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SUMMARY
Low-protein diets promote metabolic health in humans and rodents. Despite evidence that sex and genetic
background are key factors in the response to diet, most protein intake studies examine only a single strain
and sex ofmice. Usingmultiple strains and both sexes ofmice, we find that improvements inmetabolic health
in response to reduced dietary protein strongly depend on sex and strain. While some phenotypes were
conserved across strains and sexes, including increased glucose tolerance and energy expenditure, we
observed high variability in adiposity, insulin sensitivity, and circulating hormones. Using a multi-omics
approach, we identified mega-clusters of differentially expressed hepatic genes, metabolites, and lipids
associated with each phenotype, providing molecular insight into the differential response to protein restric-
tion. Our results highlight the importance of sex and genetic background in the response to dietary protein
level, and the potential importance of a personalized medicine approach to dietary interventions.
INTRODUCTION

Dietary protein plays a critical role in the regulation of metabolic

health and lifespan in multiple diverse species, including rodents

and humans (Levine et al., 2014; Mair et al., 2005; Solon-Biet

et al., 2014). While current dietary advice recommends

eating �10% calories from protein, eating 10%–35% calories

from protein is believed to be acceptable (Institute of Medicine,

2005). Many researchers and medical professionals support

consuming more protein (Rodriguez, 2015), though this position

is by no means unanimous (Richter et al., 2019). This message is

reinforced by the popularization of high-protein fad diets, which

promise speedy weight loss.

Some short-term studies have found that high protein intake

improves glucose control in humans (Dong et al., 2013; Gannon
Cell Metabo
et al., 2003; Seino et al., 1983). However, long-term epidemiolog-

ical studies suggest that high protein intake is associated with an

increased risk of diabetes, cardiovascular disease, and mortality

in humans (Halbesma et al., 2009; Lagiou et al., 2007; Linn et al.,

2000; Sluijs et al., 2010). A recent randomized clinical trial found

that a low-protein (LP) diet improvesmetabolic health in humans,

reducing weight and adiposity and improving glycemic control,

and similar positive metabolic effects of an LP diet are observed

in rodents (Fontana et al., 2016; Cummings et al., 2018; Laeger

et al., 2014; Maida et al., 2016).

The benefits of an LP diet may be due in part to increased en-

ergy expenditure (EE); an LP diet results in reduced weight gain

or weight loss despite increased food intake (Laeger et al., 2014).

These effects have been linked to fibroblast growth factor 21

(FGF21), a hormone secreted in response to nutrient stress
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that initiates adaptive changes in metabolism and feeding and is

induced by LP diets in mice, rats, and humans (Fontana et al.,

2016; Hill et al., 2019; Laeger et al., 2014). Increased thermogen-

esis via the FGF21-uncoupling protein 1 (UCP1) axis mediates

changes in weight and glycemic control (Feldmann et al., 2009;

Hill et al., 2017), and C57BL/6 males lacking Fgf21 show no

change in EE, weight, or food intake on an LP diet (Laeger

et al., 2014).

Calorie restriction (CR) is one of the most well-studied nutri-

tional interventions and robustly extends the lifespan and health

span of model organisms and mammals (Green et al., 2022). The

effects of CR on the health and longevity of mice vary due to ge-

netic background (strain) and sex (Liao et al., 2010;Mitchell et al.,

2016; Rikke et al., 2010). Many compounds have also been

shown to have sexually dimorphic effects on mouse lifespan

(Miller et al., 2014; Strong et al., 2008, 2016). Studies in

Drosophila and other insects have observed sex-dependent ef-

fects of dietary protein on metabolism and lifespan (Camus

et al., 2019; Jensen et al., 2015; Magwere et al., 2004; Maklakov

et al., 2008).

This led us to consider that sex and genetic background might

affect the metabolic and molecular response of mice to different

levels of dietary protein. Here, we comprehensively determined

the physiological, metabolic, and molecular impact of dietary

protein on young male and female C57BL/6J (C57) and DBA/

2J (DBA) inbred mice, young genetically heterogeneous male

and female HET3 (HET) mice, aged male and female C57 mice,

andmale and female C57mice lacking Fgf21. We selected these

strains due to the widespread use of C57 mice for previous

studies, the reputation of DBA mice as being less metabolically

responsive, and the heterogeneous genetic makeup of HET

mice, which better mimic the genetic diversity of humans and

have been extensively used in aging studies (Cheng et al., 2019).

