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SUMMARY
Low-protein diets promote metabolic health in rodents and humans, and the benefits of low-protein diets are
recapitulated by specifically reducing dietary levels of the three branched-chain amino acids (BCAAs),
leucine, isoleucine, and valine. Here, we demonstrate that each BCAA has distinct metabolic effects. A low
isoleucine diet reprograms liver and adipose metabolism, increasing hepatic insulin sensitivity and ketogen-
esis and increasing energy expenditure, activating the FGF21-UCP1 axis. Reducing valine induces similar but
more modest metabolic effects, whereas these effects are absent with low leucine. Reducing isoleucine or
valine rapidly restores metabolic health to diet-induced obese mice. Finally, we demonstrate that variation
in dietary isoleucine levels helps explain body mass index differences in humans. Our results reveal isoleu-
cine as a key regulator of metabolic health and the adverse metabolic response to dietary BCAAs and sug-
gest reducing dietary isoleucine as a new approach to treating and preventing obesity and diabetes.
INTRODUCTION

Obesity is a growing problem in the United States and worldwide.

More than two-thirds of the population of theUnited States is over-

weight or obese (Ogden et al., 2014), and the prevalence of these

conditions inmost countries is rising rapidly.Obesity is a risk factor

for many other conditions, including diabetes, cardiovascular dis-

ease, cancer, and Alzheimer’s disease (Editorial, 1999; Barbagallo

and Dominguez, 2014; Giovannucci et al., 2010). Although

reducing caloric intake by dieting is an obvious solution tomediate

this epidemic, long-term sustainable weight loss through calorie

restriction has proven unsustainable for most individuals.

Recently, a growing body of literature has demonstrated that

‘‘a calorie is not just a calorie.’’ Prospective and retrospective

cohort analyses suggest that consumption of dietary protein,
C

particularly from animal sources, increases the risk of diabetes,

insulin resistance, and cancer and is associated with a higher

overall risk of mortality (Akter et al., 2020; Huang et al., 2020;

Lagiou et al., 2007; Levine et al., 2014; Sluijs et al., 2010). A

short-term randomized control trial found that individuals

consuming a low-protein (LP) diet lost weight without calorie

restriction; an LP diet also reduced adiposity and lowered fasting

blood glucose (FBG) (Fontana et al., 2016). Multiple studies in

rodents have similarly found that LP diets promote leanness

and glycemic control and even increase lifespan, whereas

high-protein diets do the opposite (Fontana et al., 2016; Laeger

et al., 2014; Maida et al., 2016; Solon-Biet et al., 2014, 2015).

We speculated that the beneficial effects of an LP diet might

result from the reduced consumption of specific dietary amino

acids (AAs). The three branched-chain amino acids (BCAAs;
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leucine [Leu], isoleucine [Ile], and valine [Val]) have long been

implicated in the etiology of type 2 diabetes; blood levels of

BCAAs are positively correlated with insulin resistance, obesity,

and diabetes in both humans and rodents (Batch et al., 2013;

Connelly et al., 2017; Felig et al., 1969; Lotta et al., 2016; New-

gard et al., 2009). In addition, a number of interventions that

reduce obesity and improve metabolic health in humans lower

plasma levels of BCAAs (Magkos et al., 2013; Zheng et al.,

2016). Essential AA levels are lower in plant-based versus ani-

mal-based sources (Boye et al., 2012), and humans consuming

vegan or pescatarian diets have lower BCAA levels than meat

eaters (Elshorbagy et al., 2017; Schmidt et al., 2016). Finally,

plasma BCAAs are specifically reduced in mice and humans

fed an LP diet (Fontana et al., 2016; Solon-Biet et al., 2014).

Specifically restricting dietary BCAAs recapitulates many of

the metabolic effects of an LP diet, improves lifelong metabolic

health in mice, and extends male lifespan when begun young,

whereas BCAA supplementation promotes hyperphagia and

obesity and shortens lifespan (Fontana et al., 2016; Richardson

et al., 2021; Solon-Biet et al., 2019). Furthermore, specifically re-

stricting dietary BCAAs restores metabolic health to Western

diet-induced obese (DIO) mice, rapidly normalizing weight,

adiposity, and glycemic control without caloric restriction (Cum-

mings et al., 2018). A low BCAA diet similarly slows the accumu-

lation of fat and preserves insulin sensitivity in a rat model of

obesity (White et al., 2016). Collectively, these data demonstrate

a key role for dietary BCAAs in metabolic health.

Although most research to date has investigated the physio-

logical roles of the BCAAs in combination, evidence is now

emerging that the BCAAs may have distinct effects on molecular

processes, metabolism, and health. The three BCAAs differen-

tially activate the protein kinase mechanistic target of rapamycin

complex 1 (mTORC1), a key regulator of many metabolic

processes (Kennedy and Lamming, 2016; Sheen et al., 2011;

Wolfson et al., 2016), and are involved in the posttranslational

modification of distinct proteins (He et al., 2018). Although catab-

olism of each BCAA shares several steps, the intermediate

and final products of each BCAA are distinct. For example,

3-hydroxy-isobutyrate is a Val-specific catabolite that regulates

trans-endothelial fatty acid transport (Jang et al., 2016). Further-

more, a recent study found that blood levels of Leu and Val

correlated with decreased mortality, whereas blood levels of Ile

correlated with increased mortality (Deelen et al., 2019).

Here, we tested the hypothesis that each BCAA has distinct

contributions to the beneficial effects of an LP diet. We find

that restriction of Ile is both necessary and sufficient for the

beneficial metabolic effects of an LP diet. In contrast, the restric-

tion of Val improvesmetabolic health to a lesser degree but is not

necessary for the effects of an LP diet. Although Ile is an agonist

of mTORC1 activity, reduced hepatic activity of mTORC1 does

not mediate the effects of a low Ile diet. Similarly, the effects of

reduced Ile are not mediated by the other major AA sensing

kinase general control nonderepressible 2 (GCN2). Instead, we

find that reducing dietary Ile reprograms hepatic metabolism

and induces expression of the insulin-sensitizing and energy-

balancing hormone fibroblast growth factor 21 (FGF21), acti-

vating the FGF21-uncoupling protein 1 (UCP1) axis and

promoting adipose tissue beiging and energy expenditure.

Reduction of dietary Ile or Val is sufficient to restore metabolic
2 Cell Metabolism 33, 1–18, May 4, 2021
health to DIO mice, even as these animals continue to consume

an otherwise unhealthy ‘‘Western’’ diet (WD). Surprisingly, re-

striction of Leu has no beneficial metabolic effects in lean or

DIO mice and does not contribute to the beneficial effects of

an LP diet. Finally, we find that the consumption of dietary pro-

tein with increased Ile content is associated with increased

body mass index (BMI) in humans. In conclusion, these results

demonstrate that dietary Ile is a critical regulator of metabolic

health and of the response to dietary BCAAs and suggest that in-

terventions based on decreasing dietary levels of Ile may be a

translatable way to promote and restore metabolic health.

RESULTS

Reducing dietary Ile recapitulates many metabolic
effects of BCAA restriction
To examine the specific role of dietary BCAAs on metabolic

health, we utilized an AA-defined control (Ctrl AA) diet containing

all twenty common AAs; the diet composition reflects that of a

natural chow diet in which 21% of calories are derived from pro-

tein (Fontana et al., 2016). We created a diet series based on this

diet, in which all AAs (Low AA), the three BCAAs (Low BCAA), or

the other essential AAs (Low non-BCAA) were reduced by 67%.

All four of these diets are isocaloric, with identical levels of fat,

and in the case of the latter two diets, non-essential AAs were

increased to keep the calories derived from AAs constant (Table

S1). Mice fed a Low AA or Low BCAA diet had significantly

improved glucose tolerance and blunted weight gain versus

mice fed a Ctrl AA diet, whereas restriction of the other essential

AAs had no effect on glucose tolerance and less impact on

weight (Figures 1A and 1B). These results demonstrate the

unique contribution of the BCAAs to the metabolic effects of

an LP diet.

To determine the role of each individual BCAA, we designed a

new diet series, in which the level of each individual BCAA—Leu

(Low Leu), Ile (Low Ile), or Val (Low Val)–or all three BCAAs (Low

BCAA) was reduced by 67%; all diets were again isocaloric with

identical levels of fat, and the percentage of calories derived from

AAs was kept constant by proportionally adjusting the amount of

non-essential AAs (Figure 1C; Table S1). Mice fed either the Low

Ile or Low BCAA diets for 3 weeks had significantly improved

glucose tolerance compared with mice fed the Ctrl AA diet (Fig-

ure 1D); mice fed a Low Val diet also exhibited a trend toward

improved glucose tolerance (p = 0.06). In contrast, consumption

of a Low Leu diet had no effect on glucose tolerance (Figure 1D).

Mice fed the Low Ile, Low Val, or Low BCAA diets likewise had

improved pyruvate tolerance but responded normally to insulin,

indicating improved suppression of gluconeogenesis (Figures 1E

and S1A); Low Leu-fedmice were indistinguishable fromCtrl AA-

fed mice. We determined fasting and glucose-stimulated

glucose and insulin levels; although stimulated glucose levels

were lower in mice fed Low Ile, Low Val, and Low BCAA diets,

fasting and stimulated insulin levels were not significantly

different between diet groups (Figure S1B).

LP and Low BCAA diets increase food intake while promoting

leanness (Cummings et al., 2018; Fontana et al., 2016; Kobaya-

shi et al., 2006). Mice fed a Low Ile or a Low BCAA diet had

increased food consumption when normalized by body weight,

yet both groups gained less weight, fat mass, and lean mass
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Figure 1. Dietary restriction of Ile or Val, but not Leu, improves metabolic health

(A) Glucose tolerance of mice after 3 weeks on a Ctrl AA diet, a Low AA diet, a Low BCAA diet, or a Low non-BCAA diet (restricted in all essential AAs except

for BCAAs).

(B) Change in body weight of mice after 3 weeks. <br>(A and B) n = 16–18/group. *p < 0.05, Tukey-Kramer test following ANOVA; means with different letters are

statistically different.

