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SUMMARY
The protein leverage hypothesis predicts that low dietary protein should increase energy intake and cause
adiposity.Wedesigned10dietsvarying from1%to20%proteincombinedwitheither60%or20%fat.Contrast-
ing the expectation, very low protein did not cause increased food intake. Although these mice had activated
hunger signaling, they ate less food, resulting in decreased body weight and improved glucose tolerance but
not increased frailty, evenunder 60%fat.Moreover, theydidnot showhyperphagiawhen returned toa20%pro-
tein diet, which could bemimicked by treatment with rapamycin. Intracerebroventricular injection of AAV-S6K1
significantly blunted the decrease in both food intake and body weight in mice fed 1% protein, an effect not
observedwith inhibition of eIF2a, TRPML1, and Fgf21 signaling. Hence, the 1%protein diet induceddecreased
food intake and body weight via a mechanism partially dependent on hypothalamic mTOR signaling.
INTRODUCTION

There is continuing debate about how food macronutrient

composition relates to body weight control. Many previous

studies emphasized fat and carbohydrates (Schutz, 1995), but

recently, a role for protein was emphasized in the protein

leverage hypothesis (Simpson and Raubenheimer, 2012). This

idea suggests animals ingest food primarily to meet a protein

target, and hence predicts overconsumption of energy, positive

energy balance, and obesity as dietary protein levels decline. In

mice, we found no significant correlation between energy intake

or body composition when dietary protein content varied be-

tween 5% and 30% (Hu et al., 2018). This contrasts with other

studies that suggested dietary protein content drives intake

and adiposity (Keller, 2011; Huang et al., 2013; Solon-Biet

et al., 2014). However, this may be more a difference of degree

than a fundamentally different outcome. Since there was a small

increase in food intake in mice eating the lowest protein levels in

our previous study (Hu et al., 2018), it is possible we did not

extend the protein content low enough to reveal the full impacts

of protein on intake and adiposity.
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Dietary protein comprises both essential and non-essential

amino acids. Among the essential amino acids, leucine, isoleu-

cine, and valine are called branched-chain amino acids

(BCAA). Deprivation of leucine in mice caused decreased

adiposity by stimulation of lipolysis in white adipose tissue

(WAT) and upregulation of UCP-1 in brown adipose tissue

(Cheng et al., 2010). Restriction of methionine caused several

behavioral, physiological, and biochemical responses that

improved metabolic health and increased longevity in rodents

(Orgeron et al., 2014; Yang et al., 2019). Decreased consumption

of BCAA was indicated to have a positive effect on metabolic

health primarily by improving glucose tolerance (Fontana et al.,

2016). These effects of low dietary levels of essential amino

acids, however, contrast with the predicted effects from the pro-

tein leverage hypothesis, since at low amino acid levels adiposity

was decreased. This may be because only individual amino

acids were restricted rather than total protein levels.

Energy intake is mainly regulated by neuropeptides and

signaling molecules in the hypothalamus. Four important ‘‘ca-

nonical’’ neuropeptides are neuropeptide Y (Npy), agouti-related

peptide (Agrp), pro-opiomelanocortin (Pomc), and cocaine and
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Figure 1. Body composition and cell size changes ofmice treatedwith variable protein content and fixed 60%and 20% fat diets, respectively

(A and B) Average body weight of the last 10 days of measurement (n = 13–16).

(C–F) (C and D) Average fat weight and (E and F) average lean weight during last week of measurement (n = 13–16).

(legend continued on next page)
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amphetamine-regulated transcript (Cart). Increased expression

of Npy and Agrp stimulate food intake, whereas upregulation

of Pomc and Cart cause reduced food intake (Ahima and Antwi,

2008; Schwartz et al., 2000; Wilding, 2002). Leptin and insulin

interact with these neuropeptides. The mammalian target of ra-

pamycin (mTOR) is also important in the process of food-intake

regulation by the hypothalamus (Cota et al., 2006; Varela et al.,

2012). Usually, mTOR expression is increased under energy sur-

plus. Intracerebroventricular (ICV) leptin injection induces mTOR

activation, leading to food-intake reduction and weight loss

(Cota et al., 2006): mTOR also responds to amino acids (Beugnet

et al., 2003; Carroll et al., 2016; Jewell et al., 2015; Wang et al.,

2015). In a recent study, S6K1 in the hypothalamus was shown

to regulate energy expenditure in mice fed a diet deprived of

essential amino acids (Xia et al., 2012).

In this study, we designed diets with protein contents varying

from 1% to 20% combined with either 60% or 20% fat. We char-

acterized the responses to these diets in C57BL/6N male mice.

Mice were introduced to the diets at 16 weeks of age, approxi-

mately equivalent to early human adulthood (Somerville et al.,

2004), thereby avoiding impacts on developmental processes.

We explored the mechanisms by which low protein exerts its ef-

fects on energy balance and body composition, fatty acid and

amino acid metabolism, leptin sensitivity, and, especially, hypo-

thalamic gene expression.

RESULTS

Unless otherwise stated, when we refer to ‘‘low-protein’’ groups

this refers to mice fed 1%, 2.5%, or 5% protein.

Low protein caused decreased body weight even with
60% fat
There was no significant difference in body weight among all

groups before exposure to the variable protein diets (p = 0.619

for the 60% fat group and p = 0.412 for the 20% fat group). After

12 weeks dietary treatment, body weight, fat weight, and lean

weight were all significantly positively correlatedwith dietary pro-

tein content (p < 0.001 for both 60% and 20% dietary fat groups)

(Figures 1A–1F). Body weight over the final 10 days of measure-

ment in the low-protein groups was significantly lower than the

10% and 20% protein groups (ANOVA with post hoc Tukey’s

test: p < 0.001 for 60% and 20% dietary fat groups for all com-

parisons) (Figures 1A and 1B). The fat and lean weight changes

were almost identical to the body weight changes (Figures 1C–

1F). The low-protein groups had significantly reduced fat and

lean weight compared with the 20% protein group irrespective

of the fat content of the diet (ANOVA with post hoc Tukey’s

test: p < 0.001), and average body weight over the entire

12 weeks showed the same pattern (Figures S1A–S1D). Of
(G) The gradient of linear least-squares regression equation between logged final b

tissue in the 60% fat group. Values less than 1 reflect the protection of the tissue

(n = 11–13).

(H and I) Organ sizes of the liver, BAT, brown adipose tissue; SubCut, subcutaneo

tissue (n = 11–13).

(J and K) Calculation of white adipose cell size by ImageJ to express the relativ

reference (n = 5). One-way ANOVA was performed for statistical analysis for (A–F

the same letter were not significantly different (p > 0.05). Values are represented
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note, mice fed the 1% protein and 60% fat diet had very low

fat weight (0.32 ± 0.096 g) after 12 weeks treatment.

The detailed organ level analysis showed that the liver,

pancreas, all the white adipose tissue depots, brown adipose tis-

sue, and the reproductive organs preferentially contributed to

the weight loss (ß > 1). In contrast, the vital organs, including

the brain, heart, kidneys, lungs, and alimentary tract, were pro-

tected (0 < ß < 1) (Figure 1G; TableS1). This effect was similar

for the 60% fat and 20% fat groups (Table S1; Figure S1E). If

the absolute weight of livers and adipose tissues are considered,

the low-protein groups had significantly lower liver, subcutane-

ous, epididymal, retroperitoneal and mesenteric WAT, and

brown adipose tissue weights (p values in Table S6) (Figures

1H and 1I). Hence, the mice mainly utilized fat tissues and their

livers during weight loss and protected other lean tissues. Hema-

toxylin-eosin (HE) staining of white adipocytes indicated that cell

volume in the low-protein groups was significantly reduced (p <

0.001 for all comparisons compared with the 20% protein

group). For example, the 1% protein 60% fat group had a 40%

reduction in cell volume compared with the 20% protein 60%

fat group (Figures 1J, 1K, and S1F). Oil red staining indicated

that low-protein groups had reduced lipid droplets in hepato-

cytes (Figure S1G). These patterns were the same in both the

60% and 20% fat groups (Figures S1F and S1G).

Fatty acid metabolism and amino acid metabolic
pathways were changed in the liver and fat tissues
during protein restriction
To investigate whether the reduced adipocyte cell volume and

liver lipid droplets in the low-protein groups were the result of

reduced lipogenesis and the increased fatty acid b-oxidation,

we examined the expression levels of mRNAs related to these

processes in each tissue. Fatty acid synthesis genes, fatty acid

synthase (Fas), acetyl CoA carboxylase 1 (Acc1), and stearoyl

CoA desaturase (Scd1) were significantly downregulated (Fig-

ure 2A), and in contrast, fatty acid b-oxidation genes fatty acyl-

CoA oxidase (Acox1) and carnitine palmitoyltransferase 1

(Cpt1) were significantly upregulated (Figure 2B) in the livers of

the low-protein groups irrespective of the dietary fat content

(Figures S2A and S2B) (p values in Table S7) when compared

with the 20% protein groups. However, in the white adipose tis-

sue, there were no significant differences in gene expression of

the fatty acid synthesis genes Fas, Acc1, and Scd1 between

the low-protein groups and 20%protein group (p > 0.05) (Figures

2C and S2C). Fatty acid oxidation genes Acox1 and Cpt1 were

significantly elevated in white adipose tissues of the low-protein

groups compared with the 20% protein group, except there was

no significant difference in Acox1 and Cpt1 expression between

the 5% and 20% protein groups under 60% fat (Figures 2D and

S2D) (p values in Table S7). Fibroblast growth factor 21 (Fgf21)
ody weight and the final organ weight to express the relative utilization of each

and values greater than 1 indicate disproportional utilization during weight loss

us; Epi, epididymal; Retro, retroperitoneal; and Mes, mesenteric white adipose

e cell-size decrease. We defined the cell size of 20% protein group as 100%

) and (H–K). Differences with p < 0.05 were considered significant, groups with

as mean ± SD. See also Figure S1; Table S1.



