.1016/j.molmet.2016.08.001
https://doi.org/10.1016/j.molmet.2016.08.001
https://doi.org/10.1042/BSR20180127
https://doi.org/10.1042/BSR20180127
https://doi.org/10.1016/j.cmet.2016.11.005
https://doi.org/10.1016/j.cmet.2016.11.005
https://doi.org/10.1016/j.molmet.2018.08.008
https://doi.org/10.1038/nature00829
https://doi.org/10.1038/nature00829
https://doi.org/10.1371/journal.pmed.1002179
https://doi.org/10.1371/journal.pmed.1002179
https://doi.org/10.1172/JCI38151
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.1038/s42255-021-00520-6
https://doi.org/10.1038/s42255-021-00520-6
https://doi.org/10.1016/j.cmet.2021.06.011
https://doi.org/10.1007/s00125-017-4222-6
https://doi.org/10.1016/j.molmet.2017.06.009
https://doi.org/10.1172/JCI85946
https://doi.org/10.1371/journal.pbio.0030223
https://doi.org/10.1016/j.ebiom.2017.12.008
https://doi.org/10.1016/j.ebiom.2017.12.008
https://doi.org/10.1126/science.7302583
https://doi.org/10.1016/j.mehy.2008.07.044
https://doi.org/10.1093/jn/10.1.63
https://doi.org/10.1093/jn/10.1.63
https://doi.org/10.1111/j.2047-6310.2012.00087.x
https://doi.org/10.1152/ajpendo.00334.2019
https://doi.org/10.1111/acel.12088
https://doi.org/10.1111/acel.12088
https://doi.org/10.1111/j.1474-9726.2005.00152.x
https://doi.org/10.1111/j.1474-9726.2005.00152.x
https://doi.org/10.1016/j.cmet.2016.05.027

TRAUTMAN ET AL.

16 of 19 Wl LEY- Aging

Mu, W. C., VanHoosier, E., Elks, C. M., & Grant, R. W. (2018). Long-term
effects of dietary protein and branched-chain amino acids on me-
tabolism and inflammation in mice. Nutrients, 10(7), 918. https://
doi.org/10.3390/nu10070918

Neinast, M. D., Jang, C., Hui, S., Murashige, D. S., Chu, Q., Morscher, R.
J., Li, X, Zhan, L. E., White, E., Anthony, T. G., Rabinowitz, J. D., &
Arany, Z.(2019). Quantitative analysis of the whole-body metabolic
fate of branched-chain amino acids. Cell Metabolism, 29(2), 417-429
e414. https://doi.org/10.1016/j.cmet.2018.10.013

Newgard, C. B., An, J,, Bain, J. R., Muehlbauer, M. J., Stevens, R. D., Lien,
L. F., Haqq, A. M., Shah, S. H., Arlotto, M., Slentz, C. A., Rochon, J.,
Gallup, D., llkayeva, O., Wenner, B. R., Yancy, W. S., Eisenson, H.,
Musante, G., Surwit, R. S., Millington, D. S, ... Svetkey, L. P. (2009).
A branched-chain amino acid-related metabolic signature that dif-
ferentiates obese and lean humans and contributes to insulin re-
sistance. Cell Metabolism, 9(4), 311-326. https://doi.org/10.1016/j.
cmet.2009.02.002

Nishimura, T., Nakatake, Y., Konishi, M., & Itoh, N. (2000). Identification
of a novel FGF, FGF-21, preferentially expressed in the liver.
Biochimica Et Biophysica Acta, 1492(1), 203-206. https://doi.
org/10.1016/s0167-4781(00)00067-1

Orentreich, N., Matias, J. R., DeFelice, A., & Zimmerman, J. A. (1993). Low
methionine ingestion by rats extends life span. Journal of Nutrition,
123(2), 269-274. https://doi.org/10.1093/jn/123.2.269

Osté, M. C. J., Flores-Guerrero, J. L., Gruppen, E. G., Kieneker, L. M,
Connelly, M. A., Otvos, J. D., Dullaart, R. P. F., & Bakker, S. J. L.
(2020). High plasma branched-chain amino acids are associated
with higher risk of post-transplant diabetes mellitus in renal trans-
plant recipients. Journal of Clinical Medicine, 9(2), 511. https://doi.
org/10.3390/jcm9020511

Ottestad, I., Ulven, S. M., @yri, L. K. L., Sandvei, K. S., Gjevestad, G. O.,
Bye, A., Sheikh, N. A., Biong, A. S., Andersen, L. F., & Holven, K.
B. (2018). Reduced plasma concentration of branched-chain amino
acids in sarcopenic older subjects: a cross-sectional study. British
Journal of Nutrition, 120(4), 445-453. https://doi.org/10.1017/
S0007114518001307

Overmyer, K. A., Evans, C. R., Qi, N. R., Minogue, C. E., Carson, J. J.,
Chermside-Scabbo, C. J., Koch, L. G., Britton, S. L., Pagliarini, D. J.,
Coon, J. J., & Burant, C. F. (2015). Maximal oxidative capacity during
exercise is associated with skeletal muscle fuel selection and dy-
namic changes in mitochondrial protein acetylation. Cell Metabolism,
21(3), 468-478. https://doi.org/10.1016/j.cmet.2015.02.007