(C) Experimental scheme.

(D and E) Glucose tolerance (D) and pyruvate tolerance (E) of mice after 3 and 5 weeks on the indicated diets, respectively.

(F) Body weight and change in body weight of mice after 12 weeks.

(D–F) n = 8–9/group. *p < 0.05, Tukey-Kramer test following ANOVA; means with different letters are statistically different.

(G) Heatmap of the metabolic effects of each diet. BW, body weight; FBG, fasting blood glucose.

(H) Glucose tolerance of mice after 3 weeks on a Ctrl AA or a Low Ile diet (n = 12–13/group; *p < 0.05, Sidak’s test post two-way RM ANOVA).

(I–L) Glucose infusion rate (I), blood glucose level (J), basal and clamp hepatic glucose production (K), and insulin responsiveness (L) were determined during a

hyperinsulinemic-euglycemic clamp inmicemaintained on a Ctrl AA diet or a Low Ile diet for 3 weeks (n = 6–7/group; *p < 0.05, Student’s t test). Data represented

as mean ± SEM.
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than Ctrl AA-fed mice (Figures 1F and S1C–S1H). Intriguingly,

Low Ile-fed mice maintained the lowest weight of all groups

throughout the study, whereas Low Val-fed animals also gained

less weight (Figure 1F). Although consumption of a Low Ile or

Low BCAA diet reduced fat accretion (Figure S1G), mice fed a

Low Ile, Low Val, or Low BCAA diet gained significantly less

lean mass than Ctrl AA-fed mice (Figure S1H). The weight, fat

mass, and lean mass of Low Leu-fed mice were similar to those

of Ctrl AA-fed mice, with a trend for these mice to weigh more

with increased adiposity. At the end of 3 months, Low Ile-fed

mice had the lowest adiposity and were leaner than all other

groups (Figure S1I).

The absence of metabolic benefits in Low Leu-fed mice was

surprising, because Leu restriction is reported to improve meta-

bolic health (Lees et al., 2017). Although our AA-defined diet is

based on the AA profile of a commercially available natural diet

(Fontana et al., 2016), casein-based rodent diets typically have

a lower starting level of Leu than found in our Ctrl AA diet. We

wondered whether the 67% restriction in the Low Leu diet did

not restrict Leu sufficiently to induce metabolic benefits. We de-

signed a new diet, ExLow Leu (Table S1), in which Leu was

restricted by 87%; this mimics a 67% restriction of Leu in a

casein-based diet. Even this severe restriction of Leu did not in-

crease food consumption (Figures S1J–S1L), and it did not result

in significant changes in fat mass or lean mass, although overall

body weight was slightly reduced (Figure S1M). The ExLow Leu-

fedmice also did not have improved glucose tolerance relative to

Ctrl AA-fed mice (Figures S1N and S1O).

Reducing either dietary Ile or Val alone is sufficient to recapit-

ulate the beneficial physiological effects of reducing all three

BCAAs or dietary protein (Figure 1G). Reducing Ile in particular

robustly promotes glycemic control and leanness, whereas

reducing Val has less dramatic but consistently beneficial ef-

fects. In contrast, reduction of Leu alone does not producemeta-

bolic benefits and may even be modestly deleterious.

Reducing dietary Ile increases hepatic insulin sensitivity
Because reducing dietary Ile had the most pronounced effects

on glucose and pyruvate tolerance, we fed an additional cohort

of mice either a Ctrl AA or Low Ile diet, again observing robustly

improved glucose tolerance in Low Ile-fed mice (Figure 1H). We

then used a hyperinsulinemic-euglycemic clamp to measure in-

sulin sensitivity (Figures 1I–1L). Briefly, mice received a constant

infusion of insulin, and radiolabeled glucose was co-infused as

needed to maintain euglycemia. To achieve euglycemia, Low

Ile-fed mice required a significantly higher glucose infusion rate

(GIR) than Ctrl AA-fed mice (Figures 1I and 1J). Calculating

whole-body glucose uptake and hepatic glucose production,

based on the fraction of labeled glucose in the circulation, re-

vealed that Low Ile-fed mice had significantly improved hepatic

insulin sensitivity (Figures 1K and 1L).

Reduction of dietary Ile is necessary for the beneficial
metabolic effects of an LP diet
We next decided to determine whether reduced dietary levels of

an individual BCAA or of all three BCAAs are required for an LP

diet to promotemetabolic health. To test this, we utilized an add-

back paradigm, in which we performed metabolic phenotyping

on mice consuming a Ctrl diet, a Low AA diet, or a Low AA diet
4 Cell Metabolism 33, 1–18, May 4, 2021
in which Leu (Low AA + Leu), Ile (Low AA + Ile), Val (Low AA +

Val), or all three BCAAs (Low AA + BCAAs) were ‘‘added back’’

to Ctrl AA diet levels (Figure 2A). These diets were all isocaloric

with equal levels of fat (Table S2).

In agreement with our previous results and the satiating effect

of protein, mice fed the Low AA diet ate significantly more than

Ctrl AA diet-fed mice when normalized by body weight (Figures

2B, S2A, and S2B). Although addback of all three BCAAs

blocked this effect, addback of each individual BCAA did not

(Figures 2B, S2A, and S2B). Mice consuming the Low AA diet

for 3 weeks had significantly improved glucose tolerance relative

to mice fed a Ctrl AA diet (Figure 2C). Addback of Ile, or of all

three BCAAs, blunted this effect; in contrast, addback of Leu

or Val had no significant effect on glucose tolerance (Figure 2C).

Low AA diet-fed mice also had significantly improved sensitivity

to insulin, an effect that was blunted by addback of either Ile, Val,

or all three BCAAs, but not by addback of Leu (Figure 2D). Add-

back of Ile alone or of all three BCAAs blunted the effects of an LP

diet on pyruvate tolerance, whereas addback of Leu or Val had

no significant effect (Figure 2E).

Despite increased food consumption (Figure 2B), mice fed a

Low AA diet weighed significantly less than Ctrl AA diet-fed an-

imals throughout the course of the study (Figure 2F), with

reduced accretion of both fat mass and lean mass (Figures

S2C and S2D). Addback of Ile alone or of all three BCAAs blunted

the effect of a Low AA diet on body weight and lean mass, with

addback of all three BCAAs also completely blocking the effect

of a Low AA diet on fat mass (Figures 2F, S2C, and S2D). In

contrast, addback of Val had no effect onweight or body compo-

sition, whereas addback of Leu promoted the loss of both fat and

lean mass (Figures 2F, S2C, and S2D).

We used metabolic chambers to evaluate energy balance,

analyzing food consumption, spontaneous activity, and energy

expenditure. As expected, a Low AA diet increased food

consumption, respiratory exchange ratio (RER), and energy

expenditure (Figures S2E–S2L). Consistent with the effects of

the individual BCAAs on body weight and composition, addback

of either Ile or all three BCAAs blunted the effects of a Low AA

diet on energy balance and fuel source utilization (Figures

S2E–S2L). In contrast, addback of Val had minimal effects on

these parameters, whereas addback of Leu resulted in increased

food consumption and energy expenditure (Figures S2E–S2L).

As shown in Figure 2G, repletion of BCAAs or Ile alone blocks

the ability of a Low AA diet to promotemetabolic health, whereas

repletion of Val partially blocks the ability of a Low AA diet to

improve glucose homeostasis, but not body composition. In

contrast, repletion of Leu potentiates the effects of a Low AA

diet. In combination with the results of Figure 1, these results

clearly demonstrate that reduced dietary levels of Ile are both

sufficient to recapitulate the beneficial metabolic effects of an

LP diet and necessary for an LP diet to maximally promote meta-

bolic health.

Hepatic mTORC1 and GCN2 are not required for the
metabolic effects of a reduced Ile diet
Although Leu is widely known to stimulate mTORC1, it has

recently become apparent that Ile and Val are also potent

mTORC1 agonists (Appuhamy et al., 2012; Arriola Apelo et al.,

2014; Dyachok et al., 2016; Ikeda et al., 2017; Zhou et al.,
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Figure 2. Replenishing Ile significantly attenuates the metabolic effects of LP

(A) Experimental scheme.

(B) Average food consumption (normalized by body weight) during the 3rd week on the indicated diets.

(C–E) Glucose tolerance (C), insulin tolerance (D), and pyruvate tolerance (E) of mice after 3, 4, or 5 weeks on the indicated diets, respectively.

(F) Body weight and change in body weight of mice after 12 weeks.

(B–F) n = 4 cages of 3 animals each/group (B) or n = 12/group (C–F); *p < 0.05, Sidak’s test post ANOVA, comparing all groups with the Ctrl AA and Low AA diet

groups.

(G) Heatmap of the metabolic effects of each diet. Data represented as mean ± SEM.
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2018). Indeed, AA sensing regulates stem cell proliferation, gut

homeostasis, lifespan, and mTORC1 in flies via Sestrin, which

encodes a homolog of the mammalian Sestrin proteins which

regulate BCAA sensing by mTORC1 (Chantranupong et al.,

2014; Lu et al., 2021; Saxton et al., 2016). Therefore, we were

surprised that Low AA and Low Ile feeding did not alter the phos-

phorylation of S6, a downstream readout of mTORC1, and 4E-

BP1, an mTORC1 substrate, in the liver (Figure 3A). We decided
to directly test whether hepatic mTORC1 was involved in the

metabolic effects of a Low Ile diet.

We utilized a mouse model of constitutive hepatic mTORC1

activity, in which Tsc1, a negative regulator of mTORC1, is

deleted specifically in the liver (L-TSC1 knockout [KO]) (Harput-

lugil et al., 2014; Sengupta et al., 2010; Yu et al., 2018)

(Figure S3A). We fed L-TSC1 KO mice and their wild-type

(WT) littermates either Ctrl AA or Low Ile diets (Figure 3B).
Cell Metabolism 33, 1–18, May 4, 2021 5
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Figure 3. The metabolic effects of Ile restriction are independent of hepatic mTORC1 and GCN2 activity

(A) Western blot analyses of mTORC1 signaling in the liver of fasted mice after 3 weeks of feeding the indicated diets.