Figure 2. The changes of gene expression in fatty acid and amino acid metabolism pathways in the liver and white adipose tissues after

12 weeks treatment of variable protein content and fixed 60% fat diets

(A–D) Relative mRNA expressions of fatty acid synthesis genes (Fas, Acc1, and Scd1) and fatty acid oxidation genes (Acox1 and Cpt1) to b-actin (A and B) in liver

tissues and (C and D) in white adipose tissue (n = 6–8).

(E) Relative mRNA expressions of ATF4 and Fgf21 to b-actin in the liver (n = 6–7).

(F and G) Western blotting result and quantification of p-eIF2a protein expression in liver (n = 3). One-way ANOVA was performed for statistical analysis. Dif-

ferences with p < 0.05 were considered to be significant, and groups with the same letter were not significantly different (p > 0.05). Values are represented as

mean ±SD. See also Figure S2.
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Figure 3. Glucose tolerance test of mice af-

ter 8 weeks, and serum leptin and insulin

concentrations of mice after 12 weeks, on

the diets with variable protein content and

fixed 60% fat and 20% fat, respectively

(A and B) Blood glucose levels after 0, 15, 30,

60, and 120 min of glucose injection in each group

(n = 7–9).

(C and D) AUC in (A and B) (n = 7–9).

(E–H) Regression between body fat and serum

leptin concentration (E and F) and serum insulin

concentration (G and H) (n = 5 mice per group). For

(B and D), one -way ANOVA was performed for

statistical analysis. Differences with p < 0.05 were

considered to be significant, groups with the same

letter were not significantly different (p > 0.05). For

(E–H), regression analysis was used, p < 0.05 was

considered to be significant. Values are repre-

sented as mean ±SD.
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was significantly increased in the liver in low-protein groups

compared with the 20% protein group, independent of dietary

fat content (Figures 2E and S2E) (p values in Table S7). Activating

transcription factor 4 (ATF4) and downstream protein p-eIF2a

were also significantly upregulated in the low-protein groups

(Figures 2E–2G and S2E–S2G) (p values in Table S7).

Low dietary protein caused improved glucose tolerance
The low-protein groups had significantly decreased area under

the curve (AUC) in the ipGTT (ANOVA with post hoc Tukey’s

test: p = 0.015 for 60% fat group and p = 0.023 for 20% fat group)

compared with the 20% protein groups (Figures 3A–3D),

whereas there was no significant difference in AUC between

the 10% and 20% protein groups. Hence, low dietary protein

improved glucose tolerance in mice even when fed 60% fat.
892 Cell Metabolism 33, 888–904, May 4, 2021
Analysis of covariance (ANCOVA) with

fat weight as a covariate showed that

the AUC was also significantly different

among different protein content groups

when corrected for fat weight effects.

Serum leptin and insulin concentrations

were significantly positively correlated

with the body fat weight (p < 0.001) (Fig-

ures 3E–3H).

Low-protein diets did not increase
frailty and improved memory
performance
Grip strength and bone density were

positively, and rotarod performance

negatively, related to body weight (p <

0.001) (Figures S3A–S3C). Analysis of

covariance (ANCOVA) with body weight

as a covariate showed that there were

no significant differences between

different protein content groups for grip

strength, rotarod performance, and

bone density changes (p > 0.05). The

1% and 2.5% protein groups made
significantly fewer errors compared with the control group in

the radial arm maze test (ANOVA with post hoc Tukey’s test:

p = 0.023 for 1% protein, and p = 0.013 for 2.5% protein) under

a 20% low-fat condition. The 1% low protein 60% fat group

were faster to complete the task compared with the control

group (ANOVA with post hoc Tukey’s test: p = 0.014) (Figures

S3D–S3I). Overall lower dietary protein led to improved mem-

ory performance.

Different levels of low protein caused divergent effects
on energy balance
There were significant differences between different protein

content groups for gross energy intake under 60% or 20%

fat (ANOVA: p < 0.001). Mice fed moderately low protein

(5% protein group) ate slightly more food (gross energy intake)



Figure 4. Changes of energy balance and metabolism of mice after a 12-week exposure to variable protein content and fixed 60% fat and

20% fat diets

(A and B) Average gross energy intake over the last 10 days of measurement (n = 13–17).

(C and D) Average protein intake over the last 10 days of measurement (n = 13–17).

(E and F) Average VO2 (mL/h) consumption (n = 5–8).

(G and H) Average daily energy expenditure (n = 5–8).

(I and J) Average RER (n = 5–8).

(K and L) Average physical activity levels (n = 5–8). One-way ANOVA analysis was performed for statistical analysis, groups with the same letter were not

significantly different and differences with p < 0.05 were considered to be significant. Values are represented as mean ±SD. See also Figure S3.
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compared with the 20% protein group (ANOVA with post hoc

Tukey’s test: p < 0.001 for 60% fat group). The gross energy

intake of 2.5% protein group was not significantly different

from the 20% protein group (ANOVA with post hoc Tukey’s

test: p > 0.05). The 1% protein group had significantly lower

gross energy intake than the 20% protein group in both
60% and 20% fat groups (ANOVA with post hoc Tukey’s

test: p < 0.001) (Figures 4A and 4B). Gross daily energy intake

was on average 28% lower in the 60% fat group and 10%

lower in the 20% fat group, for mice fed 1% protein compared

with 20% protein (Figures 4A and 4B). Patterns were the same

for average gross energy intake over the entire 12 weeks
Cell Metabolism 33, 888–904, May 4, 2021 893



Figure 5. Pathway diagram showing GLM regression of gene expression against dietary protein contents and the expression levels of key

hunger signaling and feeding-behavior-related genes in the hypothalamus of mice fed different protein content diets

(A–D) Gene-expression levels in (A) hunger signaling pathway, (B) dopamine signaling pathway, (C) opioid signaling pathway, and (D) serotonin receptor signaling

pathway in different protein content and 60% fat diets fed mice.

(legend continued on next page)
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(ANOVA: p < 0.001) (Figures S3J and S3K). Net energy intake

also differed significantly between groups (ANOVA: p < 0.01).

The pattern was similar to the gross energy intake changes

(Figures S3L and S3M). Protein intake also differed between

groups. Protein intake was significantly positively correlated

with the protein content in the diet (p < 0.001 for all groups)

(Figures 4C and 4D). Hence, the low-protein groups did not

upregulate their total intake to sustain protein intake constant

as expected for perfect leverage.

There were significant differences in both oxygen consump-

tion and energy expenditure between mice fed different protein

diets (ANOVA: p < 0.001, p = 0.005 for oxygen consumption

and p < 0.001, p = 0.001 for energy expenditure changes in

60% fat and 20% fat group, respectively) (ANCOVA with body

weight as covariate: p < 0.001, p = 0.003 for oxygen consump-

tion and p < 0.001, p < 0.001 for energy expenditure under

60% fat and 20% fat conditions, respectively) (ANCOVA with

fat free weight as covariate: p < 0.001, p = 0.001 for oxygen con-

sumption and p < 0.001, p < 0.001 for energy expenditure

changes for 60% fat and 20% fat respectively) (Figures 4E–

4H). Under the 60% fat condition, only the 5% dietary protein

group had significantly increased daily energy expenditure,

compared with the 20% protein group (ANOVA with post hoc

Tukey’s test: p = 0.012), whereas under the 20% fat level, both

2.5% and 5% protein groups had significantly higher energy

expenditure (ANOVA with post hoc Tukey’s test: p = 0.031 and

p = 0.014) relative to the 20% protein group (Figures 4G and

4H). In contrast, the 1% protein group at 60% fat had signifi-

cantly decreased energy expenditure, due in part to their much

lower body weight (ANOVA: p < 0.01) (Figure 4G). When we

used body weight as a covariate in an ANCOVA analysis of daily

energy expenditure (DEE), there were no significant differences

between 5% protein and 20% protein under 60% fat condition

and 2.5%, 5%, and 20% protein under 20% fat condition (AN-

COVA: p > 0.05). The average oxygen consumption and the

24-h oxygen consumption changes mirrored the changes in en-

ergy expenditure (Figures 4E, 4F, S3N, and S3O). Respiratory

exchange ratio (RER) in the 20% fat condition followed the

pattern in oxygen consumption (ANOVA with post hoc Tukey’s

test: p = 0.028 and p = 0.029 for 2.5% and 5% protein groups

compared with the 20% protein group), but for the 60% fat

group, all the low-protein groups had significantly higher RER

comparedwith the 20%protein group (ANOVAwith post hoc Tu-

key’s test: p = 0.017, 0.017, and 0.012 for 1%, 2.5%, and 5%

groups, respectively) (Figures 4I and 4J). RER of high-fat groups

averaged 0.76 ± 0.02 and was 0.87 ± 0.04 for the low-fat groups,

consistent with fat being the predominant fuel source in the high-

fat groups. There were no significant differences in physical ac-

tivity between groups (ANOVA: p > 0.05) (Figures 4K and 4L). In

summary, the 1% protein group had decreased fat and lean

weight mostly because of decreased net energy intake

compared with the 20% protein group. Energy expenditure

declined in parallel with reduced body weight.
(E and F) Pathway diagrams for (E) mTOR signaling pathway and (F) hunger signa