Mice were fed one of three isocaloric diets with varying levels

of protein. We found that many of the phenotypes we

measured—such as body weight, EE, and glucose tolerance—

correlated with protein intake across sexes and strains. Howev-

er, significant changes in these responses were, for the most

part, induced only by the lowest protein diet, suggesting that

there may be a ‘‘threshold’’ of protein intake as recently sug-

gested (Wu et al., 2021). We observed the most apparent and

significant effects in C57BL/6J males, confirming our hypothesis

that the effects of dietary protein depend on both genetic back-

ground and sex.

Some effects of an LP diet were strongly dependent upon sex

and strain, including blood levels of FGF21 and changes in

adiposity and insulin sensitivity. Our molecular analyses demon-

strate that the physiological and metabolic changes we observe

are underpinned by diverse strain- and sex-dependent molecu-

lar changes. We identified gene-metabolite-lipid mega-clusters

that correlate with key phenotypes and found that with an LP

diet there was a strong relationship between EE, lipid storage,

and ketone bodies, as well as between glycemic control and

amino acid metabolism. Surprisingly, we found that blood

FGF21 levels and expression did not cluster tightly with many

metabolic and molecular phenotypes; using Fgf21�/� mice, we

determined that the effects of FGF21 are sex specific. Finally,

we found that age blunts the positive effects of an LP diet on in-

sulin sensitivity in males and EE in both males and females.
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We conclude that many aspects of the response to a reduced

protein diet in mice depend on both sex and genetic back-

ground. While a personalized medicine approach to alleviate

age-associated diseases such as diabetes and obesity is vital,

consuming less protein may be an easy and translatable way

to promote and restore metabolic health, even when started at

older ages.

RESULTS

The effect of dietary protein level on weight and body
composition is dependent on sex and genetic
background
We placed 10-week-old C57BL/6J (C57), DBA/2J (DBA), and

HET3 (HET) male and female mice on either a Control (21% cal-

ories from protein), a medium protein (MP, 14% calories from

protein), or an LP (7% calories from protein) diet (Figure 1A). All

three diets were isocaloric, as calories from fat were kept at

20%, and carbohydrates were used to replace calories from pro-

tein (Table S1).

All mice gained weight over time. As expected, LP-fed male

C57 mice gained significantly less weight than Control and

MP-fed counterparts; similarly, LP-fed HET males and DBA fe-

males gained less weight than their Control or MP-fed counter-

parts (Figures 1B and 1C). In contrast, the weight gain of C57 fe-

males, HET females, andDBAmales was not significantly altered

by reduced protein diets (Figures 1B and 1C).

Over the course of the study, we observed significant effects

of sex and strain on fat mass gain (Figure 1D) and an overall sig-

nificant effect of sex on lean mass gain (Figure 1E). LP-fed C57

males lost 0.5 g of lean mass over 13 weeks (Figure 1E), and

LP-fed DBA females gained significantly less fat mass than their

Control- and MP-fed counterparts (Figure 1D). Adiposity

increased over time in all groups except C57 females (Table

S2A). While diet did not significantly affect adiposity, three-way

ANOVA indicated a significant effect of both sex and strain on

adiposity, and a significant interaction between all three (Fig-

ure 1F). DBA males and females had the greatest final adiposity,

irrespective of diet (Table S2A). The reducedweight gain of some

LP-fed groups was not due to reduced caloric intake; male mice

of all strains and female HET mice ate more when fed an LP diet

(Figure 1G). Despite the increased food consumption of some

groups, both the MP and LP groups were protein restricted rela-

tive to Control-fed mice (Figure 1H).