Pak,H.H., Haws, S. A., Green, C. L., Koller, M., Lavarias, M. T., Richardson,
N. E.,, Yang, S. E., Dumas, S. N., Sonsalla, M., Bray, L., Johnson, M.,
Barnes, S., Darley-Usmar, V., Zhang, J., Yen, C.-L., Denu, J. M., &
Lamming, D. W. (2021). Fasting drives the metabolic, molecular and
geroprotective effects of a calorie-restricted diet in mice. Nature
Metabolism, 3(10), 1327-1341. https://doi.org/10.1038/s42255-
021-00466-9

Partridge, L. (2014). Intervening in ageing to prevent the diseases of
ageing. Trends in Endocrinology and Metabolism, 25(11), 555-557.
https://doi.org/10.1016/j.tem.2014.08.003

Pearson, K. J., Lewis, K. N., Price, N. L., Chang, J. W., Perez, E., Cascajo,
M. V., Tamashiro, K. L., Poosala, S., Csiszar, A., Ungvari, Z., Kensler,
T.W,, Yamamoto, M., Egan, J. M., Longo, D. L., Ingram, D. K., Navas,
P., & de Cabo, R. (2008). Nrf2 mediates cancer protection but
not prolongevity induced by caloric restriction. Proceedings of the
National Academy of Sciences of the United States of America, 105(7),
2325-2330. https://doi.org/10.1073/pnas.0712162105

Pedersen, H. K., Gudmundsdottir, V., Nielsen, H. B., Hyotylainen, T.,
Nielsen, T., Jensen, B. A. H., Forslund, K., Hildebrand, F., Prifti,
E., Falony, G., Le Chatelier, E., Levenez, F., Doré, J., Mattila, 1.,
Plichta, D. R., P6ho, P., Hellgren, L. I., Arumugam, M., Sunagawa,
S., ... Pedersen, O. (2016). Human gut microbes impact host serum
metabolome and insulin sensitivity. Nature, 535(7612), 376-381.
https://doi.org/10.1038/nature18646

Platt, K. M., Charnigo, R. J., Shertzer, H. G., & Pearson, K. J. (2016).
Branched-chain amino acid supplementation in combination with
voluntary running improves body composition in female C57BL/6
mice. Journal of Dietary Supplements, 13(5), 473-486. https://doi.
0rg/10.3109/19390211.2015.1112866

Portero, V., Nicol, T., Podliesna, S., Marchal, G. A., Baartscheer, A.,
Casini, S., Tadros, R., Treur, J. L., Tanck, M. W. T., Cox, I. J., Probert,
F., Hough, T. A, Falcone, S., Beekman, L., Miller-Nurasyid, M.,
Kastenmiiller, G., Gieger, C., Peters, A., Kaab, S., ... Remme, C. A.
(2021). Chronically elevated branched chain amino acid levels
are pro-arrhythmic. Cardiovascular Research, 1-16. https://doi.
org/10.1093/cvr/cvab207. Online ahead of print.

Ramzan, |., Taylor, M., Phillips, B., Wilkinson, D., Smith, K., Hession, K.,
Idris, 1., & Atherton, P. (2020). A novel dietary intervention reduces
circulatory branched-chain amino acids by 50%: A pilot study of
relevance for obesity and diabetes. Nutrients, 13(1), 95. https://doi.
org/10.3390/nu13010095

Ribeiro, R. V., Solon-Biet, S. M., Pulpitel, T., Senior, A. M., Cogger, V. C,,
Clark, X., O'Sullivan, J., Koay, Y. C., Hirani, V., Blyth, F. M., Seibel,
M. J., Waite, L. M., Naganathan, V., Cumming, R. G., Handelsman,
D. J., Simpson, S. J., & Couteur, D. G. L. (2019). Of older mice and
men: Branched-chain amino acids and body composition. Nutrients,
11(8), 1882. https://doi.org/10.3390/nu11081882

Richardson, N. E., Konon, E. N., Schuster, H. S., Mitchell, A. T., Boyle, C.,
Rodgers, A. C., Finke, M., Haider, L. R, Yu, D., Flores, V., Pak, H. H.,
Ahmad, S., Ahmed, S., Radcliff, A., Wu, J., Williams, E. M., Abdi, L.,
Sherman, D. S., Hacker, T. A., & Lamming, D. W. (2021). Lifelong
restriction of dietary branched-chain amino acids has sex-specific
benefits for frailty and lifespan in mice. Nature Aging, 1(1), 73-86.
https://doi.org/10.1038/s43587-020-00006-2

Richie, J. P. Jr, Leutzinger, Y., Parthasarathy, S., Malloy, V., Orentreich, N.,
& Zimmerman, J. A. (1994). Methionine restriction increases blood
glutathione and longevity in F344 rats. The FASEB Journal, 8(15),
1302-1307. https://doi.org/10.1096/fasebj.8.15.8001743

Ridaura, V. K., Faith, J. J,, Rey, F. E., Cheng, J., Duncan, A. E., Kau, A. L.,
Griffin, N. W., Lombard, V., Henrissat, B., Bain, J. R., Muehlbauer,
M. J,, llkayeva, O., Semenkovich, C. F.,, Funai, K., Hayashi, D. K.,
Lyle, B. J., Martini, M. C., Ursell, L. K, Clemente, J. C., ... Gordon, J.
1. (2013). Gut microbiota from twins discordant for obesity modu-
late metabolism in mice. Science, 341(6150), 1241214. https://doi.
org/10.1126/science.1241214