with the protein content in the diet, gray indicates no significance. Generalized li

gene expression and pathway under 60% and 20% fat conditions. For (A–D), *p <

Each group had 2 pooled samples from 6 individuals. See also Figure S4.
Hypothalamic hunger signalingwas activated andmTOR
signaling was inhibited by dietary low protein
To investigate if the lower food intake under lowered dietary pro-

tein contents was due to reduced signaling in the hunger-related

pathways of the hypothalamus, and/or changes in other related

pathways, we performed hypothalamic RNA sequencing (RNA-

seq) analysis. The most affected pathways included the mTOR

signaling pathway, the hunger signaling pathway, eIF2a

signaling pathway, and regulation of eIF4 and p70S6K signaling

pathways (p = 5.26 3 10�11, p < 0.01, p = 5.51 3 10�15, p =

5.08 3 10�10, respectively, for each pathway) (Figures 5E and

5F). There were 47 significant correlations with dietary protein

content in hypothalamic gene expression in the mTOR signaling

pathway, including 11 positive and 36 negatively correlated

genes with dietary protein content (Figure 5E). In the hypotha-

lamic hunger pathway, changes in 56 genes were significantly

associated with dietary protein levels, most of which (36/56)

had increased expression with increasing dietary protein (Fig-

ure 5F). In addition, expression of 56 genes in the eIF2a signaling

pathway showed significant correlations to dietary protein

changes, 42 of which were negatively and 14 positively corre-

lated to dietary protein.

There were strong correlations for four key hunger signaling

pathway genes Pomc, Cart, Npy, and Agrp with the protein

content in the diet (p = 2.2 3 10�4 for Pomc, p = 0.008 for

Cart, p = 0.008 for Agrp and p = 8.77 3 10�5 for Npy) with

Pomc and Cart expression significantly reduced and Npy and

Agrp expression increased as protein levels decreased (Figures

5A, S4A, S4E, and S4F). We found no significant effects of die-

tary protein on gene-expression levels of the hedonic signaling

systems, including dopamine receptors (Drd1,Drd5) and opioid

receptors (Oprk1 and Oprd1) (p > 0.05), except Oprk1 signifi-

cantly increased with increasing dietary protein (p = 0.039) (Fig-

ures 5B, 5C, S4B, and S4C). The gene expressions of Htr2a,

Htr2c, and Htr5a in the serotonin receptor signaling pathway

were also not significantly affected by protein content in the

diet (p > 0.05), whereas Htr1a was significantly positively

related to dietary protein content (p = 0.048) (Figures 5D and

S4D). Hence, the most significantly modulated pathways in

the hypothalamus were the mTOR signaling pathway and the

canonical hunger signaling pathway. Changes in the hunger

signaling pathway indicated that mice under lower protein

levels had stimulated rather than reduced hunger signaling,

despite eating less food.

Mice under low-protein levels had low levels of serum leptin

and stimulated hunger signaling pathways. To further explore

the responses to exogenous leptin in mice fed different protein

content diets, we injected phosphate buffer solution (PBS) or

leptin to food-deprived mice in each group and observed the

food intake changes 1, 3, and 4 h after PBS or leptin treatment.

We found average 4-h food intakes were significantly decreased

in 1% and 2.5% very-low-protein groups following leptin

treatment compared with the PBS-treated mice (p = 0.002,
ling pathway, red indicates positive and blue indicates the negative regression

near modeling was performed to analyze the dietary protein effect on specific

0.05, **p < 0.01, ***p < 0.001, ns p > 0.05. Values are represented asmean ±SD.
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Figure 6. Rapamycin blocked the hyperphagia effect of caloric restriction in mice

(A and B) Body weight and food intake changes of 1% protein, 20% protein pair feeding, and 20% protein mice before and after ad libitum fed with 20% protein

diet (n = 8), the mice were fed the baseline diet for 1 week and then treated, respectively, with 1% protein, 20% protein, and pair feeding 20% protein diet (special

diet) for 2 weeks followed by treated with 20% protein diet.

(C) Average body weight changes of 1% protein and 20% protein pair feeding group in (A).

(legend continued on next page)
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p = 0.029 for 60% fat and p = 0.015, p = 0.005 for 20% fat) (Fig-

ures S4G–S4J), but there were no significant differences be-

tween leptin and PBS for the average food intake changes

over 4 h in the 5% and 20% protein groups (p > 0.05) (Figures

S4G–S4J). The hypothalamic Pomc and Agrp gene-expression

levels in these leptin-treated mice were consistent with the

pattern of food-intake changes. That is Pomc expressions

were significantly upregulated (p = 0.003 and p = 0.002 for 1%

and 2.5% protein groups respectively) and Agrp expressions

were significantly downregulated (p = 0.017 and p = 0.378 for

1% and 2.5% protein group respectively) in leptin injected

mice compared with the PBS injected mice, but no significant

differences existed for these two gene-expression levels in 5%

and 20% protein groups (p > 0.05) (Figures S4K–S4N). p-stat3

expressions were also significantly increased in 1% and 2.5%

leptin-treated groups comparedwith the respective PBS-treated

groups (p = 0.031 and p = 0.048 for 1% and 2.5% protein group)

but not for the 5% and 20% protein groups (Figures S4O and

S4P). Overall the very-low-protein groups with 1% and 2.5% di-

etary protein group had significantly increased leptin sensitivity.

Serum metabolome pathways related to weight loss
were also activated by low dietary protein levels
Serum levels of aspartic acid and glycine were significantly

negatively correlated with the dietary protein content (p <

0.001), whereas phenylalanine, tryptophan, leucine, isoleucine,

and valine were all significantly positively correlated with dietary

protein content (p < 0.001) (Figures S5B and S5C). General linear

modeling across all metabolites and subsequent Ingenuity

pathway analysis (IPA) results showed that the most affected

pathways included tRNA charging, phenylalanine degradation,

glutamate receptor signaling, glutamyl cycle, and citrulline-nitric

oxide cycle (p = 0.002, p = 0.008, p = 0.008, p = 0.03, p = 0.03

respectively) (Table S2). There were 5/43 metabolites signifi-

cantly changed in the tRNA charging pathway, including twome-

tabolites that had negative and three metabolites with positive

associations with dietary protein content (Figure S5D). Only

3/20 metabolites were significantly associated with protein

levels in the phenylalanine degradation pathway: phenylalanine

was positively correlated, whereas glutamine and glycine were

negatively correlated, with dietary protein content (Figure S5A).

Changes in the expression levels of 3/11metabolites in the citrul-

line-nitric oxide cycle pathway were significantly correlated with

dietary protein levels, 2 of which were negatively and 1 positively

related to elevated dairy protein. Both in glutamate receptor

signaling and glutamyl cycle signaling pathway, only 2 metabo-

lites had significant correlations with dietary protein content (Fig-

ure S5E). We also performed Pearson correlations between all

the metabolite expression levels and the dietary protein levels

across the different protein groups and found that, apart from
(D–H) Average 24-h food intake of 1%, 2.5%, and 5% protein group and 20% pro

food intake of 20% protein group (n = 8).

(I) The energy expenditure changes of 1% protein and 20% protein pair feeding

(J–Q) Hypothalamic p-S6K1 expression levels in (J and K) 1% protein and 20% p

(n = 3), and (P and Q) 1% protein and 20% protein pair feeding group after intrac

(N and O) Body weight and food intake changes before surgery, after surgery, a

(R) Changes of average 24-h food intake of 1% protein DMSO injected group and

fed the 20%protein diet (n = 7–10). Student’s t test was performed for statistical an

**p < 0.01, ***p < 0.001, ns p > 0.05. Values are represented as mean ±SD.
these significantly changed pathways related to the dietary pro-

tein content in the generalized linear modeling (GLM) analysis,

bupropion degradation and threonine synthesis pathways were

also included in the significantly affected pathways (Table S2).

In conclusion, several amino acids including BCAA, phenylala-

nine, tryptophan, aspartic acid, glycine, andmetabolic pathways

related to weight loss were significantly changed in the low-pro-

tein groups.

Protein-restricted mice did not show hyperphagia
compared with pair-fed mice
Previous studies showed that if calorically restricted mice were

given free access to food for 24 h, they showed hyperphagia.

We fed a group of mice the 1% protein and 60% fat diet, and

another group was pair-fed (by energy) to this group using the

20% protein and 60% fat diet for 2 weeks. Then all mice were

given ad libitum access to the 20% protein 60% fat diet for

24 h and their food intakes were observed. After 2-weeks pair

feeding treatment, the body weight of pair-fed group treated

with 20% protein diet (20P-PF) was significantly higher than

1% protein group (p = 4.053 10�6) (Figures 6A–6C). Further, af-

ter ad libitum exposure to the 20% protein diet, the pair-fed

group showed significant hyperphagia, compared with the

intake of the control non-pair fed (normal 20% protein group)

mice on the same diet (5.11 ± 0.44 g/day compared with 3.4 ±

0.07 g/day) (p = 3.773 10�6) (Figure 6D). In contrast, the 1%pro-

tein group increased their food intake compared with their 1%

diet food intake (1%protein diet: 2.64 ± 0.11 g/day and 20%pro-

tein diet: 3.31 ± 0.33 g/day (p < 0.001), but they did not increase

as much as the pair-fed mice did, and the 1% protein diet-fed

mice did not eat more food after exposure to the 20% protein

diet than the food intake of the normal 20% protein group

(3.31 ± 0.33 g/day and 3.4 ± 0.07 g/day respectively) (p > 0.05)

(Figure 6E). The food intake of 1%protein groupwas significantly

lower than the 20% protein pair-fed group when we changed the

diet to the ad libitum 20% protein diet (3.31 ± 0.33 g/day and

5.11 ± 0.44 g/day respectively) (p = 5.06 3 10�7) (Figure 6F).