Dietary protein-mediated improvements in glycemic
control depend on sex and strain
To examine the effect of dietary protein level on glucose homeo-

stasis, we performed glucose (GTT) (Figure 2A), insulin (ITT) (Fig-

ure S1), and alanine tolerance tests (ATT) (Figure S2A), and

collected fasting blood to perform a homeostasis model assess-

ment (HOMA) (Figures 2B–2E, S2B, and S2C). Glucose tolerance

was significantly improved in LP-fed C57 mice relative to Con-

trol- and MP-fed mice (Figure 2A). HET males showed a graded

response to protein intake, with improved glucose tolerance on

theMP diet, and further improvements on LP. In contrast, dietary

protein level did not affect the glucose tolerance of DBA mice or

HET females. Fasting blood glucose (FBG) followed a similar

pattern, with decreases in C57 mice and HET males (Figure 2B).
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Figure 1. An LP diet has sex- and strain-specific effects on body weight and composition

(A) Experimental plan: male and female C57, DBA, and HET mice were fed the indicated diets starting at 10 weeks of age.

(B) Weight.

(C–F) The change in weight (C), fat mass (D), lean mass (E), and adiposity (F) over the course of the experiment.

(G) Food consumption was measured in home cages after 9 weeks on diet.

(H) Calculated protein intake.

(B–H) n = 11–12 mice/group; exact n in Table S7.

(C–H) Three-way ANOVA between sex, strain, and diet groups with post hoc Benjamini-Hochberg (BH) corrected test for pairwise comparisons, *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001. p values for the overall effect of sex, strain, diet, and the interactions represent the significant p values from the three-

way ANOVA. Data are represented as mean ± SEM.
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Only LP-fed C57 males showed improved insulin sensitivity

during an ITT (Figure S1), and no groups showed significant

improvements in fasting insulin (Figure 2C). Glucose tolerance

is most directly responsive to hepatic insulin sensitivity and

pancreatic b cell function. Consistent with LP diets improving

suppression of hepatic gluconeogenesis, we saw significantly

improved alanine tolerance (Fernandes and Blom, 1974; Mu-
tel et al., 2011) in LP-fed C57 mice and HET males

(Figure S2A).

We used FBG and insulin data (Figure 2C) to determine insu-

lin resistance and fasting b cell function using the HOMA2

method (Geloneze et al., 2009; Mather, 2009; Song et al.,

2016). Consistent with our ITT data, we found that insulin sensi-

tivity was not significantly altered by MP or LP diets (Figures 2D
Cell Metabolism 34, 209–226, February 1, 2022 211
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Figure 2. Sex- and strain-dependent effects of dietary protein on glucose homeostasis and energy expenditure

(A) Glucose tolerance test (GTT) after 12 weeks on diet.

(B) Fasting blood glucose (FBG) during GTT.

(C and D) Fasting insulin (C) was determined and HOMA2-IR (D) was calculated after 6 weeks on diet.

(E) Log2 fold changes of the indicated glycemic control measures for MP- (M) and LP-fed (L) mice relative to Control-fed mice. B cell function (%B) calculated

using HOMA2, GTT1 was conducted after 3 weeks on diet, GTT2 at 12 weeks, insulin tolerance test (ITT) at 4 weeks, alanine tolerance test (ATT) at 5 weeks, FBG

from GTT2.

(F) Energy expenditure (EE).

(G) Fuel oxidation for fats and carbohydrates and protein was calculated from EE and respiratory exchange ratio (RER). Colored bars represent the proportion of

energy (in kcal) from protein and carbohydrate and black bars indicate the proportion of energy from fat oxidation.

(H) Log2 fold changes of metabolic chamber data, including EE/BW, food intake, RER, and spontaneous activity.

(A–H) Exact n for each experiment in Table S7.

(A–D, F, and G) Three-way ANOVA between sex, strain, and diet groups with post hoc BH corrected test for pairwise comparisons, *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001. p values for the overall effect of sex, strain, diet, and the interactions represent the significant p values from the three-way ANOVA.