(B) Experimental scheme.

(C) Glucose tolerance in WT and L-TSC1 KO mice fed the diets for 3 weeks (n = 7–8/group; for AUC, statistics for the overall effects of genotype, diet, and the

interaction represent the p value from a two-way ANOVA, *p < 0.05, from aSidak’s post-test examining the effect of parameters identified as significant in the two-

way ANOVA).

(D) Heatmap depiction of the metabolic effects of the indicated diets in WT and L-TSC1 KO mice.

(E) Western blot analyses of GCN2 signaling in the liver of fasted mice after 3 weeks.

(F) Experimental scheme.

(G) Glucose tolerance in WT and L-GCN2 KOmice fed the indicated diets for 3 weeks (n = 6–7/group; for AUC, statistics for the overall effects of genotype, diet,

and the interaction represent the p value from a two-way ANOVA, *p < 0.05, from a Sidak’s post-test examining the effect of parameters identified as significant in

the 2-way ANOVA).

(H) Heatmap of the metabolic effects of each diet. Data represented as mean ± SEM.
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Consumption of the Low Ile diet improved glucose tolerance

equally well in L-TSC1 KO mice and their WT littermates (Fig-

ure 3C). Hepatic insulin sensitivity, assessed as suppression

of gluconeogenesis during a pyruvate tolerance test, was also

improved by Low Ile diet similarly in both genotypes (Fig-

ure S3B). A Low Ile diet also induced similar effects on the

body weight, fat mass, and lean mass of both WT and L-TSC1

KO mice (Figures S3C–S3E). Given the similar metabolic phe-

notypes of WT and L-TSC1 KO mice fed a Low Ile diet (Fig-

ure 3D), we conclude that suppression of hepatic mTORC1 ac-

tivity is not required for the metabolic effects of a Low Ile diet.

The other major AA sensing kinase is GCN2, which is activated

by uncharged tRNAs, and is essential for the adaptation to AA-

deprived diets (Dong et al., 2000; Wek et al., 1995; Xiao et al.,

2011, 2014; Zhang et al., 2002). We observed increased phos-

phorylation of the GCN2 substrate eIF2a and increased expres-

sion of ATF4, a downstream transcription factor, in mice fed a

Low AA diet, but surprisingly not in mice fed a Low Ile diet (Fig-

ure 3E). Therefore, we decided to test whether hepatic GCN2

signaling was involved in the metabolic effects of a Low Ile diet.

We placed mice lacking hepatic Gcn2 (L-GCN2 KO) and their

WT littermates on Ctrl AA or Low Ile diets (Figure 3F). Because

GCN2 has been shown to be essential for the initial adaptation

to an LP diet (Laeger et al., 2016), we performed a GTT after

only 12 days (Figure S3F) and after 3 weeks of diet feeding (Fig-

ure 3G). At each time point, we found that a Low Ile diet improved

glucose tolerance in both WT and L-GCN2 KO mice. Mice fed a

Low Ile diet had reduced body weight, fat mass, and lean mass,

regardless of genotype (Figures S3G–S3I). Given both the west-

ern blotting data and the similar metabolic phenotypes of WT

and L-GCN2 KOmice fed a Low Ile diet (Figure 3H), we conclude

that a Low Ile diet does not promote metabolic health via activa-

tion of hepatic GCN2.

Reduction of dietary Ile reprograms hepatic metabolism
We next performed transcriptional profiling and metabolomics

analysis on the livers of mice fed either Ctrl AA or Low Ile diets

for 3 weeks, sacrificed either after an overnight fast or after re-

feeding. We observed a significant effect of a reduced Ile diet

on hepatic gene expression, with 184 genes changing signifi-

cantly in fasted mice and 255 genes changing significantly in

refed mice (Figure 4A; Table S3). Intriguingly, the proteins

encoded by the genes most significantly upregulated and down-

regulated in fasted mice by a Low Ile diet were enriched for Ile

content relative to unchanged genes (Figure S4A). Performing

targeted metabolomics, we identified 6 significantly altered me-

tabolites in fasted mice and 24 significantly altered metabolites

in refed mice (Figure 4B).

Metaboanalyst was used to coordinate the RNA-seq and me-

tabolomics data and identify pathways altered in response to

Low Ile feeding (Figure 4C). We found alterations in several cen-

tral metabolic processes, including carbohydrate metabolism

and glycolysis, and BCAA degradation and fatty acid biosyn-

thesis. In fasted mice, we observed that a Low Ile diet increased

glycolytic gene expression, acetyl-coenzyme A (CoA), and the

TCA cycle intermediates succinate and a-ketoglutarate (Fig-

ure 4D). In addition, we observed decreased levels of the other

two BCAAs (Leu and Val) and increased levels of their catabolic

intermediates, b-hydroxy b-methylglutaryl-CoA (HMG-CoA) and
propionyl-CoA (Figure 4E). This likely reflects altered BCAA

catabolism, because blood levels of the BCAAs are not

decreased in Low Ile-fed mice and liver levels of Leu and Val

trend higher in the livers of Low Ilemice after feeding (Figure S4B;

Table S3).We also observed elevated levels of hepatic b-hydrox-

ybutyrate (BHB) in both the fasted and fed states, suggestive of

increased ketogenesis, perhaps in response to increased ace-

toacetate and acetyl-CoA (Figure 4B). Expression of fatty acid

synthase (Fasn) was significantly upregulated, suggesting that

lipogenesis may be increased. Together, our analyses indicate

profound changes in liver metabolism upon Low Ile feeding.

To gain insight into potential transcriptional regulators of the

response to a Low Ile diet, we utilized MAGIC, a recently devel-

oped and experimentally validated tool for transcription factor

enrichment analysis (Roopra, 2020). We identified 13 signifi-

cantly enriched transcription factors predicted as drivers of the

observed gene expression changes (Figure S4C). Intriguingly,

one of these transcription factors was FOXA2, which was previ-

ously identified as a regulator of hepatic insulin sensitivity and

ketogenesis (Wolfrum et al., 2004). FOXA2 activity is regulated

by localization; cytoplasmic FOXA2 is inactive, whereas nuclear

FOXA2 is active (Wolfrum et al., 2004). Consistent with the

MAGIC prediction of active FOXA2, we found that nuclear levels

of FOXA2 were significantly increased in the livers of Low Ile-fed

mice (Figure 4F).

Reducing dietary Ile induces the FGF21-UCP1 axis and
promotes energy expenditure
The FOXA2 target gene upregulated the most by a Low Ile diet,

and one of the top 50 upregulated genes, is Fgf21 (Figures 4A

and S4D). FGF21 is a hormone that promotes hepatic insulin

sensitivity and regulates energy homeostasis (Fisher and Mara-

tos-Flier, 2016; Xu et al., 2009) and is induced by a variety of

stresses, including an LP diet (Fontana et al., 2016; Laeger

et al., 2014). Although we observed no increase in plasma

FGF21 in lean mice fed a reduced BCAA diet (Fontana et al.,

2016), we subsequently observed that reducing dietary BCAAs

acutely induces FGF21 in DIO mice (Cummings et al., 2018),

and elevated FGF21 is also observed in diabetic humans fed a

reduced BCAA diet (Karusheva et al., 2019). FGF21 promotes

hepatic ketogenesis (Fisher et al., 2017; Inagaki et al., 2007;

Potthoff et al., 2009), and we observed increased levels of

increased levels of ketones (BHB) in Low Ile-fed mice (Figure 4B;

Table S3).

A Low Ile diet increased the expression of Fgf21 mRNA in the

liver, inguinal white adipose tissue (iWAT), and skeletal muscle

(Figure 5A). In agreement with this result, mice fed a Low Ile

diet had increased levels of FGF21 in the plasma (Figure 5B); in

contrast, a Low Leu or Low Val diet did not increase plasma

FGF21 (Figure S4E). In agreement with a model in which a Low

Ile diet induces ketogenesis via FGF21, we observed increased

blood levels of BHB in Low Ile- and Low BCAA-fed mice, but

not in mice fed Low Leu or Low Val diets (Figure S4F).

FGF21 drives energy expenditure by promoting the beiging

of WAT; we observed multilocular beige adipocytes in the

iWAT of mice fed a reduced Low Ile diet (Figure 5C) and in the

iWAT ofmice fed either a Low Val or LowBCAA diet (Figure S4G).

In contrast, beiging was not observed in the iWAT of mice fed a

Low Leu diet or in the gonadal WAT of mice on any diet
Cell Metabolism 33, 1–18, May 4, 2021 7
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Figure 4. Ile restriction reprograms hepatic metabolism

(A) Heatmaps of top 50 variable genes in transcriptomic analysis of control or Low Ile-fed mouse livers.

(B) Heatmaps of all significantly altered metabolites in targeted metabolite analysis of control or Low Ile-fed mouse livers. In (A) and (B), mice were either fasted

overnight or fasted overnight and then refed for 3 h.

(C) Representation of pathways altered in Low Ile-fed liver based on transcriptomic and metabolomics data. Metabolic pathways of interest are highlighted.

(D and E) Drawn pathways in central metabolism (D) and BCAA degradation (E) altered in Low Ile feeding. Genes and metabolites colored by log2-fold change in

transcriptomic and metabolomics data.

Data in (C)–(E) are integrated from significant changes in transcriptomic and metabolomic data gathered in the fasted state.

(F) Representative cropped western blots and quantification of nuclear and cytosolic FoxA2 in the liver of fasted mice after 3 weeks of feeding the diets

(n = 6/group; *p < 0.05, Sidak’s test post ANOVA). Data represented as mean ± SEM.
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(Figure S4G). Low Ile-fed mice showed transcriptional changes

consistent with beiging in iWAT. We found increased expression

of Ucp1 and two other key thermogenic genes, cell death-

inducing DNA fragmentation factor alpha-like effector A (Cidea)

and elongation of very long chain fatty acids protein 3 (Elovl3)

(Figure 5D). Beiging of iWAT is characterized by induction of a

futile cycle of lipolysis and lipogenesis (Mottillo et al., 2014),

and the expression of several key lipogenic genes, including

acetyl-CoA carboxylase 1 and 2 (Acc1 and Acc2) and Fasn,

and the key lipolytic genes adipose triglyceride lipase (Atgl)

and hormone-sensitive lipase (Lipe) was increased in iWAT of

Low Ile-fed mice (Figure 5E).