Salmon, A. B., Richardson, A., & Perez, V. I. (2010). Update on the oxida-
tive stress theory of aging: does oxidative stress play a role in aging
or healthy aging? Free Radical Biology and Medicine, 48(5), 642-655.
https://doi.org/10.1016/j.freeradbiomed.2009.12.015

Scalise, M., Galluccio, M., Console, L., Pochini, L., & Indiveri, C. (2018).
The human SLC7A5 (LAT1): The intriguing histidine/large neutral
amino acid transporter and its relevance to human health. Front
Chem, 6, 243. https://doi.org/10.3389/fchem.2018.00243

Schmidt, J. A., Rinaldi, S., Scalbert, A., Ferrari, P., Achaintre, D., Gunter,
M. J., Appleby, P. N., Key, T. J., & Travis, R. C. (2016). Plasma con-
centrations and intakes of amino acids in male meat-eaters, fish-
eaters, vegetarians and vegans: A cross-sectional analysis in the
EPIC-Oxford cohort. European Journal of Clinical Nutrition, 70(3),
306-312. https://doi.org/10.1038/ejcn.2015.144

Selman, C., Lingard, S., Choudhury, A. I., Batterham, R. L., Claret, M.,
Clements, M., Ramadani, F., Okkenhaug, K., Schuster, E., Blanc,
E., Piper, M. D., Al-Qassab, H., Speakman, J. R., Carmignac, D.,
Robinson, I. C. A., Thornton, J. M., Gems, D., Partridge, L., &
Withers, D. J. (2008). Evidence for lifespan extension and de-
layed age-related biomarkers in insulin receptor substrate 1 null
mice. The FASEB Journal, 22(3), 807-818. https://doi.org/10.1096/
fj.07-9261com

Shah, S. H., Crosslin, D. R., Haynes, C. S., Nelson, S., Turer, C. B,
Stevens, R. D., Muehlbauer, M. J., Wenner, B. R., Bain, J. R,,
Laferrére, B., Gorroochurn, P, Teixeira, J., Brantley, P. J., Stevens,


https://doi.org/10.3390/nu10070918
https://doi.org/10.3390/nu10070918
https://doi.org/10.1016/j.cmet.2018.10.013
https://doi.org/10.1016/j.cmet.2009.02.002
https://doi.org/10.1016/j.cmet.2009.02.002
https://doi.org/10.1016/s0167-4781(00)00067-1
https://doi.org/10.1016/s0167-4781(00)00067-1
https://doi.org/10.1093/jn/123.2.269
https://doi.org/10.3390/jcm9020511
https://doi.org/10.3390/jcm9020511
https://doi.org/10.1017/S0007114518001307
https://doi.org/10.1017/S0007114518001307
https://doi.org/10.1016/j.cmet.2015.02.007
https://doi.org/10.1038/s42255-021-00466-9
https://doi.org/10.1038/s42255-021-00466-9
https://doi.org/10.1016/j.tem.2014.08.003
https://doi.org/10.1073/pnas.0712162105
https://doi.org/10.1038/nature18646
https://doi.org/10.3109/19390211.2015.1112866
https://doi.org/10.3109/19390211.2015.1112866
https://doi.org/10.1093/cvr/cvab207
https://doi.org/10.1093/cvr/cvab207
https://doi.org/10.3390/nu13010095
https://doi.org/10.3390/nu13010095
https://doi.org/10.3390/nu11081882
https://doi.org/10.1038/s43587-020-00006-2
https://doi.org/10.1096/fasebj.8.15.8001743
https://doi.org/10.1126/science.1241214
https://doi.org/10.1126/science.1241214
https://doi.org/10.1016/j.freeradbiomed.2009.12.015
https://doi.org/10.3389/fchem.2018.00243
https://doi.org/10.1038/ejcn.2015.144
https://doi.org/10.1096/fj.07-9261com
https://doi.org/10.1096/fj.07-9261com

TRAUTMAN ET AL.

V. J., Hollis, J. F., Appel, L. J., Lien, L. F., Batch, B., Newgard, C. B.,
& Svetkey, L. P. (2012). Branched-chain amino acid levels are as-
sociated with improvement in insulin resistance with weight loss.
Diabetologia, 55(2), 321-330. https://doi.org/10.1007/s0012
5-011-2356-5

Shao, D, Villet, O., Zhang, Z., Choi, S. W., Yan, J.,, Ritterhoff, J., Gu, H.,
Djukovic, D., Christodoulou, D., Kolwicz, S. C., Raftery, D., & Tian,
R. (2018). Glucose promotes cell growth by suppressing branched-
chain amino acid degradation. Nature Communications, 9(1), 2935.
https://doi.org/10.1038/s41467-018-05362-7

She, P., Reid, T. M., Bronson, S. K., Vary, T. C., Hajnal, A., Lynch, C. J.,
& Hutson, S. M. (2007). Disruption of BCATm in mice leads to in-
creased energy expenditure associated with the activation of a fu-
tile protein turnover cycle. Cell Metabolism, 6(3), 181-194. https://
doi.org/10.1016/j.cmet.2007.08.003

She, P.,, Van Horn, C,, Reid, T., Hutson, S. M., Cooney, R. N., & Lynch, C.
J. (2007). Obesity-related elevations in plasma leucine are associ-
ated with alterations in enzymes involved in branched-chain amino
acid metabolism. American Journal of Physiology. Endocrinology and
Metabolism, 293(6), E1552-1563. https://doi.org/10.1152/ajpen
do.00134.2007