(E andH) *p < 0.05, BH-corrected pairwise comparison for each phenotype for MP or LP diet comparedwith Control-fedmice of the same sex and strain. Data are

represented as mean ± SEM.
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and S2B), which may reflect that the Control-fed mice are

young, lean, and healthy. However, pancreatic b cell function

(HOMA2 %B) was improved significantly in LP-fed C57 males,

with a similar trend in HET males (p = 0.13) (Figure S2C). These

changes may indicate that the improved glucose tolerance of

LP-fed male C57 and HET mice may be due to a combination

of improved suppression of hepatic glucose production, as

indicated by the improved alanine tolerance, as well as

improved b cell function and insulin sensitivity (Figures S1,

S2A, and S2C).

LP diet feeding generally led to improvements in glucose ho-

meostasis across sexes and strains and was not associated

with negative effects (Figure 2E). The effect size and statistical

significance varied dramatically with sex and strain and was

strongest in C57 male and female mice and HET males.

The relationship between changes in energy
expenditure and protein intake are sex and strain
dependent
LP diets promote increased EE, which is thought to contribute to

both weight loss and improved glycemic control (Hill et al., 2017;

Laeger et al., 2014). We found an overall effect of sex and strain

on EE, with females having substantially higher EE than males,

and HET mice tending to have the lowest EE of the three strains

examined. Both male and female LP-fed C57 mice had signifi-

cantly increased EE relative to mice on the Control or MP diets

(Figure 2F). Neither the MP nor LP diets altered EE in HET or

DBA mice (Figure 2F), which was surprising as male HET mice

had both decreased weight gain and improved glycemic control

(Figures 1B and 2A). These results suggest that although EE cor-

relates with metabolic improvements in C57 mice, increased EE

may not be required for an LP diet to improve metabolic health.

In C57 males, protein intake correlated positively with body

weight change and negatively with EE, adiposity, and levels of

FGF21 (Figure S3; Table S2B). While a similar set of phenotypes

correlated with protein intake in C57 females, EE did not corre-

late with changes in body composition. EE also did not correlate

with changes in body composition in HET females, except for a

small positive correlation with adiposity (Figure S3; Table S2B).

In DBA mice, EE was negatively correlated with change in

body weight, fat, and adiposity, and in DBA females EE was

also negatively correlated with hepatic Fgf21 expression (Fig-

ure S3; Table S2B). In sharp contrast to C57 mice, in DBA males

none of these parameters correlated with protein intake. Howev-

er, all of these parameters correlated with protein intake in DBA

females, indicating a distinct sexually dimorphic response of EE

to protein intake in DBAmice (Figure S3; Table S2B). Despite the

increased EE of C57 mice, activity was largely unchanged; only

LP-fed HET females had increased activity, during the light

phase only (Figure S4A).

The respiratory exchange ratio (RER) is a measure of meta-

bolic substrate usage (Bruss et al., 2010; Farinatti et al., 2016).

As we substituted carbohydrates for protein in theMP and LP di-

ets, we anticipated that RER would increase. Using a three-way

ANOVA, we found that strain and diet played a significant role in

the response of RER, as did the interaction between sex and

strain. RER increased in LP-fed mice, reaching statistical signif-

icance in male C57 and DBA mice during the light phase (Fig-

ure S4B). Only male HET mice showed a significant change in
the proportion of energy derived from either fat or carbohy-

drate/protein (Bruss et al., 2010; Lusk, 1924) (Figure 2G). Howev-

er, the three-way ANOVA indicated a significant overall effect of

strain and diet on fat oxidation, and of sex, strain, and diet on car-

bohydrate/protein oxidation (Figure 2G). No changes in sub-

strate utilization were significant in females (Figure 2G).

Reducing dietary protein affected RER and EE similarly across

all strains and sexes, but the effect size and significance de-

pended upon on genetic background. In contrast, we observed

strain- and sex-dependent effects of dietary protein on activity

level and food intake. The effects of an LP diet on parameters

of energy balance are most striking in C57 mice and muted in

both DBA and HET mice (Figure 2H).

Correlation of phenotypic data with protein intake and
multivariate analysis indicates conserved global
changes by LP diets
Weusedmultivariate analysis to comprehensively identify strain-

and sex-dependent responses to reduced dietary protein. We

determined the calories from protein eaten by each individual

mouse and correlated it with 31 phenotypic measurements ob-

tained from each animal. We used these correlations in a heat-

map and performed hierarchical clustering on the strength and

direction of each correlation (Figure 3A; Table S2C).