This effect was similar in 2.5% and 5% low-protein groups (Fig-

ures 6G and 6H). Therefore, the low-protein groups did not

increase food intake to the level of caloric restricted mice (pair-

fed group) when the diet was changed to 20% protein.

Rapamycin blocked the hyperphagia effect of caloric
restriction
Mice fed low-protein diets, independent of the dietary fat con-

tent, had reduced body fat, low leptin levels, an intact leptin

signaling system, and elevated hunger signaling in the brain.

Yet they ate less food and did not show hyperphagia when

released from the dietary manipulation. Since the hypothalamic

mTOR signaling pathway was also extensively modified by the
tein pair feeding group before and after ad libitum fed the 20% protein diet and

group.

rotein pair feeding group (n = 3), (L and M) 1% protein and 20% protein group

erebral injection of DMSO and rapamycin (n = 3).

nd after ad libitum fed with 20% protein diet (n = 7–10).

20% protein pair feeding DMSO and rapamycin injected group after ad libitum

alysis and differenceswith p < 0.05were considered to be significant. *p < 0.05,
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Figure 7. Reduced food intake and body weight of the 1% protein diet is partially dependent on the mTOR signaling pathway

(A–G) Hypothalamic p-S6 protein expression levels in (A and B) 1% protein and 20% protein group, (C and D) control and S6K1 overexpressing AAV injection

group (n = 3), (F and G) control and S6K1 overexpressing AAV injection group, and control AAV injection group treated with the 20% protein diet (n = 4). (E)

Immunostaining result of the p-S6 protein in ARC sections of AAV-S6K1 injected mice.

(legend continued on next page)
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low-protein levels, we hypothesized that this pathway may act

downstream of the canonical hunger signaling pathways to pre-

vent food intake increases.

We compared the hypothalamic p-S6K1 expression level in

1% protein and 20% pair-fed group from the above experiment.

We found p-S6K1 had significantly higher expression in 20%

pair-fed group compared with the 1% protein group (p =

0.017) (Figures 6J and 6K). We also measured the hypothalamic

p-S6K1 expression level in 1% protein and 20% protein groups

and found the p-S6K1 expression level was significantly

decreased in 1% protein group compared with the 20% protein

group (p = 0.005) (Figures 6L and 6M). To test whether inhibition

of hypothalamic p-S6K1 expression could block the hyperpha-

gia effect in the 20% pair feeding group, we fed one group of

mice the 1% protein 60% fat diet, and two other groups were

pair-fed with 1% protein group using the 20% protein 60% fat

diet for 2 weeks. Then one of the 20% pair-fed groups was ICV

injected with rapamycin, while the other 20% pair feeding group

was ICV injected with vehicle (DMSO). After 1 week of recovery,

we provided all treatment groups with ad libitum 20% protein

60% fat diet and observed the 24-h food intake (Figures 6N

and 6O). Rapamycin treatment significantly inhibited the hypo-

thalamic p-S6K1 expression level (p = 0.044 compared with

the DMSO treatment group) to almost the same extent as the

1% protein diet, and no significant difference existed in p-

S6K1 expression between these two groups (p > 0.05) (Figures

6P and 6Q). Moreover, the rapamycin-treated pair-fed group

had significantly reduced the food intake compared with the

control DMSO-treated group (p < 0.001), in the 24 h ad libitum

conditions, with the food intake decreased to a level not signifi-

cantly different from the 1%protein group (p > 0.05) (Figures 6R).

These data suggest thatmice fed 1%protein did not elevate their

food intake because the low protein in the diet inhibited mTOR

signaling, which then acted downstream of the stimulated ca-

nonical hunger signaling pathway to block elevated intake.

Reduced food intake, body weight, and fatty acid
metabolism changes of the 1% protein diet were
partially dependent on the mTOR signaling pathway
The low-protein groups had significantly decreased p-S6K1 and

p-S6 expressions compared with the 20% protein group both in

hypothalamus and liver (p < 0.05) (Figures 7A, 7B, and S6A–

S6H). To further explore whether the low food intake of the 1%

dietary protein group could be modulated by hypothalamic acti-

vation of the mTOR pathway alone, we ICV injected S6K1 over-

expressing adeno-associated virus (AAV-S6K1) to activate the

mTOR signaling pathway in the hypothalamus. Compared with

a control AAV-expressing green fluorescent protein (GFP),

hypothalamic p-S6 expression of the S6K1 overexpressing

AAV injection group was significantly activated (p = 0.001) (Fig-

ures 7C–7E). There was no significant p-S6 expression differ-

ence between the AAV-S6K1 injection 1% protein group

and the control AAV injection 20% protein treatment group
(H–R) (H–J) Average body weight changes on last day of measurement, average

weight (n = 10–13), (K and L) serum leptin and insulin concentration (n = 7), (M–P

(n = 6–9), and (Q and R) the result of glucose tolerance test (n = 8) of control

diet, respectively. Student’s t test was performed for statistical analysis and differe

0.001, ns p > 0.05. Values are represented as mean ± SD. See also Figure S8.
(p > 0.05) (Figures 7F and 7G). Also, the expression of p-S6 in

the liver was not significantly different between the two groups

(Figures S6I and S6J). Once the AAV became active (Figures

7C and 7D), the mice were fed the 1% protein diet. The body

weight of both S6K1 and control AAV injection treatment groups

decreased after feeding on the 1% protein diet, but the body

weight of AAV-S6K1 injection group decreased significantly

less than those injected with the control virus (p < 0.001). After

2 weeks of dietary exposure, the AAV-S6K1 injection group

had significantly higher body weight compared with the control

virus injection group (p < 0.001) (Figure 7H). Moreover,

the food intake was significantly higher than the control group

(p = 0.005) (Figure 7I). After dissection, we found the white adi-

pose tissue weight was also significantly higher in AAV-S6K1 in-

jection group (p = 0.0004) (Figure 7J). Leptin but not insulin

levels were significantly increased in the AAV-S6K1 injection

group (p = 0.041) after treatment with the 1% protein diet (Fig-

ures 7K and 7L). Further, the fatty acid synthesis genes Fas,

Acc1, and Scd1 were all significantly upregulated in liver in

AAV-S6K1 injection group compared with the control group

(p = 0.038, p = 0.039, p = 0.048), but there were no significant dif-

ferences for fatty acid oxidation genes Acox1 andCpt1 (p > 0.05)

(Figures 7M and 7N). In white adipose tissue, the fatty acid syn-

thesis genes, Fas and Scd1, were also significantly upregulated

by the AAV-S6K1treatment (p = 0.042, p = 0.041, p = 0.042,

respectively) (Figure 7O). However, in the AAV-S6K1 injection

group, the fatty acid oxidation genes, Acox1 and Cpt1,

were significantly decreased compared with the control group

(p = 0.014, p = 0.008) (Figure 7P). There was no significant

AUC difference in the ipGTT between the control and AAV-

S6K1 injection group after they were fed the 1% protein diet

(p > 0.05) (Figures 7Q and 7R). In summary, the body weight,

food intake, serum leptin, and fatty acid metabolism changes

induced by 1% protein diet were partially reversed by the hypo-

thalamic activation of mTOR signaling.

1% protein-induced weight loss was not dependent on
the hypothalamic GCN2, FGF21, TRPML1, and NTS
mTOR signaling
A recent study showed that rapamycin can induce apoptosis via

a novel target: transient receptor potential mucolipin 1 (TRPML1)

independent of the mTOR pathway (Zhang et al., 2019). It has

also been indicated in previous studies that eIf2a and Fgf21

signaling pathways were related to the protein-restriction-

induced body weight and food-intake changes (Hill et al., 2019;

Maurin et al., 2014). To establish whether these genes were

involved in the regulation of body weight and food-intake

changes in the 1% protein group, we measured hypothalamic

gene-expression patterns in 1% protein and 20% protein

groups, respectively. We found that TRPML1, p-eIF2a, and bklo-

tho (Fgf21 receptor) were all significantly increased in 1%protein

group (p = 0.014, p = 0.023, p = 0.031, respectively) (Figures

S7A–S7C). We ICV injected mice with AAVs expressing control,
food intake changes of entire treatment period, average white adipose tissue

) relative mRNA expressions of fatty acid metabolism-related genes to b-actin

and S6K1 overexpressing AAV injection group after treated with 1% protein

nces with p < 0.05were considered to be significant. *p < 0.05, **p < 0.01, ***p <
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TRPML1, GCN2, and bklotho shRNA to block the expression of

these genes (Figures S7D–S7G). After exposure to the 1% pro-

tein diet, there was no significant difference between control

and AAV injection groups for body weight and food-intake

changes (p > 0.05) (Figures S7H–S7M), indicating the impact of

the diet on these genes was not the primary mechanism causing

the altered food intake and body weight. It has also been shown

that the nucleus of the solitary tract (NTS) in the brainstem regu-

lates food intake and body weight through the activation of the

S6K1 pathway (Blouet and Schwartz, 2012). Therefore, we also

ICV injected control and AAV-S6K1 to theNTS, followed by treat-

ment with the 1% protein diet (Figures S7N and S7O). We found

no significant body weight and food-intake differences between

NTS control and AAV-S6K1 injection groups (p > 0.05) (Figures

S7P–S7Q). In summary, reduced food intake of the 1% protein

group was partially restored by activation of the hypothalamic

mTOR signaling pathway, but not by activation of mTOR in the

NTS, and not by reduced p-eIF2a, bklotho, and TRPML1 expres-

sion in the hypothalamus.