She, P, Zhou, Y., Zhang, Z., Griffin, K., Gowda, K., & Lynch, C. J. (2010).
Disruption of BCAA metabolism in mice impairs exercise metabo-
lism and endurance. Journal of Applied Physiology, 108(4), 941-949.
https://doi.org/10.1152/japplphysiol.01248.2009

Shimomura, Y., Murakami, T., Nakai, N., Nagasaki, M., & Harris, R. A.
(2004). Exercise promotes BCAA catabolism: Effects of BCAA
supplementation on skeletal muscle during exercise. Journal of
Nutrition, 134(6 Suppl), 15835-1587S. https://doi.org/10.1093/
jn/134.6.1583S

Shimomura, Y., Nanaumi, N., Suzuki, M., Popov, K. M., & Harris, R. A.
(1990). Purification and partial characterization of branched-chain
alpha-ketoacid dehydrogenase kinase from rat liver and rat heart.
Archives of Biochemistry and Biophysics, 283(2), 293-299. https://
doi.org/10.1016/0003-9861(90)90645-f

Shimomura, Y., Obayashi, M., Murakami, T., & Harris, R. A. (2001).
Regulation of branched-chain amino acid catabolism: Nutritional
and hormonal regulation of activity and expression of the branched-
chain alpha-keto acid dehydrogenase kinase. Current Opinion in
Clinical Nutrition and Metabolic Care, 4(5), 419-423. https://doi.
org/10.1097/00075197-200109000-00013

Solerte, S. B., Fioravanti, M., Locatelli, E., Bonacasa, R., Zamboni, M.,
Basso, C., Mazzoleni, A., Mansi, V., Geroutis, N., & Gazzaruso, C.
(2008). Improvement of blood glucose control and insulin sensitiv-
ity during a long-term (60 weeks) randomized study with amino acid
dietary supplements in elderly subjects with type 2 diabetes melli-
tus. American Journal of Cardiology, 101(11A), 82E-88E. https://doi.
org/10.1016/j.amjcard.2008.03.006

Solon-Biet, S. M., Cogger, V. C., Pulpitel, T., Wahl, D., Clark, X., Bagley, E.
E., Gregoriou, G. C,, Senior, A. M., Wang, Q.-P., Brandon, A. E., Perks,
R., O’Sullivan, J., Koay, Y. C., Bell-Anderson, K., Kebede, M., Yau,
B., Atkinson, C., Svineng, G., Dodgson, T., ... Simpson, S. J. (2019).
Branched chain amino acids impact health and lifespan indirectly
via amino acid balance and appetite control. Nature Metabolism,
1(5), 532-545. https://doi.org/10.1038/s42255-019-0059-2

Solon-Biet, S. M., McMahon, A. C., Ballard, J. W. O., Ruohonen, K., Wu,
L. E., Cogger, V. C., Warren, A., Huang, X., Pichaud, N., Melvin, R.
G., Gokarn, R., Khalil, M., Turner, N., Cooney, G. J., Sinclair, D. A,,
Raubenheimer, D., Le Couteur, D. G., & Simpson, S. J. (2014). The
ratio of macronutrients, not caloric intake, dictates cardiometabolic
health, aging, and longevity in ad libitum-fed mice. Cell Metabolism,
19(3), 418-430. https://doi.org/10.1016/j.cmet.2014.02.009

Solon-Biet, S. M., Mitchell, S. J., Coogan, S. C. P., Cogger, V. C., Gokarn,
R., McMahon, A. C., Raubenheimer, D., de Cabo, R., Simpson, S.
J., & Le Couteur, D. G. (2015). Dietary protein to carbohydrate
ratio and caloric restriction: Comparing metabolic outcomes in

Aging —WlLEY 17 of 19

mice. Cell Reports, 11(10), 1529-1534. https://doi.org/10.1016/j.
celrep.2015.05.007

Solon-Biet, S. M., Walters, K. A., Simanainen, U. K., McMahon, A. C.,
Ruohonen, K., Ballard, J. W. O., Raubenheimer, D., Handelsman,
D. J., Le Couteur, D. G., & Simpson, S. J. (2015). Macronutrient
balance, reproductive function, and lifespan in aging mice.
Proceedings of the National Academy of Sciences of the United
States of America, 112(11), 3481-3486. https://doi.org/10.1073/
pnas.1422041112

Speakman, J. R., Mitchell, S. E., & Mazidi, M. (2016). Calories or protein?
The effect of dietary restriction on lifespan in rodents is explained
by calories alone. Experimental Gerontology, 86, 28-38. https://doi.
org/10.1016/j.exger.2016.03.011

Sun, H., Olson, K. C., Gao, C., Prosdocimo, D. A., Zhou, M., Wang, Z.,
Jeyaraj, D., Youn, J.-Y., Ren, S,, Liu, Y., Rau, C. D., Shah, S., llkayeva,
0., Gui, W.-J,, William, N. S., Wynn, R. M., Newgard, C. B., Cai, H.,
Xiao, X., ... Wang, Y. (2016). Catabolic defect of branched-chain
amino acids promotes heart failure. Circulation, 133(21), 2038-
2049. https://doi.org/10.1161/CIRCULATIONAHA.115.020226

Sun, L., Hu, C,, Yang, R, Lv, Y, Yuan, H,, Liang, Q., He, B., Pang, G,
Jiang, M., Dong, J., & Yang, Z. E. (2017). Association of circulating
branched-chain amino acids with cardiometabolic traits differs be-
tween adults and the oldest-old. Oncotarget, 8(51), 88882-88893.
https://doi.org/10.18632/oncotarget.21489