High protein intake was positively correlated with glucose

intolerance (GTT area under the curve [AUC]), FBG, and body

weight across all strains and sexes. High protein intake corre-

lated negatively with EE, RER, activity, and b cell function across

both sexes and most strains. In the middle of the plot (black

outline, Figure 3A) are correlations that do not cluster well

because they vary in a sex- and strain-dependent manner. These

phenotypes include the effect of dietary protein on blood FGF21,

hepatic Fgf21 expression, final fat mass, brown adipose tissue

(BAT) weight (Figure 3B), insulin sensitivity (Figure S2), calorie

intake (Figure 1G), and change in adiposity (Figure 1F).

To determine which phenotypes contribute the most to differ-

ences between groups, we performed a principal component

analysis (PCA) with the phenotypic data. We visualized the

contribution of each phenotype to the variation seen between

mice (Figure 3C) and found that protein intake, lean mass,

FBG, andGTT AUC correlate together, and that these also corre-

lated with pancreas weight and to a lesser extent ITT AUC. Addi-

tionally, EE, activity, and RER grouped together (Figure 3C).

Intriguingly, many adiposity-related phenotypes were correlated

with circulating FGF21, including BAT weight and fasting insulin

(Figure 3C).

Both genetic background (Figure 3D) and sex (Figure 3E) influ-

enced the phenotypic response to dietary protein level. There

was limited overlap between C57 and DBA mice, whereas HET

mice, which contain both C57 and DBA alleles, overlapped

both C57 and DBA mice (Figure 3D). We saw large differences

between sexes, with greater variability in males, reflecting the

pronounced differences in the response to an LP diet between

strains (Figure 3E). The greatest contributors to PC1, which

seems to be more involved in differences in sex (x axis in Figures

3C–3E), were final fat mass, final body weight, dark and light EE,

final adiposity, and fat mass change (Table S2D). The greatest

contributors to PC2, which seems to be more related to differ-

ences in strain (y axis in Figures 3C–3E), were related to
Cell Metabolism 34, 209–226, February 1, 2022 213
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Figure 3. Correlation analysis identifies strain- and sex-dependent and independent physiological and metabolic responses to LP diet

(A) Phenotypic measurements correlated with consumption of protein (kcals) in each mouse (Pearson’s correlation) and clustered (hierarchical clustering).

Phenotypic measurements that do not cluster as well appear in the middle of the correlation plot (black outline).

(B) Selected phenotypic measurements within this black box were plotted.

(C–E) PCA on phenotypic measurements from each individual mouse.

(C) Phenotypic measurements were visualized: positively correlated variables point to the same side of the plot; negatively correlated variables point to opposite

sides of the plot. Length and color of arrows indicate contribution to the principal components.

(D and E) Individual mice visualized by (D) strain and (E) sex indicating separation between the groups along PC1 and PC2.

(A–E) n for each measurement is detailed in Table S7.

(B) Three-way ANOVA between sex, strain, and diet groups with post hoc BH-adjusted test for pairwise comparisons; *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001. p values for the overall effect of sex, strain, diet, and the interactions represent the significant p values from the three-way ANOVA. Data are

represented as mean ± SEM.
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glucoregulatory control, including insulin sensitivity, b cell func-

tion, fasting insulin, FBG, lean mass, GTT AUC, and HOMA2 IR.

Molecular responses to an LP diet are sex and strain
dependent
Due to the central role of the liver in metabolic homeostasis, in

particular glucose metabolism, and the sex- and strain-depen-

dent effect of dietary protein on glucose tolerance and hepatic

Fgf21 expression, we conducted a detailed molecular analysis

of the liver. We performed transcriptomic, metabolomic, and lip-
214 Cell Metabolism 34, 209–226, February 1, 2022
idomic analyses of the livers of C57 and DBA male and female

mice after 13 weeks on either a Control, MP, or LP diet.