Results overview
Very low-protein diets (1% and 2.5% protein) independent of di-

etary fat content, resulted in a dramatic loss of body weight and

body fat. This fat loss led to reduced levels of leptin, and stimu-

lation of the canonical hypothalamic hunger signaling pathway.

Yet the mice had reduced food intake and showed no hyperpha-

gia when released to feed on diets with 20% protein. Leptin

signaling was shown to be intact by injecting exogenous leptin.

RNA-seq analysis indicated inhibition of the hypothalamic

mTOR pathway, and we also found modulated phosphorylation

of S6K1, the downstream target of mTOR. Using a combination

of ICV treatment with rapamycin and AAV-S6K1, we showed

that very-low-protein diets have reduced food intake, despite

reduced circulating leptin and stimulated hunger pathways

because inhibition of mTOR acts downstream of these pathways

in the hypothalamus to block elevated intake. In contrast, inhibi-

tion of eIF2a, TRPML1, and Fgf21 signaling pathways was not

related to the low-protein-induced weight loss.

DISCUSSION

Previous work suggested dietary protein levels regulate energy

intake because animals eat primarily to satisfy their protein

needs. Hence, when dietary protein declines, food and energy

intake is predicted to increase: the protein leverage hypothesis

(Simpson andRaubenheimer, 2012). Thismay potentially explain

excess caloric consumption and obesity (Huang et al., 2013). We

previously explored the impacts of variable dietary protein levels

(5% to 30%) in 5 strains of mice (Hu et al., 2018) but did not find

significantly stimulated intake at lower protein levels. This con-

trasted with another large dietary matrix study, which suggested

reduced protein was related to stimulated intake (Solon-Biet

et al., 2014), and several other smaller studies that have

compared low protein to standard protein (20%) diets (Laeger

et al., 2016, 2014).

There are several potential reasons for the different results.

The age of onset and the makeup of the other dietary compo-

nents was different between studies. However, the difference

could be only a matter of degree of protein content because
900 Cell Metabolism 33, 888–904, May 4, 2021
with the lowest protein diet we did find a small increase in food

intake (although not in fat storage). In part then the motivation

for the current experiments was to see if a protein leverage effect

would become apparent at dietary protein levels below 5%. We

found completely the opposite. At these very-low-protein levels,

dietary intake was not stimulated but strongly inhibited, and in

consequence, even when the diet contained 60% fat, the mice

had substantially lower body weight. Decreased body weight re-

sulted from significant decreases inweights of all the adipose tis-

sues, the liver, and reproductive organs. This preferential utiliza-

tion of fat tissues was similar to that observed in mice under

enforced caloric restriction (CR) at high (20%) protein levels

(Mitchell et al., 2015b). The main differences were that under

CR the liver was also protected and the alimentary tract actually

grew in size (Mitchell et al., 2015b). Similar to the changes under

CR, the reduction in the size of the adipose tissue was mostly

due to hypotrophy rather than hypoplasia. However, the number

of white adipose cells may have also decreased as the percent

decrease of WAT weight was larger than the percent decrease

in cell volume. Hence, at very-low-protein levels the food intake

and body composition changes of the mice responded similarly

to mice under CR, but in strong contrast to mice under CR, they

had ad libitum access to food that they chose not to consume.

The fatty acid metabolism in liver and WAT was greatly

changed in low-protein groups. Fatty acid oxidation genes

were upregulated in both tissues but fatty acid synthesis genes

were only downregulated in the liver and remained unchanged

in the WAT. The gen-expression patterns in the liver in the pre-

sent study were similar to those in previous studies of leucine

and methionine restriction (Anthony et al., 2013; Cheng et al.,

2010; Orgeron et al., 2014). However, the white adipose lipo-

genic gene-expression levels were different. In the methionine-

restricted mice, lipogenic genes were increased, whereas during

leucine deprivation, the lipogenic genes were downregulated

(Cheng et al., 2010; Orgeron et al., 2014).

The low-protein sensing pathway already described in many

studies (Guo and Cavener, 2007; Laeger et al., 2016, 2014)

was also altered in our study, indicated by the higher mRNA

levels of ATF4 and Fgf21 and increased protein level of

p-eIF2a in the low-protein groups. FGF21 was also recently

emphasized as an indicator of and mediator of the metabolic

benefits of protein restriction in mice (Laeger et al., 2014). We

also found that the Fgf21 mRNA level was increased in the liver

in low-protein groups. The Fgf21 expression level was signifi-

cantly related to the AUC in the ipGTT (p < 0.001) independent

of the body weight (multiple regression: p < 0.001).

The hypothalamus is the main brain region controlling energy

balance. We found that the canonical hunger signaling pathway

was significantly upregulated in the hypothalamus, but there

were no significant changes for dopamine, serotonin, and opioid

receptor expression levels. These changes also mirror the hypo-

thalamic gene-expression changes observed in mice under CR

(Derous et al., 2016a, 2016b; Hambly et al., 2007). In particular,

there was, in both situations, a stimulation ofNpy andAgrp levels

and a reduction in Pomc and Cart. This suggested that in both

situations the mice were hungry. When mice under CR are

released from restriction these changes lead to post restriction

hyperphagia (Hambly et al., 2007). We have shown previously

that this hyperphagia is partly driven by the reduced circulating
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leptin levels (Hambly et al., 2007) that accompany fat loss under

CR (Mitchell et al., 2015a). At very low dietary protein levels we

found a similar pattern of response—fat loss was increased, lep-

tin levels were reduced, and the hypothalamic signaling pathway

was stimulated. Despite these changes, the mice did not in-

crease consumption of the protein-restricted diet, even though

it was available in excess, and they did not show hyperphagia

when changed from the 1% to a 20% protein diet.

This suggested something downstream of the canonical hun-

ger pathway in the hypothalamus was interfering with the trans-

lation of these changes into altered feeding behavior. A key dif-

ference in the RNA-seq responses of mice under CR (Derous

et al., 2016a, 2016b) and those observed here was that, at

low-protein levels, there was strong inhibition of mTOR

signaling. Previous work implicated mTOR signaling in the

regulation of food intake (Cota et al., 2006; Dagon et al.,

2012; Varela et al., 2012), hence this was a strong candidate ex-

plaining the different responses. We showed that in mice under

CR (pair-fed to the 1% protein diet) that ICV injection with rapa-

mycin, an inhibitor of mTOR, also blunted the hyperphagic

post-restriction response. Previous work in rats that have

shown peripheral injection of rapamycin also blocks post-re-

striction hyperphagia (Kenny et al., 2019). The mTOR signaling

pathway changes in the 1% protein group were the same as

observed under leucine deprivation (Xia et al., 2012) where it

was shown that the impacts of leucine deprivation on energy

expenditure and weight loss were completely blocked by the

central activation of mTOR.

Several studies investigated the role of mTOR in different tis-

sues other than the central nervous system. One study indicated

that mothers fed a low-protein diet during the last week of preg-

nancy activated mTORC signaling in the b cell in offspring (Ale-

jandro et al., 2014). In addition, l-lysine administration increased

mTOR signaling in the skeletal muscle of rats fed a low-protein

diet (Sato et al., 2015). Furthermore, it was shown that leucine

deprivation-induced insulin sensitivity was dependent on the he-

patic mTOR pathway (Xiao et al., 2011). BCAAs also caused he-

paticmTOR activation and induced hepatic lipotoxicity (Zhang et

al., 2016). In contrast, other studies reported that a low-protein

diet (5.77% protein) ameliorated diabetic nephropathy by sup-

pression of mTORC1 activity in the kidney in Wistar fatty rats (Ki-

tada et al., 2016, 2019). In themost recent study, it has been indi-

cated that high protein diets caused increased cardiovascular

risk by increasing the macrophage mTOR signal (Zhang et al.,

2020). However, no previous studies investigated the hypotha-

lamic mTOR signaling effects onmetabolic regulation under pro-

tein restriction. Therefore, novel here is the elucidation of the role

of the hypothalamic mTOR signaling pathway in mediating the

impact of very-low-protein diets on energy balance. We found

there were significant differences in body weight, food intake,

and fatty acid metabolism between control and AAV-S6K1 injec-

tion group after feeding on the 1% protein diet, whereas the

glucose tolerance ability was not different in these two groups.

In contrast, a previous study indicated that S6K1 in the Pomc

and Agrp neurons regulates glucose homeostasis but not the

feeding (Smith et al., 2015). There are several potential reasons

for the difference between the studies. The major difference

may be related to the diet, we explored the role of hypothalamic

S6K1 on energy balance and glucose homeostasis under the
low-protein condition, whereas the standard and high-fat diet

were used in the previous study. Second, the AAV-S6K1 was ex-

pressed in the whole ARC nucleus, which included many neuron

cell types in addition to the Pomc and Agrp neurons manipulated

in the previous study.