We measured energy balance and assessed fuel source utili-

zation in mice fed diets in which each individual BCAA or all three

BCAAs were reduced (Figures 5F and S4H–S4O). Although there
8 Cell Metabolism 33, 1–18, May 4, 2021
was no difference in activity between groups, food consumption

was increased inmice fed a Low Ile or Low Val diet (Figures S4H–

S4J and S4O). Energy expenditure normalized to body weight

was increased in mice fed Low Ile, Low Val, or Low BCAA diets

(Figures 5F and S4L). The RER, which reflects substrate utiliza-

tion, was increased at night in mice consuming Low Val or Low

BCAA diets, suggesting increased carbohydrate utilization

(Figure S4N).

We tested whether FGF21 was necessary for the effects of a

Low Ile diet by feeding Ctrl AA or Low Ile diets to WT and

whole-body Fgf21 KO mice (FGF21 KO) and examining the

metabolic response. Food consumption showed a significant

interaction between diet and genotype, with food consumption

increasing in Low Ile-fed WT mice but not in Low Ile-fed FGF21

KO mice (Figures 5G, S5A, and S5B). Despite the genotype-
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Figure 5. Reducing dietary Ile induces the FGF21-UCP1 axis and promotes energy expenditure

(A) Fgf21 expression in the liver, inguinal white adipose tissue (iWAT), and muscle of Ctrl AA- or Low Ile-fed mice after 3 weeks of diet. n = 8/group.

(B) Plasma FGF21 level in Ctrl AA- or Low Ile-fed mice after 3 weeks of diet. n = 5–8/group.

(C) Representative images of H&E-stained iWAT of Ctrl AA- or Low Ile-fed mice. Scale bar, 100 mm. n = 5–6/group.

(D and E) Expression of thermogenic genes (D) and lipolytic and lipogenic genes (E) in iWAT of Ctrl AA- or Low Ile-fed mice after 3 weeks on the indicated diets.

n = 8/group.

(A–E) *p < 0.05, t test.

(F) Energy expenditure (heat) in mice after 6 weeks on the diets as assessed by metabolic chambers. n = 5–8/group. *p < 0.05, Dunnett’s test post ANOVA,

considering data from all groups shown in Figure S4L.

(legend continued on next page)
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dependent effect of a Low Ile diet on food consumption, the

weight, fat, and leanmass ofWT and FGF21 KOmice responded

similarly to a Low Ile diet (Figure S5C). Using metabolic cham-

bers, we analyzed how energy balance was altered by the Low

Ile diet in both genotypes (Figures 5H and S5D–S5F). A Low Ile

diet induced a robust increase in energy expenditure normalized

to body weight inWTmice, but this effect was significantly blunt-

ed in FGF21 KO mice, with a significant interaction between diet

and genotype during both the light and dark cycles (Figure 5H).

However, we found no effect of genotype on the ability of a

Low Ile diet to improve glucose tolerance (Figure S5G). We

conclude that some, but not all, of the metabolic effects of a

Low Ile diet are dependent on FGF21.

Given the lower adiposity of Low AA and Low Ile-fed mice, we

examined the possibility that these mice were cold stressed,

because room temperature is below the thermoneutral tempera-

ture of mice (Ganeshan and Chawla, 2017), by housing mice fed

at thermoneutrality. The metabolic impact of Low Ile and Low AA

diets at thermoneutrality was virtually identical to that at room

temperature, and both diets improved glucose tolerance and

body composition regardless of housing temperature (Figures

5I, 5J, S5H, and S5I). Therefore, housing temperature does not

influence the overall metabolic response to dietary Ile.

Benefits of restricting dietary Ile are amplified in the
context of an unhealthy WD
Specifically reducing dietary BCAAs is sufficient to restore meta-

bolic health to DIO mice, even while they continue to consume a

high-fat, high-sucrose WD (Cummings et al., 2018). We exam-

ined the metabolic impact of reducing levels of the individual

BCAAs in mice pre-conditioned with a WD for 12 weeks (Fig-

ure 6A). Briefly, the level of each individual BCAA or all three

BCAAs was reduced by 67% in the context of a WD; all of the

WDs were isocaloric with identical levels of fat, and the percent-

age of calories derived from AAs was kept constant by propor-

tionally adjusting the amount of non-essential AAs (Table S4).

Mice fed the WD Low Ile, WD Low Val, or WD Low BCAA diets

atemore food thanmice on theWDCtrl AA diet (Figures 6B, S6A,

and S6B). Despite eating more, mice fed these diets quickly lost

excess weight and fat mass, with smaller changes in lean mass;

the overall effect was reduced adiposity (Figures 6C, 6D, S6C,

and S6D). The reduction in weight and adiposity was most pro-

nounced in mice fed the WD Low Ile diet, which lost both lean

mass and fat mass relative to Ctrl AA-fed mice never exposed

to a WD. The weight and body composition of mice fed a WD

Low Leu diet were indistinguishable from that of mice fed the

WD Ctrl AA diet (Figures 6C, 6D, S6C, and S6D).

Mice fed the WD Ctrl AA and WD Low Leu diets were glucose

intolerant and insulin resistant relative to Ctrl AA-fed mice that

were never exposed to a WD. However, mice fed a WD Low

Ile, WD Low Val, or WD Low BCAA diet had significantly

improved glucose tolerance and insulin sensitivity (Figures 6E

and S6E) and displayed significantly improved suppression of
(G andH) Food consumption per gram of bodyweight (G) measured after 3 weeks

and FGF21 KO mice (n = 6–9/group; the overall effect of genotype [GT], diet, a

separately for the light and dark cycles; *p < 0.05, Sidak’s test post two-way AN

(I and J) Glucose tolerance (I) and change in body composition (J) of mice housed a

post ANOVA). Data represented as mean ± SEM.
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hepatic gluconeogenesis during an alanine tolerance test (Fig-

ure S6F). Overall, we found that reducing dietary Ile, Val, or all

three BCAAs together restored the metabolic health of DIO

mice consuming an otherwise WD, whereas restriction of Leu

had no beneficial effects (Figure 6F).

We then used a hyperinsulinemic-euglycemic clamp to mea-

sure the insulin sensitivity of WD Ctrl AA- and WD Low Ile-fed

mice (Figures 6G–6J and S6G–S6I). To achieve euglycemia,

WD Low Ile-fed mice required a significantly higher GIR than

WD Ctrl AA-fed mice (Figure 6G). Glucose uptake rates into

several key metabolic tissues, including brown adipose tissue

(BAT), heart, iWAT, and skeletal muscle, were substantially

higher in Low Ile-fed mice (Figures 6H, 6I, S6G, and S6H). Calcu-

lating whole-body glucose uptake and hepatic glucose produc-

tion, based on the fraction of labeled glucose in the circulation,

revealed that WD Low Ile-fed mice had significantly improved

hepatic insulin sensitivity (Figures 6J and S6I).

The positive effects of WD Low Ile, WD Low Val, and WD Low

BCAA diets on body composition and glycemic control were

accompanied by increased energy expenditure (Figures 6K,

S6J, and S6K). Although food consumption and RERwere higher

in mice fed either a WD Low Ile, WD Low Val, or WD Low BCAA

diet (Figures S6L–S6O), changes in spontaneous activity were

unremarkable, except that WD Low Ile-fed mice had higher ac-

tivity, which was statistically significant during the day (Fig-

ure S6P). Finally, because WD feeding is well known to induce

hepatic steatosis, we examined the lipid accumulation in the

livers of mice on these different diets. Although mice consuming

WD Ctrl AA andWD Low Leu diets show a marked accumulation

of lipid in their livers, mice fed either a WD Low Ile, WD Low Val,

or WD Low BCAA diet had reduced hepatic lipid deposition and

smaller lipid droplets, similar to levels found in Ctrl AA-fed mice

that were never exposed to a WD (Figures 6L, 6M, and S6Q).

Increased Ile intake attenuates the beneficial effects of
LP on obesity
Because reducing dietary Ile is needed to exert the metabolic

benefits of an LP diet in lean mice, we hypothesized that this

might also be true in DIO mice. We tested this using a similar

‘‘addback’’ paradigm, feeding mice pre-conditioned with a natu-

rally sourced WD a WD Ctrl AA diet, a WD Low AA diet, or a Low

AA diet in which Leu (WD Low AA + Leu), Ile (WD Low AA + Ile),

Val (WD Low AA + Val), or all three BCAAs (WD LowAA + BCAAs)

were ‘‘added back’’ to WD Ctrl AA diet levels (Figures 7A and

S7A). These diets were all isocaloric with equal levels of fat

(Table S5).

Mice on the WD Low AA diet had significantly elevated food

consumption that was repressed by addback of any of the three

BCAAs, reaching statistical significance in the case of mice fed

the WD Low AA + BCAA diet (Figures 7B and S7B). WD Low

AA-fed mice had reduced body weight, fat mass, and lean

mass compared with WD Ctrl AA-fed mice, and addback of

either Ile or BCAAs attenuated these effects on body weight
of diet, and energy expenditure (H)measured after 12weeks of diet to wild-type

nd the interaction represent the p value from a two-way ANOVA conducted

OVA).

t thermoneutral (TN) temperature (28.5�C) (n = 12/group; *p < 0.05, Sidak’s test
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Figure 6. Restricting dietary Ile or Val improves metabolic health of DIO mice

(A) Experimental scheme.

(B) Food consumption normalized by body weight during the 3rd week on the diets.

(C–E) Fat mass (C), body composition (D), and glucose tolerance (E) of mice consuming the indicated diets.

(B–E) n = 5–6 cages of 2 animals each/group (B) or n = 10/group (C–E); (B, D, and E) *p < 0.05, Dunnett’s test post ANOVA, each group compared with theWDCtrl

AA group.