Suryawan, A., Hawes, J. W., Harris, R. A., Shimomura, Y., Jenkins, A. E., &
Hutson, S. M. (1998). A molecular model of human branched-chain
amino acid metabolism. The American Journal of Clinical Nutrition,
68(1), 72-81. https://doi.org/10.1093/ajcn/68.1.72

Sweatt, A. J., Wood, M., Suryawan, A., Wallin, R., Willingham, M. C.,
& Hutson, S. M. (2004). Branched-chain amino acid catabolism:
Unique segregation of pathway enzymes in organ systems and
peripheral nerves. American Journal of Physiology. Endocrinology
and Metabolism, 286(1), E64-76. https://doi.org/10.1152/ajpen
do.00276.2003

Ter Borg, S., Luiking, Y. C., van Helvoort, A., Boirie, Y., Schols, J., & de
Groot, C. (2019). Low levels of branched chain amino acids, eicos-
apentaenoic acid and micronutrients are associated with low
muscle mass, strength and function in community-dwelling older
adults. The Journal of Nutrition, Health & Aging, 23(1), 27-34. https://
doi.org/10.1007/s12603-018-1108-3

Thandapani, P., Kloetgen, A., Witkowski, M. T., Glytsou, C., Lee,
A. K, Wang, E., Wang, J., LeBoeuf, S. E.,, Avrampou, K.,
Papagiannakopoulos, T., Tsirigos, A., & Aifantis, I. (2022). Valine
tRNA levels and availability regulate complex | assembly in leukae-
mia. Nature, 601(7893), 428-433. https://doi.org/10.1038/s4158
6-021-04244-1

Tournissac, M., Vandal, M., Tremblay, C., Bourassa, P., Vancassel, S.,
Emond, V., Gangloff, A., & Calon, F. (2018). Dietary intake of
branched-chain amino acids in a mouse model of Alzheimer's
disease: Effects on survival, behavior, and neuropathology.
Alzheimers Dement (N Y), 4, 677-687. https://doi.org/10.1016/j.
trci.2018.10.005

Tso, S. C., Gui, W. J.,, Wu, C. Y., Chuang, J. L., Qi, X., Skvora, K. J., Dork,
K., Wallace, A. L., Morlock, L. K., Lee, B. H., Hutson, S. M., Strom,
S. C., Williams, N. S., Tambar, U. K., Wynn, R. M., & Chuang, D. T.
(2014). Benzothiophene carboxylate derivatives as novel allosteric
inhibitors of branched-chain alpha-ketoacid dehydrogenase kinase.
Journal of Biological Chemistry, 289(30), 20583-20593. https://doi.
org/10.1074/jbc.M114.569251

Uddin, G. M., Zhang, L., Shah, S., Fukushima, A., Wagg, C. S., Gopal, K.,
Al Batran, R., Pherwani, S., Ho, K. L., Boisvenue, J., Karwi, Q. G.,
Altamimi, T., Wishart, D. S., Dyck, J. R. B., Ussher, J. R., Oudit, G.
Y., & Lopaschuk, G. D. (2019). Impaired branched chain amino acid
oxidation contributes to cardiac insulin resistance in heart failure.
Cardiovascular Diabetology, 18(1), 86. https://doi.org/10.1186/
s12933-019-0892-3



https://doi.org/10.1007/s00125-011-2356-5
https://doi.org/10.1007/s00125-011-2356-5
https://doi.org/10.1038/s41467-018-05362-7
https://doi.org/10.1016/j.cmet.2007.08.003
https://doi.org/10.1016/j.cmet.2007.08.003
https://doi.org/10.1152/ajpendo.00134.2007
https://doi.org/10.1152/ajpendo.00134.2007
https://doi.org/10.1152/japplphysiol.01248.2009
https://doi.org/10.1093/jn/134.6.1583S
https://doi.org/10.1093/jn/134.6.1583S
https://doi.org/10.1016/0003-9861(90)90645-f
https://doi.org/10.1016/0003-9861(90)90645-f
https://doi.org/10.1097/00075197-200109000-00013
https://doi.org/10.1097/00075197-200109000-00013
https://doi.org/10.1016/j.amjcard.2008.03.006
https://doi.org/10.1016/j.amjcard.2008.03.006
https://doi.org/10.1038/s42255-019-0059-2
https://doi.org/10.1016/j.cmet.2014.02.009
https://doi.org/10.1016/j.celrep.2015.05.007
https://doi.org/10.1016/j.celrep.2015.05.007
https://doi.org/10.1073/pnas.1422041112
https://doi.org/10.1073/pnas.1422041112
https://doi.org/10.1016/j.exger.2016.03.011
https://doi.org/10.1016/j.exger.2016.03.011
https://doi.org/10.1161/CIRCULATIONAHA.115.020226
https://doi.org/10.18632/oncotarget.21489
https://doi.org/10.1093/ajcn/68.1.72
https://doi.org/10.1152/ajpendo.00276.2003
https://doi.org/10.1152/ajpendo.00276.2003
https://doi.org/10.1007/s12603-018-1108-3
https://doi.org/10.1007/s12603-018-1108-3
https://doi.org/10.1038/s41586-021-04244-1
https://doi.org/10.1038/s41586-021-04244-1
https://doi.org/10.1016/j.trci.2018.10.005
https://doi.org/10.1016/j.trci.2018.10.005
https://doi.org/10.1074/jbc.M114.569251
https://doi.org/10.1074/jbc.M114.569251
https://doi.org/10.1186/s12933-019-0892-3
https://doi.org/10.1186/s12933-019-0892-3

TRAUTMAN ET AL.