It has recently been shown that rapamycin not only inhibits

mTOR but has other mTOR independent effects via TRPML1

(Zhang et al., 2019). It was possible therefore that the impact of

rapamycin on post-restriction hyperphagia was unrelated to its

impact on mTOR but via the TRPML1 pathway. We also found

the eIF2a signaling pathway was the most affected pathway

related to the dietary protein content, and recent studies showed

that amino-acid-restriction-induced weight loss was dependent

on the hypothalamic overexpression of p-eIF2a (Maurin et al.,

2014). Moreover, some studies revealed Fgf21 is involved in the

regulation of protein restriction impact on energy balance. For

example, Fgf21 is required for metabolic responses to protein re-

striction (Laeger et al., 2014), and deletion of FGF21 co-receptor

bklotho from the brain stopped mice responding to a protein-

restricted diet (Hill et al., 2019). Energy balance ismainly regulated

by signalingmolecules in the hypothalamus in the central nervous

system. However, neurons sensitive to energy-related signals are

also located outside the hypothalamus, for example, the NTS, in

the brainstem, regulates food intake and body weight through

the activation of the S6K1 pathway (Blouet and Schwartz,

2012). Despite this, we found no significant body weight and

food-intake changes in the AAV-GCN2-shRNA, AAV-TRPML1-

shRNA, AAV-bklotho-shRNA, and NTS AAV-S6K1 injection

groups compared with the control AAV injection group

after exposure to the 1% low-protein diet. We demonstrated

thiswas not the case using AAV to stimulate S6K1 inNTSor inhibit

TRPML1, GCN2, or bklotho and showed only the stimulation of

S6K1 in hypothalamus modulated the protein restriction effect.

Conclusion and implications
Extremely low levels of dietary protein led mice to reduce their

food intake with consequent changes in body composition

(largely comprising loss of body fat). These effects occurred

despite ad libitum access to food and despite their reduced

body fat leading to lowered leptin levels and stimulation of the

canonical hypothalamic hunger pathway including stimulated

Npy and Agrp and reduced Pomc and Cart. Moreover, contrast-

ing mice under CR, these mice did not show hyperphagia when

released from their dietary constraint. Low dietary protein also

inhibited hypothalamic mTOR signaling and we showed that

this inhibition is integral to their lack of hunger response. It is un-

clear at present if these pathways are conserved in humans. If

they are, this raises the interesting possibility of using rapamycin

(or other mTOR inhibitors) as an adjunct therapy to CR in humans

that are aiming to reduce body weight. This would blunt the

resultant stimulation of hunger, which is seen as a key driver

for people to break their calorie-restricted diets. Our work sug-

gests that combining restriction with very low protein may poten-

tially generate similar effects.

Limitations of study
There were several limitations to this study. We performed ex-

periments on a single mouse strain (C57BL/6N) and single sex

(male). Although our previous work indicated that different
Cell Metabolism 33, 888–904, May 4, 2021 901
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mouse strains had similar responses to different macronutrient

composition diets (Hu et al., 2018) the translational relevance

of the work would be improved if it was repeated in other

strains of mice and ideally non-human primates. We found that

injection of AAV-S6K1 influenced the energy regulation of the

mice, but we did not measure the levels of the main hunger

signaling genes in this condition. This requires further work to

elucidate where the action of the mTOR signaling pathway inter-

acts with the canonical hunger signaling system. Finally, we only

used a single type of protein (Casein) in the diet. Previous studies

have indicated that protein source had a significant effect on

body fat (McManus et al., 2015). Thus, the impact of low protein

may be mediated via the effects of one or a few individual amino

acids. Further work should explore the potential roles that

different amino acids and different sources of protein may play

in these effects.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

p70S6 Kinase CST Cat# 9202; RRID: AB_331676

Phospho-p70S6 Kinase (Thr389) CST Cat# 9205; RRID: AB_330944

S6 Ribosomal Protein CST Cat# 2317; RRID: AB_2238583

Phospho-S6 Ribosomal Protein (Ser235/236) CST Cat# 4858; RRID: AB_916156

eIF2a CST Cat# 9722; RRID: AB_2230924

Phospho-eIF2a (Ser51) CST Cat# 3398; RRID: AB_2096481

Stat3 CST Cat# 9132; RRID: AB_331588

Phospho-stat3 CST Cat# 9134; RRID: AB_331589

Klotho Abcam Cat# Ab98111;

RRID: AB_10678894

TRPML1 Alomone Cat# ACC-081;

RRID: AB_10915894

HA-Tag Easybio Cat# BE2061,

b-actin AmeriBiophama Cat# AB1015T,

GFP Abcam Cat# Ab92456;

RRID: AB_10561923

Cy5-AffiniPure Donkey Anti-Rabbit IgG Jackson Cat# 711-175-152;

RRID: AB_2340607

Cy5-AffiniPure Donkey Anti-Mouse IgG Jackson Cat# 715-175-150;

RRID: AB_2340819

Bacterial and virus strains

pHBAAV-CMV-Rps6kb1-HA-T2A-EGFP Hanbio N/A

pHBAAV-U6-shTRPML1-CMV-EGFP Hanbio N/A

pHBAAV-U6-shGCN2-CMV-EGFP Hanbio N/A

pHBAAV-U6- shklotho-CMV-EGFP Hanbio N/A

pHBAAV-U6-con-CMV-EGFP Hanbio N/A

Chemicals, peptides, and recombinant proteins

Trizol Invitrogen 15596018

SYBR Green PCR kit TransGen Biotech EP1602

Protease inhibitor cocktail Sigma P8340

PMSF Sigma P7626

bicinchoninic acid (BCA) protein quantification kit ThermoFisher 23227

Immobilon-P PVDF membranes Millipore ISEQ00010

ECL blotting reagents GE Healthcare RPN2232

Murine leptin Peprotech 450-31-5000

Rapamycin LC Labs R-5000
35S UTP PerkinElmer NEG039C001MC

T7 RNA Polymerase Promega P2075

rNTP Promega P1221

RNasin Ribonuclease Inhibitor Promega N2111

RQ1 RNase-free DNase Promega M6101

Formamide Sigma F9037

Sodium citrate tribasic dehydrate ACS reagent Sigma S4641

Dextran Sulfate Sigma D8906

Ribonucleic acid Sigma R8508

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

DPX Mountant Sigma 06522

Denhardt’s Sigma D9905

DL-Dithiothreitol Sigma D0632

Diethyl pyrocarbonate Sigma D5758

Critical commercial assays

Mouse Leptin ELISA kit Crystalchem 90030

Mouse Insulin ELISA kit Crystalchem 90080

Mouse Leptin ELISA kit Merk Millipore EZML-82K

Mouse Insulin ELISA kit Merk Millipore EZRMI-13K

Brain infusion kit Alzet Kit3

Osmotic pump Alzet 1004

Chroma Spin-30 DEPC-H2O Columns Clontech 636087

Deposited data

RNA-seq data NCBI GEO GSE158215

Metabolomics data Mendeley https://doi.org/10.17632/h96dcs23rr.1

Experimental models: organisms/strains

Mouse: C57BL/6N Charles River RRID:IMSR_CRL:27

Oligonucleotides

Primers Table S5 N/A

Software and algorithms

Microsoft Excel N/A N/A

Minitab 16 N/A N/A

R Platform N/A N/A

IPA Ingenuity Systems N/A

GraphPad Prism N/A N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, John R.

Speakman (j.speakman@abdn.ac.uk).

Materials availability
There are no restrictions to the availability of all materials mentioned in the manuscript.

DATA AND CODE AVAILABILITY

The accession number for the transcriptome data for Figures 5 and S4 reported in this paper is GEO: GSE158215. Themetabolomics

data for Figure S5 have been deposited to Mendeley Data, and relevant DOI is as follows: https://doi: 10.17632/h96dcs23rr.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical Statement
All animal procedures were reviewed and approved by the Institute of Genetics and Developmental Biology Chinese Academy of

Sciences: approval numbers for the various experiments were AP2016023, AP2016024, AP2016025 and AP2019034.

Mice
Eight weeks old male C57BL/6N mice were purchased from Charles River, Beijing. All mice were acclimated to the environment

for 2 weeks before starting the baseline treatment. During the baseline period, all mice were fed with standard diet which contains

10% fat, 20% protein and 70% carbohydrate (D12450B, Research Diets), then allocated to 10 different special diets (detailed as

below) and continuously fed these diets for 12 weeks. During the whole experimental period, mice were singly housed under

controlled 22-24�Ctemperature and 12:12 light dark cycle in SPF facility conditions. Mice were killed by rising concentration of
e2 Cell Metabolism 33, 888–904.e1–e6, May 4, 2021
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CO2 for the normal collection of tissues and serum. Tissues were snap frozen in liquid nitrogen and then stored at -80�C. For themice

used in histology and immunostaining the perfusion (paraformaldehyde) method was used.

METHOD DETAILS

Experimental diets
In 10 different diets, the fat content of first five diets were fixed at 60% by energy and protein content ranged from 1% to 20% (1%,

2.5%, 5%, 10%and 20% respectively) by energy (D14121903, D14121904, D14071601, D14071602, D14071604), another 5 kinds of

diets contained the same graded levels of protein content as the first 5 diets but fat contents were fixed at 20% by energy

(D14121905, D14121906, D14071607, D14071608, D14071610). The energy difference was compensated by carbohydrates

including corn starch and maltodextrose. Casein was used as the protein source in all diets. To mimic the typical western diet a

mix of cocoa butter, menhaden oil, sunflower oil, palm oil and coconut oil was used as the fat source and was designed to generate

a 47.5: 36.8: 15.8 proportion of saturated, mono-unsaturated and polyunsaturated fats and 14.7: 1 proportion of n-6 and n-3 fatty

acids, the proportions of different fat compositions didn’t change under two different 60% and 20% fat conditions. Sucrose and cel-

lulose were fixed at 5% level by energy and standard vitamins and mineral mix were also added to all diets as well (Hu et al., 2018).

The two series were isocaloric within each series. The full details of all diets are shown in Table S3, S4 and can be ordered directly

from the manufacturer (research diets, https://researchdiets.com) using the diet codes provided.