(F) Heatmap of the metabolic effects of each diet.

(legend continued on next page)
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and lean mass and blunted the effects on fat mass (Figures 7C–

7E and S7C–S7E). Addback of Val had minimal effects on weight

and body composition, whereas addback of Leu potentiated the

effects of a WD Low AA diet on lean mass (Figures S7F–S7H).

As expected, a WD Low AA diet improved glucose tolerance;

addback of either Ile or all BCAAs blunted this effect, whereas

addback of either Leu or Val did not (Figures 7F and S7I). Finally,

a WD Low AA diet improved insulin sensitivity as assessed by

ITT; addback of Ile or Leu blunted this improvement (Figure S7J).

Overall, we found that reducing dietary Ile is required for the full

metabolic benefits of an LP diet, and addback of dietary Ile, but

not Val or Leu, is sufficient to make WD Low AA-fed mice meta-

bolically similar to mice fed a WD Ctrl AA diet (Figure 7G).

Increased Ile intake is associated with higher BMI in
humans
We next examined whether the Ile level in the diet is associated

with altered metabolic health in humans. Among a randomly

selected, cross-sectional population-based sample of adults

(>18 years old), we examined associations between estimated

Ile intake relative to total protein and BMI (kg/m2) determined

from measured weight and height. After careful adjustment for

confounding factors, we found that an increase in the intake of

dietary Ile relative to total protein of a single percentage

point—for example, from 4% to 5% of protein—is associated

with a 2.46 unit increase in BMI (p = 0.046) (Figure 7H; Table

S6). These results are consistent with our animal study findings

and suggest that dietary intake of protein with a higher propor-

tion of Ile increases BMI in a general population-based sample.

Adjusting for the same factors, we found that the intake of Leu

and Val were not significantly associated with BMI (Table S6).

When considered in the context of our animal studies, these re-

sults suggest that dietary protein quality—and in particular, the

proportion of Ile in dietary protein—may also be an important

regulator of metabolic health in humans.

DISCUSSION

Recent studies have demonstrated that reducing dietary BCAAs

promotes metabolic health in rodents. Because the three BCAAs

are normally consumed together (though in different quantities)

and share very similar catabolic processes and fate, they are

often studied in combination, rather than individually. Based on

emerging evidence of distinct physiological and molecular roles

for the individual BCAAs, we tested the hypothesis that dietary

restriction of each of the three BCAAs might have distinct phys-

iological and metabolic effects. Here, we demonstrate that, in

lean mice, dietary restriction of Ile recapitulates the effects of di-

etary BCAA and protein restriction and is necessary for the full

physiological and metabolic effects an LP diet. Furthermore, re-

striction of dietary Ile reprograms hepatic and WAT metabolism
(G–J) Glucose infusion rate (G), glucose uptake into BAT (H) and heart (I), and h

euglycemic clamp in mice pre-conditioned with aWD for 12 weeks and thenmaint

represents a single animal (n = 5–6/group, one-tailed Student’s t test, *p < 0.05).

(K) Energy expenditure (heat) as assessed by metabolic chamber (n = 5–8/group

(L and M) Representative Oil-Red-O-stained sections of liver of mice after 12 we

(n = 4/group).

(K–M) *p < 0.05, Dunnett’s test post ANOVA, groups compared with the of WD C

12 Cell Metabolism 33, 1–18, May 4, 2021
and is necessary and sufficient to restoremetabolic health to DIO

mice. Finally, dietary Ile levels correlate with BMI in humans, sug-

gesting that these findings are directly relevant to human health.

Our studies here represent the first comprehensive dissection

of the unique roles played by the three BCAAs in metabolic

health and the response to an LP diet. Specifically reducing die-

tary Ile, and to a lesser degree Val, promotes glucose tolerance

and reduces adiposity in lean mice, whereas restriction of Leu

tended to have negative effects, with a trend toward increased

adiposity. Restriction of dietary Ile or Val rapidly normalizes the

weight and body composition of DIO mice, promoting fat mass

loss and rapid improvements in glucose tolerance and insulin

sensitivity, whereas Leu restriction has negligible effects in this

context. Addback experiments demonstrated that dietary Ile is

uniquely potent, because restriction of dietary Ile, but not Leu

or Val, is required for the beneficial effects of an LP diet in both

lean and DIO mice.

Multiple mechanisms likely underlie themetabolic benefits of a

reduced Ile diet. We examined the contribution of several

different potential physiological and molecular mechanisms

and tested the effects of a Low Ile diet in mouse models with al-

terations in mTOR, GCN2, or FGF21 signaling. The improved

glucose homeostasis of Low Ile-fed mice is mediated in part

by improved hepatic insulin sensitivity, but does not require sup-

pression of hepatic mTORC1 signaling, activation of hepatic

GCN2 signaling, or whole-body FGF21 signaling. Our results

do not exclude the possibility that, through action in non-hepatic

tissues, mTOR or GCN2 plays a role in the effects of a Low Ile

diet. We have also not examined how mTOR or GCN2 signaling

contributes to the effects of an LP diet; an LP diet reduces

mTORC1 signaling in many tissues, and mTORC1 has been

implicated in other studies as important for the effects of protein

restriction (Harputlugil et al., 2014; Lamming et al., 2015; Solon-

Biet et al., 2014).

FGF21 is induced in both humans and rodents in response to

LP diets and plays a key role in the metabolic effects of such di-

ets (Cummings et al., 2018; Fontana et al., 2016; Hill et al., 2018,

2019; Laeger et al., 2014, 2016; Maida et al., 2016; Wanders

et al., 2017). Here, we show that reduction of dietary Ile by

67% induces Fgf21 transcription in multiple tissues and raises

blood levels of FGF21. Using mice lacking Fgf21, we show that

FGF21 is required for a reduced Ile diet to increase food con-

sumption and plays a role in the increased energy expenditure

of Low Ile-fed mice. Blood levels of FGF21 did not increase in

Low Val-fed mice, which may explain in part the stronger meta-

bolic impact of Ile restriction, and suggest that the effects of Val

restriction are FGF21 independent.

Further research will be required to fully define the mecha-

nisms by which dietary Ile regulates the expression of Fgf21

and programs metabolism, and to determine whether the action

of FGF21 in the brain mediates the effect of dietary Ile on energy
epatic insulin responsiveness (J) were determined during a hyperinsulinemic-

ained on either aWDCtrl AA diet or aWD Low Ile diet for 3 weeks. Each symbol

).

eks on the diets. Scale bar, 100 mm (L); quantification of lipid droplet size (M)

trl AA diet group. *p < 0.05. Data represented as mean ± SEM.
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Figure 7. Increased Ile intake attenuates the beneficial effects of LP on obesity and is associated with higher BMI in human

(A) Experimental scheme.

(B) Average food consumption during the first month on the indicated diets normalized by body weight.

(C–F) Body weight (C), fat mass (D), lean mass (E), and glucose tolerance (F) of mice consuming WD Ctrl AA, WD Low AA, WD Low AA + Ile, and WD Low AA +

BCAA diets.

(B–F) n = 6 cages of 2 animals each/group (B) or n = 11–12/group (C–F); (B and F) *p < 0.05, Sidak’s test post ANOVA; each group compared with the WD Ctrl AA

and WD Low AA groups, considering data from all groups shown in Figures S7B and S7I.

(G) Heatmap of the metabolic effects of each diet.

(H) Association between BMI and percent of total protein from Ile from the SHOW study (n = 788, shaded area represents 95% CI).

(I) Graphic summary of the study. Data represented as mean ± SEM.

ll
Article

Cell Metabolism 33, 1–18, May 4, 2021 13

Please cite this article in press as: Yu et al., The adverse metabolic effects of branched-chain amino acids are mediated by isoleucine and valine, Cell
Metabolism (2021), https://doi.org/10.1016/j.cmet.2021.03.025



ll
Article

Please cite this article in press as: Yu et al., The adverse metabolic effects of branched-chain amino acids are mediated by isoleucine and valine, Cell
Metabolism (2021), https://doi.org/10.1016/j.cmet.2021.03.025
balance (Hill et al., 2019). Our results here hint that activation and

nuclear localization of the transcription factor FOXA2 may

contribute to the induction of Fgf21 by a reduced Ile diet. Under-

standing the role of FOXA2 in the regulation of hepatic Fgf21

expression by Ile, and clarifying the contribution of FGF21 from

other tissues to the increased levels of FGF21 we found in Low

Ile-fed mice, will be important to address in the future. Eluci-

dating both the FGF21-dependent and FGF21-independent

mechanisms by which a reduction in dietary Ile or Val promotes

leanness without calorie restriction will likewise be a key area of

future study.

An additional question is why reduction of Leu has distinct ef-

fects from reduction of Ile and Val. The reduction of hepatic

levels of all three BCAAs, along with the increase in the levels

of Leu catabolic intermediates and the end products of BCAA

catabolism, suggests that catabolism of Leu and Val is altered

in Low Ile-fed mice. Although it is tempting to speculate that

the reduced levels of Leu and Val are responsible for the meta-

bolic benefits of a Low Ile diet, this does not accord with the phe-

notypes we have observed. Instead of improving glucose toler-

ance and reducing adiposity, we find reducing Leu instead has

a neutral to slightly negative effect on metabolic health. Further

reduction of Leu, by up to 87%, likewise does not recapitulate

the effects of Ile restriction. Although a Low Val diet may improve

some metabolic phenotypes via a reduction of skeletal muscle

insulin resistance (Jang et al., 2016), the most dramatic effects

of a Low Ile diet are on hepatic insulin sensitivity and reprogram-

ming of WAT. Therefore, it is unlikely that the reduced levels of

hepatic Leu and Val directly promote metabolic health.

The metabolic phenotypes of Low Ile-fed mice, including

improved glucose tolerance, may be in part caused by increased

catabolism of the BCAAs, particularly Leu and Val. Improved

glucose tolerance is also observed in mice treated with BT2,

an inhibitor of branched-chain a-keto acid dehydrogenase ki-

nase (BCKDK), which results in increased BCAA catabolism

(Zhou et al., 2019). One possible mechanism for this effect is

that levels of the a-ketoacids of Leu and Val, which may increase

owing to the AA imbalance we have created in the diet, can

inhibit BCKDK, which would increase BCAA catabolism.