18 of 19 Wl LEY- Aging

United Nations, Department of Economic and Social Affairs, Population
Division (2019). World population prospects 2019: Ten key findings.
United Nations.

Unnikrishnan, A., Kurup, K., Salmon, A. B., & Richardson, A. (2020). Is
rapamycin a dietary restriction mimetic? Journals of Gerontology.
Series A, Biological Sciences and Medical Sciences, 75(1), 4-13.
https://doi.org/10.1093/gerona/glz060

Vargas-Morales, J. M., Guizar-Heredia, R., Méndez-Garcia, A. L.,
Palacios-Gonzalez, B., Schcolnik-Cabrera, A., Granados, O.,
Lépez-Barradas, A. M., Vazquez-Manjarrez, N., Medina-Vera,
I., Aguilar-Lépez, M., Tovar-Palacio, C., Ordaz-Nava, G., Rocha-
Viggiano, A. K., Medina-Cerda, E., Torres, N., Ordovas, J.
M., Tovar, A. R., Guevara-Cruz, M., & Noriega, L. G. (2021).
Association of BCAT2 and BCKDH polymorphisms with clinical,
anthropometric and biochemical parameters in young adults.
Nutrition, Metabolism and Cardiovascular Diseases, 31(11), 3210-
3218. https://doi.org/10.1016/j.numecd.2021.07.011

Wanders, D., Stone, K. P., Dille, K., Simon, J., Pierse, A., & Gettys, T. W.
(2015). Metabolic responses to dietary leucine restriction involve
remodeling of adipose tissue and enhanced hepatic insulin signal-
ing. BioFactors, 41(6), 391-402. https://doi.org/10.1002/biof.1240

Wang, Q., Holmes, M. V., Davey Smith, G., & Ala-Korpela, M. (2017).
Genetic support for a causal role of insulin resistance on circulat-
ing branched-chain amino acids and inflammation. Diabetes Care,
40(12), 1779-1786. https://doi.org/10.2337/dc17-1642

Wang, T. J, Larson, M. G,, Vasan, R. S., Cheng, S., Rhee, E. P., McCabe,
E., Lewis, G. D., Fox, C. S., Jacques, P. F., Fernandez, C., O'Donnell,
C. J., Carr, S. A., Mootha, V. K., Florez, J. C,, Souza, A., Melander,
Q,, Clish, C. B., & Gerszten, R. E. (2011). Metabolite profiles and
the risk of developing diabetes. Nature Medicine, 17(4), 448-453.
https://doi.org/10.1038/nm.2307

Wang, W., Liu, Z., Liu, L., Han, T., Yang, X., & Sun, C. (2021). Genetic
predisposition to impaired metabolism of the branched chain amino
acids, dietary intakes, and risk of type 2 diabetes. Genes & Nutrition,
16(1), 20. https://doi.org/10.1186/s12263-021-00695-3

Wang, W., Zhang, F., Xia, Y., Zhao, S., Yan, W.,, Wang, H., Lee, Y., Li, C.,
Zhang, L., Lian, K., Gao, E., Cheng, H., & Tao, L. (2016). Defective
branched chain amino acid catabolism contributes to cardiac dys-
function and remodeling following myocardial infarction. American
Journal of Physiology. Heart and Circulatory Physiology, 311(5),
H1160-H1169. https://doi.org/10.1152/ajpheart.00114.2016

Weindruch, R., Walford, R. L., Fligiel, S., & Guthrie, D. (1986). The re-
tardation of aging in mice by dietary restriction: Longevity, cancer,
immunity and lifetime energy intake. Journal of Nutrition, 116(4),
641-654. https://doi.org/10.1093/jn/116.4.641

Wek, S. A., Zhu, S., & Wek, R. C. (1995). The histidyl-tRNA synthetase-
related sequence in the elF-2 alpha protein kinase GCN2 interacts
with tRNA and is required for activation in response to starvation
for different amino acids. Molecular and Cellular Biology, 15(8),
4497-4506. https://doi.org/10.1128/MCB.15.8.4497

White, P. J., Lapworth, A. L., An, J.,, Wang, L., McGarrah, R. W, Stevens, R.
D., likayeva, O., George, T., Muehlbauer, M. J., Bain, J. R., Trimmer, J.
K., Brosnan, M. J., Rolph, T. P., & Newgard, C. B. (2016). Branched-
chain amino acid restriction in Zucker-fatty rats improves muscle
insulin sensitivity by enhancing efficiency of fatty acid oxidation
and acyl-glycine export. Molecular Metabolism, 5(7), 538-551.
https://doi.org/10.1016/j.molmet.2016.04.006

White, P. J., McGarrah, R. W., Grimsrud, P. A., Tso, S.-C., Yang, W.-H.,
Haldeman, J. M., Grenier-Larouche, T., An, J., Lapworth, A. L.,
Astapova, |., Hannou, S. A., George, T., Arlotto, M., Olson, L. B.,
Lai, M., Zhang, G.-F., Ilkayeva, O., Herman, M. A, Wynn, R. M., ...
Newgard, C. B. (2018). The BCKDH kinase and phosphatase in-
tegrate BCAA and lipid metabolism via regulation of ATP-citrate
lyase. Cell Metabolism, 27(6), 1281-1293 e1287. https://doi.
org/10.1016/j.cmet.2018.04.015