Metabolic phenotype measurement
For both baseline and different diets manipulation period body weight and food intake were recorded daily. Food intake was calcu-

lated by subtracting the food in the food hopper on the second day from the food placed in the food hopper on the first day. If any food

fragments were in the bedding these were returned to the hopper before weighing the food. The fat weight and lean weight were

measured weekly during different diets treatment period by using the EchoMRI Body Composition Analyzer (Nixon et al., 2010).

Feces were collected at the last week of 12 weeks different diets treatment period and dried at 60�C for 7 days, then measured

its energy content by using the oxygen bomb calorimeter (Parr, 1281, USA). The oxygen (O2) consumption (mL/min), carbon dioxide

(CO2) production (mL/min), physical activity (Counts) and respiratory exchange ratio (RER = VCO2/VO2) were measured by TSE Phe-

noMaster system after feeding 10 weeks different diets, actual energy expenditure was calculated by using the Weir Equation: EE

(KJ/day) = ((3.9 3 VO2 (mL/min)+1.1 3 VCO2(mL/min)) 1440(min)/1000 3 4.184 (Weir, 1949). To investigate which tissues were

the most utilized tissues we plotted the logged final body weight against the final organ weight and then fitted into the linear least

regression to express the relative utilization of each tissue, according to this description, if the gradient equals to 1 the organ should

be utilized the same rate as the body weight, anything greater than 1 is utilized more than body weight and anything between 0 and 1

should be considered protected.

Glucose tolerance test and leptin sensitivity test
Glucose tolerance test was performed at the eighth week of diets manipulation. Mice were fasted for 14 hours prior to analysis. Base-

line blood glucose concentration was measured first. Mice were then intraperitoneal (I.P.) injected glucose (2 g/kg of body weight)

and blood glucose concentrations at 15, 30, 60 and 120 min after glucose injection (Andrikopoulos et al., 2008) were measured

from tail tip blood samples by using OneTouch ultravueTM glucometer (Qiang Sheng, China). The intra-peritoneal glucose tolerance

test we used is a popular indicator of metabolic health, in most cases decreased body fat results in improved glucose tolerance, and

as expected, low protein groups in this study had significantly improved glucose tolerance even under high-fat condition. There is

controversy about how to choose the glucose injection dose for such tests. Many studies, like ours, have dosed with glucose in rela-

tion to body weight, but some advocate the dose should be based on lean weight rather than body weight (McGuinness et al., 2009).

Yet others suggest the same dose should be injected to all mice independent of bodyweight as is performed in oral glucose tolerance

tests in humans (Heikkinen et al., 2007; Muniyappa et al., 2008). The choice of which path to follow is not straightforward since in-

jecting in relation to fat-free weight assumes only this compartment partakes in glucose disposal, which is known to be incorrect. But

injecting in relation to body weight assumes both fat and lean compartments partake equally which is also incorrect. Consistent with

many other studies in the present study, we injected glucose according to the body weight of each mouse, hence leaner mice were

given a lower glucose dose. This would tend to favor finding an effect of lower body fat on the glucose tolerance as we did. Whether

this is an artefact of the dosing protocol remains open for debate.

Leptin response test was performed at the 8th week of special diets exposure. Mice were fasted for 12 hour before leptin or PBS

(Phosphate Buffer Solution) administration by intraperitoneally, leptin (3mg/kg) and PBS were administered at 9:00 am, food intake

and body weight were measured at 1 and 4 hour post injection of leptin or PBS. Hypothalamus were collected for measurement of

gene and protein expression 45 min after leptin or PBS administration (Zhang et al., 2014)

Performance assays
Grip strength was performed by using the digital grip strength measurement equipment, each mice was tested for three times each

day for five consecutive days. The rotarod performance test was determined using the Rota Rod (Ugo Basile). Mice was trained for

one day and placed on accelerating rotating rod and the time to fall was recorded. The rotarod test was performed two times each

day for five consecutive days. Memory performance was measured on an eight arm radial maze apparatus. Four arms in the maze
Cell Metabolism 33, 888–904.e1–e6, May 4, 2021 e3
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contained small pieces of diet and the other four armswere not. If themouse entered the armwith diet first time it was not recorded as

an error, but if they entered the arm without diet, or the arm with diet a second time, this was recorded as one error. Each mouse was

tested for five minutes each time. If the mice entered all the baited arms in less than 5 minutes the actual time spent was recorded as

the time to complete the test. If they did not visit all 4 baited arms in 5 minutes the completion time was recorded as 5 minutes. All

mice were trained for one day and the actual test was performed for five consecutive days. Bone Mineral density was measured by

X-ray absorptiometry (Holigic, Discovery A).

Hormone measurements
Blood samples were centrifuged at 3500 rpm for 30 min, and then supernatant was collected as serum, serum leptin and insulin con-

centrations were measured by using Mouse Leptin ELISA Kit (#90030, Crystal Chem) and Mouse Insulin ELISA Kit (#90080, Crystal

Chem) respectively. All procedures were performed according to the manufacturers’ instruction. For the measurement of serum lep-

tin and insulin concentration in the AAV injection experiment, leptin ELISA Kit (EZML-82K, Millipore) and Mouse Insulin ELISA Kit

(EZRMI-13K, Millipore) were used.

Quantitative RT-PCR
Tissues were put in Trizol (Invitrogen) reagent and homogenized by Bead Ruptor (OMNI). Then total RNA was extracted by chloro-

form, isopropyl alcohol/RNA precipitation solution (1.2M NaCl & 0.8M disodium hydrogen citrate sesquihydrate) step by step and

purified by 75% ethanol. 3mg total RNA was used for the cDNA synthesis template (Invitrogen), SYBR Green PCR Kit (TransGen

Biotech) was used for Real-time PCR and the quantitative PCR reaction was performed by using 96 well PCR microplate for the

Mx3000P Real-Time PCRmachine (Agilent), RNA expression data were analyzed by using -DDCt method. Relative expression levels

of all specific genes were normalized to ß-actin mRNA expression. Primers were listed in Table S5.

Western blotting
Tissues were homogenized in tissue protein extraction reagent added with a protease, phosphatase inhibitor cocktail and 10 mM

PMSF, then lysates were put on ice for 30 min and centrifuged at 12,000 rpm for 10 min. Protein concentration in the supernatant

was measured by using bicinchoninic acid (BCA) protein quantification kit. Denatured equal amounts of protein were separated

on 10% SDS-PAGE gels and transferred to Immobilon-P PVDF membranes, then blocked in 5% skim milk in PBST (PBS with

0.05% Tween-20) for 1 hour followed by being incubated with primary antibodies at 4�C for 8-12 hours. Unspecific bands on the

membranes were washed by using PBST, and then membranes were incubated with HRP-labeled secondary antibodies. The

bands were visualized by using ECL blotting reagents (GE Healthcare) and quantified with ImageJ software. The primary antibodies

used in this study were anti-eIF2a (#9722, CST), anti-p-eIF2a[Ser51] (#3398, CST), anti-Stat3 (#9132, CST), p-Stat3 (#9134, CST),

anti-p70S6K1 (#9202, CST), anti-p-p70S6K1[Thr398] (#9209, CST), anti-S6 (#2317, CST), anti-p-S6[Ser235/236] (#4858, CST),

anti-HA (#BE2061, EasyBio), anti-klotho (#ab98111, Abcam), anti-TRPML1 (#ACC-081, Alomone), anti-ß-actin (# AB1015T,

AmeriBiophama).

In situ hybridization
All the experiments related to isotopes were performed in a dedicated isotope facility. First, labeled the probe DNAwith 35S, mix 5 mL

5 3 transcription buffer, 3 mL rNTP, 1 mL 0.1 M DTT, 1 mL RNase inhibitor, 5 mL DNA probe, 5 mL DEPC water, 4 mL 35S and 1 mL T7

promoter and then incubated in 37�C incubator for 2 hour, then added 2 mL DNase and incubated further 30 min. Then filtered small

RNA fragments by using chroma spin columns and calculated the concentration. In the next step, prepared the hybridizationmixture:

containing 80% hybridization buffer (Formamide, 5M NaCl, 50 3 Denhardts, 1M Tris, 0.5M EDTA and DEPC water) and 20% probe

mixture (35S probe, tRNA, 1 M DTT, DEPC water). For the sections, firstly, fixed the sections in 4% PFA for 20 min then rinsed with

PBS for 5 min, then incubated the sections with Triethanolamine (TEA) for 10 min, then also rinsed with PBS for 5 min, at last incu-

bated the sections with each concentration of following graded levels of ethanol (50% -70% -95% -100%). When sections were fully

dried incubated sections with hybridization mixture mentioned above at 60�C overnight. On the second day, sections were rinsed

step by step in 4 x SSC (Sodium Citrate), RNAase solution (5M NaCl, 1M Tris, 0.5M EDTA), 2 3 SSC, 1 3 SSC, 0.5 3 SSC, 0.1 3

SSC for 8 min. Once sections were dried, placed sections on paper in film cassette to visualize the bands. The bands were quantified

by ImageJ software.

Immunostaining
The brain samples were treated with 4% PFA overnight and then with 30% sucrose solution for 48h at 4�C followed by being

embedded with OCT. Sections were fixed in 4% PFA for 20 min and then rinsed with PBS for 5 min, then incubated with 5% BSA

(Bovine Serum Abumin) for 1 h followed by being incubated with primary antibodies at 4�C for 8-12 hours. Sections were washed

with PBS and then incubated with a secondary antibody for 1h at room temperature. Fluorescence images were obtained by using

a confocal microscope (FV1000, Olympus).