Increased levels of acetyl-CoA and acetoacetate, which are in

part Leu derived, would then be available to support increased

ketogenesis and lipogenesis. In agreement with this idea, we

observed elevated ketones only in the blood of Low Ile-fed

mice and not in the blood of mice fed diets in which only Leu

or Val was reduced. Ketogenic diets can drive increased energy

expenditure by activating BAT (Srivastava et al., 2012, 2013),

and future research will be required to define how BCAA catab-

olism is altered in Low Ile-fed mice and to elucidate the role of

ketogenesis in the metabolic response to reduced dietary Ile.

Limitations of the study
Our study was conducted exclusively in males; although our

recent work suggests that males and females have similar meta-

bolic responses to BCAAs, we and others have identified sex-

dependent differences in the response to BCAAs, including in

the effect of these diets on FGF21 (Richardson et al., 2021;

Solon-Biet et al., 2019). Furthermore, our study focused specif-

ically on C57BL/6J mice, and others have shown that the

response to other dietary interventions, such as calorie restric-
14 Cell Metabolism 33, 1–18, May 4, 2021
tion, varies according to the strain of mouse (Barrington et al.,

2018; Liao et al., 2010; Mitchell et al., 2016). Future research

should consider the effect of the individual AAs on the metabolic

health of multiple genetic backgrounds and both sexes.

In summary, dietary Ile is a key mediator of metabolic health in

mice and potentially in humans (Figure 7I). Specifically reducing

dietary Ile reprograms hepatic and WAT metabolism, improves

hepatic insulin sensitivity, increases hepatic ketogenesis and

lipogenesis, and increases energy expenditure. We found that

dietary levels of Ile are correlated with metabolic health in hu-

mans, and we linked dietary levels of Ile to higher BMI. Critically,

we show that reduction of dietary Ile corrects many metabolic

abnormalities associated with obesity including adiposity, hy-

perglycemia, insulin resistance, and hepatic steatosis, restoring

metabolic health to DIO mice. Our results demonstrate unique

roles for each of the dietary BCAAs in metabolic health, highlight

the critical importance of dietary levels of Ile for the metabolic

health of both mice and humans, and define reduced Ile as crit-

ical to themetabolic effects of an LP diet. Finally, our results sug-

gest that reducing dietary Ile may be a novel therapeutic and

public health strategy to combat the twin epidemics of obesity

and diabetes.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-p-S6 ribosomal protein (Ser240/244) Cell Signaling Technology Cat# 2215; RRID: AB_331682

Rabbit anti-S6 ribosomal protein Cell Signaling Technology Cat#2217; RRID: AB_331355

Rabbit anti-4EBP1 Cell Signaling Technology Cat# 9644; RRID: AB_2097841

Rabbit Anti-p-4E-BP1 (Thr37/46) Cell Signaling Technology Cat# 2855; RRID: AB_560835

Rabbit anti-HSP90 Cell Signaling Technology Cat# 4877; RRID: AB_2233307

Rabbit anti-p-eIF2a (Ser51) Cell Signaling Technology Cat# 9721; RRID: AB_330951

Rabbit anti-eIF2a Cell Signaling Technology Cat# 9722; RRID: AB_2230924

Rabbit anti-TSC1 Cell Signaling Technology Cat# 6935; RRID: AB_10860420

Rabbit anti-ATF-4 Cell Signaling Technology Cat# 11815; RRID: AB_2616025

Rabbit anti-b-Tubulin Cell Signaling Technology Cat# 2146; RRID: AB_2210545

Mouse anti-FOXA2(HNF-3b) Santa Cruz Biotechnology Cat# sc-374376; RRID: AB_10989742

Mouse anti-lamin A/C Developmental Studies

Hybridoma Bank

Cat# MANLAC2(10F8); RRID: AB_2618204

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7076; RRID: AB_330924

Chemicals , peptides, and recombinant proteins

Human insulin Eli Lilly NDC 0002-8215-17 (Humulin R U-100)

TRI reagent Sigma T9494

SYBR Green ThermoFisher 4309155

Critical commercial assays

Ultra-sensitive mouse insulin ELISA Crystal Chem Cat# 90080

Mouse/Rat FGF-21 Quantikine ELISA Kit R&D Systems Cat# MF2100

Deposited data

Raw and analyzed data This paper GEO: GSE168588; Table S3

Experimental models: Organisms/strains

Mouse strain: C57BL/6J The Jackson Laboratory Cat# JAX:000664; RRID: IMSR_JAX:000664

Mouse strain: Albumin-Cre The Jackson Laboratory,

(Postic et al., 1999)

Cat# JAX:003574; RRID: IMSR_JAX:003574

Mouse strain:Tsc1loxP/loxP The Jackson Laboratory,

(Kwiatkowski et al., 2002)

Cat# JAX:005680; RRID: IMSR_JAX:005680

Mouse strain: Gcn2 loxP/loxP The Jackson Laboratory,

(Maurin et al., 2005)

Cat# JAX:008452; RRID: IMSR_JAX:008452

Mouse strain:Fgf21 loxP/loxP The Jackson Laboratory,

(Potthoff et al., 2009)

Cat# JAX:022361; RRID: IMSR_JAX:022361

Mouse strain: CMV-Cre The Jackson Laboratory,

(Schwenk et al., 1995)

Cat# JAX:006054; RRID: IMSR_JAX:006054)

Mouse strain:C57BL/6J; Albumin-Cre Tsc1loxP/loxP This paper N/A

Mouse strain:C57BL/6J; Albumin-Cre Gcn2loxP/loxP This paper N/A

Mouse strain:C57BL/6J; Fgf21D/D This paper N/A

Oligonucleotides

Mouse TSC1 genotyping F:

AGGAGGCCTCTTCTGCTACC

(Kwiatkowski et al., 2002) F4536

Mouse TSC1 genotyping R:

CAGCTCCGACCATGAAGTG

(Kwiatkowski et al., 2002) R4830

(Continued on next page)
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Mouse GCN2 genotyping common F:

TCTCCCAGCGGAATCCGCACATCG

The Jackson Laboratory oIMR8796 https://www.jax.org/Protocol?

stockNumber=008240&protocolID=23168

Mouse GCN2 genotyping mutant R:

TGCCACTGTCAGAATCTGAAGCAGG

The Jackson Laboratory oIMR8791, https://www.jax.org/Protocol?

stockNumber=008240&protocolID=23168

Mouse GCN2 genotyping WT R:

ATCCAGGCGTTGTAGTAGCGCACA

The Jackson Laboratory oIMR8797, https://www.jax.org/Protocol?

stockNumber=008240&protocolID=23168

Mouse FGF21 genotyping WT F:

ACCCCCTGAGCATGGTAGA

The Jackson Laboratory 51425, https://www.jax.org/Protocol?

stockNumber=033846&protocolID=37478

Mouse FGF21 genotyping mutant F:

CAGACCAAGGAGCACAGACC

The Jackson Laboratory 51434, https://www.jax.org/Protocol?

stockNumber=033846&protocolID=37478

Mouse FGF21 genotyping common R:

GCAGAGGCAAGTGATTTTGA

The Jackson Laboratory 51435, https://www.jax.org/Protocol?

stockNumber=033846&protocolID=37478

Mouse Cre genotyping common F:

GAACCTGATGGACATGTTCAGG

(Yu et al., 2019) N/A

Mouse Cre genotyping common R:

AGTGCGTTCGAACGCTAGAGCCTGT

(Yu et al., 2019) N/A

Primers for RT-PCR: see Table S7 This paper N/A

Software and algorithms

Diet*Calc v1.5.0 National Cancer Institute https://epi.grants.cancer.gov/dhq2/dietcalc/

edgeR package (Robinson et al., 2010) https://bioconductor.org/packages/release/

bioc/html/edgeR.html

GraphPad Prism GraphPad http://www.graphpad.com/scientific-software/prism

Heatmapper (Babicki et al., 2016) http://www.heatmapper.ca/

ImageJ National Institutes of Health,

(Schneider et al., 2012)

https://imagej.nih.gov/ij

MAVEN (version v.682) (Clasquin et al., 2012) http://genomics-pubs.princeton.edu/mzroll/i

ndex.php?show=index

MetaboAnalyst (Chong et al., 2019) https://www.metaboanalyst.ca/

R (Version 3.5.3) N/A https://www.r-project.org/

SAS (version 9.4) SAS Institute https://www.sas.com/en_us/company-

information.html

Other

Normal Chow Purina Cat# 5001

Mouse diets (See Tables S1, S2, S4, and S5) This paper N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, DudleyW.

Lamming (dlamming@medicine.wisc.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The accession number for the gene expression data reported in this paper can be obtained from Gene Expression Omnibus (GEO)

(GEO: GSE168588).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse information
All procedures were performed in conformance with institutional guidelines and were approved by the Institutional Animal Care and

Use Committee of the William S. Middleton Memorial Veterans Hospital (Madison, WI, USA) or the University of Pennsylvania
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(Philadelphia, PA, USA). Except as noted otherwise, all the studies described here used male C57BL/6J mice purchased from The

Jackson Laboratory (Bar Harbor, ME, USA) and all mice were acclimated to the animal research facility for at least one week before

entering studies. To test the effects of individual BCAA restriction and low-protein diet repleted with individual BCAAs in the context

of normal calorie, 10-week-old male mice were placed on control, individual BCAA restricted diets, or individual BCAA repleted low

protein diets andmaintained on their respective diets. To test themetabolic effects of individual BCAAs in the context of diet-induced

obesity, 6-week-old male C57BL/6Jmice were pre-conditioned withWD (TD.88137, Envigo, Madison,WI) for 12 weeks, and another

group of mice were fed control chow diet (Purina 5001). Following 12-weeks of WD preconditioning, mice on WD diet were then

switched to the amino acid definedWestern diets described in Figures 6 and 7, while mice fed a chow diet were switched to a Control

amino acid defined diet. To compare the metaboic effect of a Low Ile diet to that of of a Low AA diet, 10-week-old male mice were

placed on either a Control AA, a Low AA, or a Low Ile diet for 3 weeks. All mice were maintained at a temperature of approximately

22�C, except for mice used to study the effect of themoneutral housing on the metabolic response to protein restriction and isoleu-

cine restrction; for this study, 10-week-old male mice were placed on Control, Low AA or Low Ile diets, in a room maintained at

approximately 28.5�C for 6 weeks.