Wolfson, R. L., Chantranupong, L., Saxton, R. A, Shen, K., Scaria, S. M.,
Cantor, J. R., & Sabatini, D. M. (2016). Sestrin2 is a leucine sensor
for the mTORC1 pathway. Science, 351(6268), 43-48. https://doi.
org/10.1126/science.aab2674

Xiao, F., Huang, Z., Li, H,, Yu, J.,, Wang, C., Chen, S., Meng, Q., Cheng, Y.,
Gao, X,, Li, J,, Liu, Y., & Guo, F. (2011). Leucine deprivation increases
hepatic insulin sensitivity via GCN2/mTOR/S6K1 and AMPK
pathways. Diabetes, 60(3), 746-756. https://doi.org/10.2337/
db10-1246

Xiao, F., Yu, J,, Guo, Y., Deng, J, Li, K., Du, Y., Chen, S., Zhu, J., Sheng,
H., & Guo, F. (2014). Effects of individual branched-chain amino
acids deprivation on insulin sensitivity and glucose metabolism in
mice. Metabolism, 63(6), 841-850. https://doi.org/10.1016/j.metab
01.2014.03.006

Xu, F., Tavintharan, S., Sum, C. F., Woon, K., Lim, S. C., & Ong, C. N.
(2013). Metabolic signature shift in type 2 diabetes mellitus re-
vealed by mass spectrometry-based metabolomics. Journal of
Clinical Endocrinology and Metabolism, 98(6), E1060-1065. https://
doi.org/10.1210/jc.2012-4132

Yang, H., Jiang, X,, Li, B., Yang, H. J., Miller, M., Yang, A., Dhar, A., &
Pavletich, N. P.(2017). Mechanisms of mTORC1 activation by RHEB
and inhibition by PRAS40. Nature, 552(7685), 368-373. https://doi.
org/10.1038/nature25023

Yoneshiro, T., Wang, Q., Tajima, K., Matsushita, M., Maki, H., Igarashi,
K., Dai, Z., White, P. J.,, McGarrah, R. W,, llkayeva, O. R., Deleye,
Y., Oguri, Y., Kuroda, M., lkeda, K., Li, H., Ueno, A., Ohishi, M.,
Ishikawa, T., Kim, K., ... Kajimura, S. (2019). BCAA catabolism in
brown fat controls energy homeostasis through SLC25A44. Nature,
572(7771), 614-619. https://doi.org/10.1038/541586-019-1503-x

Yu, D., Richardson, N. E., Green, C. L., Spicer, A. B., Murphy, M. E., Flores,
V., Jang, C., Kasza, I., Nikodemova, M., Wakai, M. H., Tomasiewicz,
J.L., Yang, S. E., Miller, B.R., Pak, H. H., Brinkman, J. A., Rojas, J. M.,
Quinn, W. J,, Cheng, E. P,, Konon, E. N., ... Lamming, D. W. (2021).
The adverse metabolic effects of branched-chain amino acids are
mediated by isoleucine and valine. Cell Metabolism, 33(5), 905-922
€906. https://doi.org/10.1016/j.cmet.2021.03.025

Yu, D., Tomasiewicz, J. L., Yang, S. E., Miller, B. R., Wakai, M. H., Sherman,
D. S., Cummings, N. E., Baar, E. L., Brinkman, J. A, Syed, F. A., &
Lamming, D. W. (2019). Calorie-restriction-induced insulin sensi-
tivity is mediated by adipose mTORC2 and not required for lifes-
pan extension. Cell Reports, 29(1), 236-248 e233. https://doi.
org/10.1016/j.celrep.2019.08.084

Yu, Z., Nan, F., Wang, L. Y., Jiang, H., Chen, W., & Jiang, Y. (2020). Effects
of high-protein diet on glycemic control, insulin resistance and
blood pressure in type 2 diabetes: A systematic review and meta-
analysis of randomized controlled trials. Clinical Nutrition, 39(6),
1724-1734. https://doi.org/10.1016/j.cInu.2019.08.008

Yudkoff, M. (1997). Brain metabolism of branched-chain amino acids.
Glia, 21(1), 92-98. https://doi.org/10.1002/(sici)1098-1136(19970
9)21:1<92:aid-glial0>3.0.co;2-w

Zhang, Y., Guo, K., LeBlanc, R. E., Loh, D., Schwartz, G. J,, & Yu, Y. H.
(2007). Increasing dietary leucine intake reduces diet-induced
obesity and improves glucose and cholesterol metabolism in mice
via multimechanisms. Diabetes, 56(6), 1647-1654. https://doi.
org/10.2337/db07-0123

Zhang, Y., Xie, Y., Berglund, E. D., Coate, K. C., He, T. T., Katafuchi, T.,
Xiao, G., Potthoff, M. J., Wei, W., Wan, Y., Yu, R. T., Evans, R. M.,
Kliewer, S. A., & Mangelsdorf, D. J. (2012). The starvation hor-
mone, fibroblast growth factor-21, extends lifespan in mice. elife,
1, e00065. https://doi.org/10.7554/eLife.00065