Histology
To measure white adipose cell size, 10 mm frozen sections were fixed with paraformaldehyde (PFA) and incubated in hematoxylin

for 1 min before stained with eosin for 30 seconds. Oil red staining was performed to liver cells by staining the sections with oil
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red for 5 min then washed with PBS and incubated with 60% isopropanol. At the final step, all sections were sealed with neutral

balsam.

Transcriptome data analysis
The hypothalamus of 6 individuals were collected for each diet group, 3 of which were pooled together as one sample, resulting in

each group having 2 pooled samples of 3 hypothalamus (Hu et al, 2018). Hypothalamic RNA was extracted as previously described

and then sent to Beijing Genomic Institute (BGI) for RNA sequencing. All RNA sequencing was measured by using the BGI-seq 500

sequencer. To determine the sequencing quality of each sample, FASTQ raw data files were measured by using fastQC (www.

bioinformatics.bbsrc.ac.uk/projects/fastqc/) quality control tool, after sequencing quality was confirmed, raw reads were aligned

to theMus musculus reference genome (GRCm38) using HISAT2-2.1.0 (Kim et al., 2015; Pertea et al., 2016) and Samtools-1.2 mod-

ules (Li et al., 2009), and then featureCounts (Liao et al., 2014) tool in Subread-5.0 (Liao et al., 2013) was used to get counts for each

sample fromBAM files which was obtained from alignment step. To exclude the low counts, only genes with counts per million (CPM)

value > 1 were selected for further analysis. Counts were normalized by the trimmed means of M values (TMM normalization) (Rob-

inson and Oshlack, 2010) method in the edgeR (Anders et al., 2013; Lund et al., 2012; McCarthy et al., 2012; Robinson et al., 2010;

Robinson and Oshlack, 2010; Robinson and Smyth, 2007) package. To investigate the effects of different dietary protein contents

under two fixed levels of fat content on gene expression levels, Generalized Linear Modelling (GLM) function in R-3.5.3 edgeR pack-

agewas used. GLMmodel used in this study was:�P+F+P:F, whichmeans regression against protein (P) and fat contents (F) of diets

plus their interaction (P:F). If the interaction effect was not significant (p > 0.05), the interaction was not included in the analysis and a

revisedmodel (�P+F) was utilized (Hu et al., 2018). To explore genes significantly correlated with dietary protein content respectively

under 60% fat and 20% fat conditions, Pearson correlation analysis was performed for normalized log-transformed counts of all

genes by using Pearson correlation method in R-3.5.3. Then genes significantly correlated with dietary protein content (GLM: p <

0.05) respectively in the GLM and Pearson correlation (Pearson: p < 0.05 for 60% fat and 20% fat conditions) analysis were selected

and loaded into the Ingenuity pathway (IPA) program (Ingenuity Systems; http://www.ingenuity.com/) to observe the significantly

affected pathways.

Metabolomics measurement and analysis
From each diet group, 10 serum samples were collected, and 5 samples were pooled together as one sample, resulting in 2 pooled

samples in each diet group. Serummetabolites were extracted bymixing Chloroform :Methanol : Serum in 1:3:1 ratio and centrifuged

at 1,3000 rpm for 3 minutes, supernatant was collected and subject to LC-MS analysis using an OrbitrapTM ExactiveTM mass spec-

trometer at the Glasgow Polyomics facility. Each metabolite was expressed by raw peak intensity, and then these peaks were

analyzed step by step using R packages called xcms (Smith et al., 2006), mscombine, missforest (Stekhoven and B€uhlmann,

2012), and xmsannotator (Uppal et al., 2017) to match specific mass to charge ratio (m/z ratio) and retention times with HMDB

and KEGG databasesmetabolites. Normalization was performed for raw peak intensities for each sample by using theMetabolomics

package (De Livera et al., 2012, 2013; Sysi-Aho et al., 2007), then log2-transformed. Then Generalized Linear Modelling (GLM) func-

tion in R-3.5.3 was used according to following design model: �P+F+P:F, which means regression against protein (P) and fat con-

tents (F) of diets plus their interaction (P:F). If the interaction effect was not significant (p > 0.05), the interaction was not included in the

analysis and a revised model (�P+F) was utilized. Pearson correlation analysis was performed for normalized log2-transformed in-

tensities of all metabolites by using Pearson correlation method in R-3.5.3. Then genes significantly correlated with dietary protein

content respectively in the GLM (GLM: p < 0.05) and Pearson correlation (Pearson: p < 0.05 for 60% fat and 20% fat conditions) anal-

ysis were selected and loaded into the Ingenuity pathway (IPA) program (Ingenuity Systems; http://www.ingenuity.com/) to observe

the significantly affected pathways. Normalized log2-transformed intensities were used to express the specificmetabolite expression

levels.

Pair feeding experiment
13 weeks old male C57BL/6Nmice were fed with the 1% protein and 60% fat diet, and another group was pair fed (by energy) to this

group using the 20%protein and 60% fat diet for twoweeks after oneweek normal diet treatment. Then all micewere given ad libitum

access to the 20% protein 60% fat diet for 24 hours and their food intakes were recorded.

Intracerebral rapamycin infusion
13 weeks old male C57BL/6N mice were fed with 1% protein 60% fat diet or pair fed with 1% protein 60% fat group by feeding 20%

protein 60% fat diet for 2 weeks, and then all mice were treated with DMSO or rapamycin. Anesthetized mice were fixed onto the

stereotaxic apparatus and then they were implanted with a brain infusion kit (Alzet) attached to the osmotic pump (with an infusion

rate of 0.11 ml/hr for 4 weeks, Alzet) to the right lateral ventricle (1 mm lateral, -0.34 mm anteroposterior and -2 mm dorsoventral,

relative to Bregma) (Yang et al., 2012). Osmotic pumps were filled with DMSO or rapamycin (10mg/nL, LC Laboratories), 10%

DMSO (60% PEG400, 30% cremaphor and 10% DMSO) were used in this study, rapamycin was diluted in a mixture composed

of 60% PEG400 (Sigma) and 30% cremaphor (Sigma) to make the final concentration of DMSO to 10% (Yang et al., 2012), 10%

DMSO was given to the 1% protein and half of the 20% protein pair feeding group, another half of 20% protein pair feeding group

was injected with Rapamycin. After 1 week recovery time (during the recovery time, 20% protein group was also pair fed with the 1%

protein group), all mice were fed with ad libitum 60% fat and 20% protein diet, body weight and food intake were recorded daily
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during whole experimental period. After surgery, 3 mice from each group were sacrificed to measure the hypothalamic protein

expression.

Intracerebral virus injection
10 weeks old male C57BL/6 mice were intracerebrally injected with adenovirus associated virus (AAV) before treated with special

diet, mice were injected right lateral ventricle (1 mm lateral, -0.2 mm anteroposterior and -2.3 mm dorsoventral, relative to Bregma)

(Kleinridders et al., 2009) with control AAV or S6K1 overexpressing AAV (2 mL 13 1012 pfu) with syringes (Xia et al., 2012), and after

two weeks when AAV became active mice were switched to the 60% fat and 1%protein diet. AAV-TRPML1-shRNA and AAV-GCN2-

shRNA, AAV-bklotho-shRNA injection experiment were also performed the same as the AAV-S6K1 injection experiment; NTS injec-

tion of AAV-S6K1 was performed in the (0.5 mm lateral, -7 mm anteroposterior and -3 mm dorsoventral, relative to Bregma) brain

region (Aklan et al., 2020). All the AAVs used in this study were purchased from Hanbio Biotechnology Co. Ltd. (Shanghai, China)

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis were performed using the Minitab16, R platform (R Core Team, 2015) and Microsoft Excel. All values are ex-

pressed as mean ± SD. Average body composition, energy intake, protein intake, physical activity, resting exchange ratio (RER), or-

gan weight, cell size, area under curve (AUC) of glucose tolerance test, relative mRNA expression, protein expression level andmaze

test performance between different protein content groups were analyzed by one-way ANOVA with Tukey’s post-hoc test. Oxygen

consumption, energy expenditure, AUC of the glucose tolerance test and frailty test performance were analyzed by using ANCOVA in

Minitab 16. ANCOVA with body weight or fat free mass as covariate were performed for oxygen consumption, energy expenditure

changes and ANCOVA with fat mass or fat free mass as covariate was used for AUC analysis. Body weight was used as covariate in

frailty test ANCOVA analysis. Body weight, food intake and protein expression level comparisons between two groups were per-

formed by Student’s t test in Microsoft Excel. To express the relative utilization of each tissue, we used the method of plotting the

log transformed final body weight against the final organ weight and then fitted into the linear least regression, if the gradient equals

to 1 the organ is being utilized the same rate as the overall body weight, anything greater than 1 is utilized more than body weight and

anything between 0 and 1 should be considered protected. Generalized linear modeling and Pearson correlation were used to

investigate the dietary protein effect on gene and metabolite expression level, detailed description of analysis can be found in

transcriptome and metabolomics data analysis paragraph. p < 0.05 was considered as significant in all tests. Data were expressed

by p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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(Cell Metabolism 33, 888–904.e1–e6; May 4, 2021)

In the original version of the article’s Figure 7, the Figures 7P and 7O are the same. Wemistakenly duplicated the figure 7P during the

production process. This error has been corrected online. As this error occurred in figure production and not during data analysis, this

error has no impact on themain results or conclusions of this publication. The authors apologize for this error and any confusion it may

have caused.
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Figure 7. Reduced food intake and body weight of the 1% protein diet is partially dependent on the mTOR signaling pathway (Corrected)
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Figure 7. Reduced food intake and body weight of the 1% protein diet is partially dependent on the mTOR signaling pathway (Original)
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