To study if supppressed hepatic mTORC1 signaling is required for the effects of a Low Ile diet, male liver specific Tsc1 knockout

mice were generated by crossing Albumin-Cre mice (Postic et al., 1999) from The Jackson Laboratory (003574) with mice expressing

a conditional allele of Tsc1 from The Jackson Laboratory (005680), backcrossed to C57BL/6J mice at least three times, and geno-

typing was performed as previously described (Kwiatkowski et al., 2002). To study if the protein kinase GCN2 was required for the

effects of a Low Ile diet, we crossed Albumin-Cremicewithmice expressing a conditional allele ofGcn2 (Maurin et al., 2005) from The

Jackson Laboratory (008452) and genotyped male progeny as previously described.

To generate male FGF21 KO mice, we crossed CMV-Cre mice (Schwenk et al., 1995) from the Jackson Laboratory (006054) with

mice expressing a floxed allele of FGF21 (Potthoff et al., 2009) from The Jackson Laboratory (022361), then crossed with C57BL/6J

mice to remove CMV-Cre; genotyping was performed using PCR, primers can be found in the key resources table. PCR Protocol:

Stage 1, 95C�, 1:30; Stage 2 (x8) 95�C, 0:30, step down, 68�C, 1:00; Stage 3 (x28) 95�C, 0:30, 61.5�C, 0:30, 72�C, 1:00; Stage 4

72�C, 5:00, hold at 4�C. PCR was performed using DreamTaq DNA Polymerase (Thermo Scientific, EP0705) according to insert

instructions.

All diets were obtained from Envigo, and diet compositions and item numbers are provided in Tables S1, S2, S4, and S5.Micewere

housed in a specific pathogen free (SPF) mouse facility with a 12:12 hour light/dark cycle and with free access to food and water.

Animals were group housed in static microisolator cages, except when temporarily housed in a Columbus Instruments Oxymax/

CLAMS metabolic chamber system. Group sizes are provided in the figure legends.

METHOD DETAILS

In vivo procedures
Average food consumption during the first month of diet feeding was measured weekly by calculating the difference in food weight

between the food put into the cage and that remaining at the end of eachweek. Food consumptionwas normalized toweight and lean

mass determined at the same time food consumption was measured. For glucose and pyruvate/alanine tolerance tests, food was

withheld overnight from ad libitum fed animals for 16 hours, and mice were then injected intraperitoneally with glucose (1 g/kg) or

pyruvate (2 g/kg) or alanine (2 g/kg) as described previously (Bellantuono et al., 2020; Yu et al., 2018). Insulin tolerance tests were

performed by fasting mice for 4 hours starting at lights on, and then injecting insulin (0.75U/kg) intraperitoneally. Glucose stimulated

insulin secretion (GSIS) assays were performed by recording glucose and collecting blood from overnight (16-hour) fasted mice

before and 15min after an intraperitoneal injection of 1g/kg of glucose. Glucose measurements were taken using a Bayer Contour

blood glucose meter and test strips. Body composition was assessed using an EchoMRI Body Composition Analyzer (EchoMRI,

Houston, TX, USA) according to the manufacturer’s procedures. To assess metabolic physiology (O2, CO2, RER, and food

consumption) and spontaneous activity, mice were placed into a Columbus Instruments Oxymax/CLAMS metabolic chamber sys-

tem (Columbus Instruments, Columbus, OH, USA) and acclimated for approximately 24 hours prior to data collection, and data from

a continuous 24-hour period was then selected for analysis as previously described (Yu et al., 2018).

To compare the similarities and differences between the in vivometabolic phonotypes ofmice fed each diet, we calculated the ratio

of the value for each measurement in the individual diet group to the desired control group, and used the log transformed ratio to

generate a summary heatmap using Heatmapper (Babicki et al., 2016). Values used were the final values of body weight, fat

mass, and lean mass; food consumption; fasting blood glucose (FBG); and the AUCs for the GTT, ITT and ATT or PTT assays.

Hyperinsulinemic-euglycemic clamp
All hyperinsulinemic-euglycemic clamp studies were performed in mice at the Penn Diabetes Research Center Rodent Metabolic

Phenotyping Core (University of Pennsylvania); mice were sourced directly from The Jackson Laboratory and diets were obtained

from Envigo (Madison, WI).

Hyperinsulinemic-euglycemic clamp studies on lean mice were performed as previously described (Lamming et al., 2012) with

somemodifications. Indwelling jugular vein catheters were surgically implanted in themice for infusion 5 days prior to the clamp study

day. Mice were fasted for 5 hours prior to initiation of clamp and acclimated to the plastic restrainers for cut tail sampling. A [3-3H]

glucose infusion was primed (5-mCi) and continuously infused for a 90 min equilibration period (0.05 mCi/min). Baseline measure-
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ments were determined in blood samples collected at -10 and 0 min (relative to the start of the clamp) for analysis of glucose, [3-3H]

glucose specific activity and basal insulin. The clamp was started at t = 0 min with a continuous infusion of human insulin (1.25 mU/

Kg/min; Novolin Regular Insulin) and glucose (D20 mixed with [3-3H] glucose 0.03 mCi/mL) was infused at variable glucose infusion

rate (GIR) to maintain euglycemia. The mixing of D20 with [3-3H] glucose is required to maintain the specific activity constant during

the clamp period. Blood samples were taken at t=80-120 min for the measurement of [3-3H] glucose specific activity and clamped

insulin levels. 10 mCi of 2-[14C] deoxyglucose ([14C]2DG) was administered as an i.v. bolus 45 min (t=75 min) before the end of the

study. After the final blood sample, animals were injected with a bolus of pentobarbital, and quadricep muscle and epididymal

and brown adipose tissue were collected and frozen in liquid nitrogen and stored at -20�C for subsequent analysis.

Hyperinsulinemic-euglycemic clamp studies of obese, Western diet fed animals were performed as follows. Indwelling jugular vein

and carotid artery catheters were surgically implanted in the mice for infusion 7 days prior to the clamp study day as previously

described (Ayala et al., 2006). Mice were fasted for 5 hours prior to initiation of clamp and acclimated to the containers (plastic

bowl with alpha dry). Jugular vein and arterial line are connected to the dual swivel 2 hours prior to the clamp initiation. A [3-3H]

glucose infusion was primed (1.5 mCi) and continuously infused for a 90 min equilibration period (0.075 mCi/min). Baseline measure-

ments were determined in arterial blood samples collected at -10 and 0 min (relative to the start of the clamp) for analysis of glucose,

[3-3H] glucose specific activity, basal insulin and free fatty acids. The clampwas started at t = 0minwith a primed-continuous infusion

of human insulin (2.5 mU/Kg/min; Novolin Regular Insulin), a donor blood infusion at 4.5 uL/min to prevent a 5% drop in the hemat-

ocrit, and glucose (D50 mixed with [3-3H] glucose 0.05 mCi/uL) was infused at variable glucose infusion rate (GIR) to maintain eugly-

cemia. The mixing of D50 with [3-3H] glucose is required to maintain the specific activity constant during the clamp period. Arterial

blood samples were taken at t=80-120min for themeasurement of [3-3H] glucose specific activity, clamped insulin and free fatty acid

levels. 120minutes after initiation of clamp, 14C-2DG (12mCi) is injected and arterial blood samples obtained at 2, 5, 10, 15 and 25min

to determine Rg, an index of tissue-specific glucose uptake in various tissues. After the final blood sample, animals were injectedwith

a bolus of pentobarbital, and tissues were collected and frozen in liquid nitrogen and stored at -80�C for subsequent analysis.

Processing of samples and calculations: Radioactivity of [3-3H] glucose, [14C]2DG and [14C]2DG-6-phosphate were determined as

previously described (Ayala et al., 2007). The glucose turnover rate (total Ra; mg/kg/min) was calculated as the rate of tracer infusion

(dpm/min) divided by the corrected plasma glucose specific activity (dpm/mg) per kg body weight of the mouse. Glucose appear-

ance (Ra) and disappearance (Rd) rates were determined using steady-state equations and endogenous glucose production (Ra)

was determined by subtracting the GIR from total Ra. Tissue specific glucose disposal (Rg; mmol/100g tissue/min) was calculated

as previously described (Ayala et al., 2007). The plasma insulin concentration was determined by mouse ELISA kit (Biomarker

core, University of Pennsylvania).

Transcriptional profiling
10-week-oldmale C57BL/6Jmice from The Jackson Laboratory were placed andmaintained onCtrl AA, LowAA and Low Ile diets for

3 weeks before being sacrificed in fasted (16-hour fast) or refed (3h-refeeding following 16-hour fast) state. Liver tissues were har-

vested and snap frozen in liquid nitrogen.

Transcriptional profiling: RNA was extracted from liver as previously described (Cummings et al., 2018). Concentration and purity

of RNA was initially determined using a Nanodrop 2000c, and then submitted to the University of Wisconsin-Madison Biotechnology

Center Gene Expression Center & DNA Sequencing Facility. RNA quality was assayed using an Agilent RNANanoChip, and stranded

mRNA libraries with polyA enrichment were prepared as described in the Illumina TruSeq StrandedmRNASample Preparation Guide

Rev. E. To remove any genes that exhibited no or a very low number of mapped reads, only genes that had more than 1 count per

million in at least 4 samples across all treatments were retained for further analysis. This resulted in a total of 14211 unique genes.