Zheng, Y., Ceglarek, U., Huang, T., Li, L., Rood, J., Ryan, D. H., & Qi, L.
(2016). Weight-loss diets and 2-y changes in circulating amino
acids in 2 randomized intervention trials. American Journal of
Clinical Nutrition, 103(2), 505-511. https://doi.org/10.3945/
ajcn.115.117689


https://doi.org/10.1093/gerona/glz060
https://doi.org/10.1016/j.numecd.2021.07.011
https://doi.org/10.1002/biof.1240
https://doi.org/10.2337/dc17-1642
https://doi.org/10.1038/nm.2307
https://doi.org/10.1186/s12263-021-00695-3
https://doi.org/10.1152/ajpheart.00114.2016
https://doi.org/10.1093/jn/116.4.641
https://doi.org/10.1128/MCB.15.8.4497
https://doi.org/10.1016/j.molmet.2016.04.006
https://doi.org/10.1016/j.cmet.2018.04.015
https://doi.org/10.1016/j.cmet.2018.04.015
https://doi.org/10.1126/science.aab2674
https://doi.org/10.1126/science.aab2674
https://doi.org/10.2337/db10-1246
https://doi.org/10.2337/db10-1246
https://doi.org/10.1016/j.metabol.2014.03.006
https://doi.org/10.1016/j.metabol.2014.03.006
https://doi.org/10.1210/jc.2012-4132
https://doi.org/10.1210/jc.2012-4132
https://doi.org/10.1038/nature25023
https://doi.org/10.1038/nature25023
https://doi.org/10.1038/s41586-019-1503-x
https://doi.org/10.1016/j.cmet.2021.03.025
https://doi.org/10.1016/j.celrep.2019.08.084
https://doi.org/10.1016/j.celrep.2019.08.084
https://doi.org/10.1016/j.clnu.2019.08.008
https://doi.org/10.1002/(sici)1098-1136(199709)21:1%3C92:aid-glia10%3E3.0.co;2-w
https://doi.org/10.1002/(sici)1098-1136(199709)21:1%3C92:aid-glia10%3E3.0.co;2-w
https://doi.org/10.2337/db07-0123
https://doi.org/10.2337/db07-0123
https://doi.org/10.7554/eLife.00065
https://doi.org/10.3945/ajcn.115.117689
https://doi.org/10.3945/ajcn.115.117689

TRAUTMAN ET AL.

WILEY 19 of 19

Aging
Zhou, M., Shao, J., Wu, C.-Y., Shu, L. E., Dong, W., Liu, Y., Chen, M., Wynn,
R. M.,_Wang, J., Wang, J. I, Gui, W.-J,, Qi, X., Lusis, A. J., Li, Z., Wang, How to cite this article: Trautman, M. E., Richardson, N. E., &
W. N{ng, G, Yang, X, Chuang, D. T, Wang,. Y. & Su.n, H. (‘201?)' Lamming, D. W. (2022). Protein restriction and branched-chain
Targeting BCAA catabolism to treat obesity-associated insulin . ) o . o
resistance. Diabetes, 68(9), 1730-1746. https://doi.org/10.2337/ amino acid restriction promote geroprotective shifts in
db18-0927 metabolism. Aging Cell, 21, €13626. https://doi.org/10.1111/
Zhu, M., Teng, F.,, Li, N. A,, Zhang, L. |., Zhang, S., Xu, F., Shao, J., Sun, H., acel. 13626
& Zhu, H. (2021). Monomethyl branched-chain fatty acid mediates
amino acid sensing upstream of mTORC1. Developmental Cell, 56(19),
2692-2702 e2695. https://doi.org/10.1016/j.devcel.2021.09.010
Zucker, |., & Beery, A. K. (2010). Males still dominate animal studies.
Nature, 465(7299), 690. https://doi.org/10.1038/465690a



https://doi.org/10.2337/db18-0927
https://doi.org/10.2337/db18-0927
https://doi.org/10.1016/j.devcel.2021.09.010
https://doi.org/10.1038/465690a
https://doi.org/10.1111/acel.13626
https://doi.org/10.1111/acel.13626

	Protein restriction and branched-­chain amino acid restriction promote geroprotective shifts in metabolism
	Abstract
	1|INTRODUCTION
	2|DIETARY INTERVENTIONS CAN PROMOTE HEALTHY AGING
	3|DIETARY PROTEIN IN HEALTHSPAN AND AGING
	4|THE BRANCHED-­CHAIN AMINO ACIDS
	5|BCAA CATABOLISM
	5.1|Modulating BCAA catabolism

	6|BCAAs ARE ASSOCIATED WITH INSULIN-­RESISTANT OBESITY
	7|BCAA DISPOSAL IN PROTEIN AND BCAA RESTRICTION
	8|DIETARY INTAKE OF BCAAs AFFECTS HEALTH AND LONGEVITY
	8.1|BCAA supplementation in rodents
	8.2|BCAA restriction promotes metabolic health in rodents
	8.3|BCAA restriction promotes fitness and longevity in mice
	8.4|Dietary BCAAs in human health and longevity
	8.5|BCAA restriction as a clinical intervention

	9|DISTINCT METABOLIC EFFECTS OF THE INDIVIDUAL BCAAs
	10|SEXUAL DIMORPHISM IN RESPONSE TO PROTEIN AND BCAA RESTRICTION
	11|FUTURE DIRECTIONS IN BCAA RESEARCH METABOLISM AND AGING
	11.1|The role of FGF21

	12|CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INETERST
	AUTHOR CONTRIBUTIONS
	REFERENCES