Raw counts were normalized using the trimmed mean of M values (TMM normalization) (Robinson and Oshlack, 2010). Differential

gene expression was modeled using the edgeR package (Robinson et al., 2010) in R (version 3.5.3) and pairwise comparisons were

conducted between Fasted Ctrl AA and Fasted Low Ile or Refed Ctrl AA and Refed Low Ile. To control for type I errors, the Benjamini

Hochberg adjusted p value was used (5%FDR).We tested for over-representation of gene ontology (GO) terms or KEGGpathways in

each comparison, using the limma package (Ritchie et al., 2015).

Metabolomics study
Metabolite extraction

To extract metabolites from the liver, snap-frozen liver samples were ground at liquid nitrogen temperature with a Cryomill (Retsch,

Newtown, PA). The resulting liver powder (�20 mg) was weighed and then metabolites were extracted by adding -20�C acetonitri-

le:methanol:water (40:40:20 v/v) extraction solution, vortexed, and centrifuged at 16,000 x g for 10 min at 4�C. The volume of the

extraction solution (mL) was 40x the weight of liver (mg) to make an extract of 25 mg tissue per mL solvent. The supernatant was

collected for liquid chromatography-mass spectrometry (LC-MS) analysis.

Metabolite measurement by LC-MS

A quadrupole-orbitrap mass spectrometer (Q Exactive, Thermo Fisher Scientific, San Jose, CA) operating in negative or positive ion

mode was coupled to hydrophilic interaction chromatography via electrospray ionization and used to scan from m/z 70 to 1000 at

1 Hz and 75,000 resolution. LC separation was on a XBridge BEH Amide column (2.1 mm x 150 mm, 2.5 mm particle size, 130 Å

pore size; Waters, Milford, MA) using a gradient of solvent A (20 mM ammonium acetate, 20 mM ammonium hydroxide in 95:5 water:

acetonitrile, pH 9.45) and solvent B (acetonitrile). Flow rate was 150 mL/min. The LC gradient was: 0 min, 85%B; 2 min, 85%B; 3 min,
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80% B; 5 min, 80% B; 6 min, 75% B; 7 min, 75% B; 8 min, 70% B; 9 min, 70% B; 10 min, 50% B; 12 min, 50% B; 13 min, 25% B;

16 min, 25% B; 18 min, 0% B; 23 min, 0% B; 24 min, 85% B; 30 min, 85% B. Autosampler temperature was 5�C, and injection vol-

ume was 3 mL. For quantification of circulating amino acid concentrations, authentic standard amino acids were ran together to

obtain standard curves. Data were analyzed using the MAVEN software (Clasquin et al., 2012) v.682 (http://genomics-pubs.

princeton.edu/mzroll/index.php?show).

Metabolomics analysis

Before metabolomic analysis, a series of processing steps were applied to the entire data set to supply us with the most instructive

and stable metabolites for further analysis. First, metabolites were normalized using a log base 2 transformation. Second, only me-

tabolites with a signal-to-noise ratio (signal-to-noise ratio = mean/sample standard deviation) greater than or equal to 15 were kept

for analysis. Third, metabolites that weremissing from 15%ormore of all samples were removed. To detect significantly differentially

expressedmetabolites between treatment groups, an empirical Bayesmoderated linear model was fitted to eachmetabolite (Smyth,

2004). p values for each comparison were adjusted using the Benjamini–Hochberg procedure using a false discovery rate (FDR) of

20%. Pathway analysis was conducted using the online tool MetaboAnalyst (Chong et al., 2019). Using the Pathway Analysis func-

tion, we entered a list of significantly altered metabolites using the humanmetabolome database IDs from the linear model (p < 0.05).

Assays and kits
Unless noted otherwise, all assayswere performed using samples from overnight fastedmice. Plasma insulin was quantified using an

ultra-sensitivemouse insulin ELISA kit (90080), fromCrystal Chem (Elk Grove Village, IL, USA). Blood FGF21 levels were assayed by a

mouse/rat FGF-21 quantikine ELISA kit (MF2100) from R&D Systems (Minneapolis, MN, USA).

Histology
Unless noted otherwise, tissues were harvested from mice on the indicated diets following overnight (16-hr) fasting. Samples of

brown adipose tissue (BAT), white adipose tissue (WAT), liver, and skin were isolated following euthanasia. Adipose tissue including

epididymal white adipose tissue (eWAT), inguinal white adipose tissue (iWAT) and brown adipose tissue (BAT) was fixed in 4% para-

formaldehyde overnight, sectioned and H&E stained by the UWCCC Experimental Pathology Laboratory. Liver was embedded in

OCT, and then cryosectioned and Oil-Red-O stained by the UWCCC Experimental Pathology Laboratory. Liver, BAT, and WAT sec-

tions were imaged using an EVOSmicroscope as previously described (Cummings et al., 2018). Skin was isolated from the abdomen

and back of mice, paraformaldehyde-fixed (4%) overnight and then paraffin-embedded for evaluation (Kasza et al., 2014). For quan-

tification of lipid droplet size in liver, 6 independent fields were obtained for tissue from each mouse by investigators blinded to the

treatment group and then quantified using NIH ImageJ.

Quantitative PCR
RNA was extracted from liver or adipose tissue using Tri-reagent (Sigma-Aldrich, St. Louis, MO, USA). 1 mg of RNA was used to

generate cDNA using Superscript III (Invitrogen, Carlsbad, CA, USA). Oligo dT primers and primers for real-time PCR were obtained

from Integrated DNA Technologies (Coralville, IA, USA). Reactions were run on an Applied Biosystems StepOne Plus machine

(Applied Biosystems, Foster City, CA, USA) with Sybr Green PCR Master Mix (Invitrogen, Carlsbad, CA, USA). Actin was used to

normalize the results from gene-specific reactions. Primer sequences are given in Table S7.

Immunoblotting
Unless noted otherwise, tissues including liver, muscle and adipose were harvested frommice on the indicated diets following over-

night (16-hr) fasting. Tissue samples were lysed in cold RIPA buffer supplemented with phosphatase and protease inhibitor cocktail

tablets. Tissues were lysed as previously described (Baar et al., 2016) using a FastPrep 24 (M.P. Biomedicals, Santa Ana, CA, USA)

with bead-beating tubes (16466-042) from (VWR, Radnor, PA, USA) and zirconium ceramic oxide bulk beads (15340159) from

(Thermo Fisher Scientific, Waltham, MA, USA) and then centrifuged at 13,300 rpm for 10 min and supernatant was subsequently

collected. A NE-PER nuclear and cytoplasmic extraction kit (78833) from (Thermo Fisher Scientific, Waltham, MA, USA) was used

to separate nuclear and cytoplasmic proteins according to manufacturer instructions. Protein concentration was determined by

Bradford (Pierce Biotechnology, Waltham, MA, USA). 20-30 mg protein was separated by SDS–PAGE (sodium dodecyl sulfate–

polyacrylamide gel electrophoresis) on 8%, 10%, or 16% resolving gels (Thermo Fisher Scientific, Waltham, MA, USA) and trans-

ferred to PVDF membrane (EMD Millipore, Burlington, MA, USA). S6 (2217), HSP90 (4877), pS204/244 S6 (2215), p-T37/S46 4E-

BP1 (2855), 4E-BP1 (9644), pS51-eIF2a (9721), eIF2a (9722), TSC1 (6935), b-Tubulin (2146), ATF-4 (11815), HRP-linked anti-mouse

(7076) and HRP-linked anti-rabbit (7074) antibodies were purchased from Cell Signaling Technologies. FOXA2 antibody (sc-374376)

was purchased fromSanta Cruz Biotechnology. Lamin A/C antibody was obtained from the Developmental Studies Hybridoma Bank

at the University of Iowa by Morris, G.E. (DSHB Hybridoma Product MANLAC2(10F8)). Imaging was performed using a GE

ImageQuant LAS 4000 imaging station (GE Healthcare, Chicago, IL, USA). Quantification was performed by densitometry using

NIH ImageJ software (Schneider et al., 2012).
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SHOW study
We analyzed the association between dietary isoleucine intake and body mass indexes (BMI) in a sample of 2016-2017 Survey of

Health of Wisconsin (SHOW) participants. SHOW is an ongoing population-based health examination survey of non-institutionalized

residents of Wisconsin.

Detailed survey methods have been previously described (Nieto et al., 2010). Survey components relevant to the current analysis

included an in-home interview accompanied bymeasurements of weight and height, and a self-administered questionnaire including

the National Cancer Institute’s Diet History Questionnaire from which specific dietary intake variables were derived. The study pop-

ulation included 788 individuals that completed all parts of the survey. Demographic characteristics of the population are described in

Table S6. All study protocols were approved by the University of Wisconsin Health Sciences Institutional Review Board, and all par-

ticipants provided written informed consent as part of the initial home visit.

The intake of leucine, isoleucine, and valine were estimated from the Diet History Questionnaire II (National Institutes of Health,

2010) using Diet*Calc software v 1.5.0 (National Cancer Institute, 2012). The estimated levels of each AA are expressed as the percent

(%) of total protein. The primary outcome was body mass index (kg/m2) derived from measured weight (kg) and height (m).

Multiple linear regression was performed in SAS 9.4 software (Cary, NC) with BMI as the outcome and percent of total protein from

isoleucine or valine as the predictor of interest. In the model we also adjusted for age, gender, education, income, total caloric intake,

and physical activity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise stated, statistical analysis was conducted using Prism 7/8 (GraphPad Software). Tests involving repeated

measurements were analyzed with two-way repeated-measures ANOVA, followed by a Tukey-Kramer or Dunnett’s post-hoc

test as specified. All other comparisons of three or more means were analyzed by one-way or two-way ANOVA followed by a

Dunnett’s,Tukey-Kramer, or Sidak’s post-hoc test as specified in the figure legends. Additional comparisons, if any, were corrected

for multiple comparisons using the Bonferroni method. To calculate the percentage of isoleucine in each gene, we extracted amino

acid sequences for SDE genes between the control and Low ILE groups in both the fasted and fed state using UniProt (UniProt, 2021)

and calculated amino acid percentages using ProtrWeb (Xiao et al., 2015). To compare to unchanged genes, we extracted the same

data from the 100 least altered (and non-significant) genes by fold-change.
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