At the transcriptional level, there were significant differences in

the response to an LP diet relative to sex and strain (Table S3A).

There were profound differences in the number of genes altered

by LP in each strain, e.g., the expression of almost 2,000 genes

was significantly altered by an LP diet versus Control diet in C57

males, whereas only 24 genes were altered by LP in DBA males

(Table S3B, adjusted p < 0.05). While C57 females showed fewer

altered genes than C57 males, DBA females had many more
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Figure 4. Changes in hepatic transcriptional and lipid pathways with LP diet are both sex and strain dependent

(A and B) Transcriptional differences between LP- or MP-fed mice relative to Control-fed mice.

(A) Significantly up- and downregulated pathways for each sex, diet, and strain were determined using KEGG enrichment, n = 6 per group, p < 0.05. Pathways of

interest are highlighted.

(B) Venn diagram of overlap between significant pathways, with pathways of interest highlighted.

(C) Lipid enrichment analysis between Control and LP-fed mice of each sex and strain (n = 6 per group, p < 0.05).
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genes altered by an LP diet than DBA males. There was a clear

impact of restriction level, as only 40 genes, all in C57 males,

were significantly differentially expressed in MP-fed mice (Table

S3B, adjusted p < 0.05).

We enriched significantly differentially expressed genes (unad-

justed p < 0.05) using KEGGanalysis to identify specific pathways

altered byMP and LP diets in each strain and sex (Figures 4A and

4B; Table S3C). In LP-fedC57mice, arachidonic acidmetabolism,

fatty acid degradation, and PPAR signaling pathways were all
increased (Figure 4B), which may reflect an overall shift in meta-

bolism to greater fatty acid oxidation, which is also seen in CR

(Bruss et al., 2010). This may relate to the increased circulating

FGF21 levels we see in both C57 males and females (Figure 3B),

as FGF21 promotes hepatic fatty acid oxidation through PPARa

(Badman et al., 2007). Pathways decreased in LP-fed C57 males

and females fell into three camps: amino acid and glucose meta-

bolism, cholesterol metabolism, and the immune system (Fig-

ure 4B). Interestingly, one downregulated pathway shared
Cell Metabolism 34, 209–226, February 1, 2022 215
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Figure 5. Changes in hepatic metabolic pathways with LP diet are both sex and strain dependent

(A) Significantly up- and downregulated pathways were determined using KEGG enrichment of metabolites (n = 6 per group, unadjusted p < 0.05). Dots represent

individual metabolites and color indicates log2 fold change. Matching pathways between groups are highlighted in bold with corresponding colors.

(B) Venn diagram of overlap of significant pathways, with pathways of interest highlighted.

(C) KEGG pathways present in both the transcriptional andmetabolomics analyses in Control diet versus LP diet (Tables S3C and S5C) and the overall direction of

change.

(D) LP diets produce changes across phenotypes that correlate with genes, metabolites, and lipids. Spearman’s rank order correlation matrix of a total of 831

significant observations, including phenotypic (black), transcriptomic (blue), metabolomics (green), and lipidomic (red) changes between Control and LP diet

groups. Hierarchical clustering identified 6 mega-clusters (outlined in black; Table S5E). Enriched pathways listed in Table S5F; phenotypes and pathways of

interest in each cluster are highlighted.
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between males and females, glycine, serine, and threonine meta-

bolism, has been implicated as a key metabolic hub associated

with lifespan (Aon et al., 2020). Uniquely upregulated in DBA fe-

maleswere oxidative phosphorylation, the TCA cycle, thermogen-

esis, and several amino acid pathways, while in DBA males the

lysosome, synaptic vesicle cycle, and sphingolipid metabolism

were upregulated. In C57 and DBA males, nicotinamide as well

as alanine, aspartate, and glutamate metabolisms were downre-

gulated (Table S3C). This further supports the idea that themolec-

ular mechanisms underpinning the response to an LP diet is both

sex and strain dependent and that it involves a shift in fuel

utilization.

We saw sex- and strain- dependent changes at the lipid level,

with the most in LP-fed C57 males and a few significantly altered

lipids in female C57s and male and female DBAs (Tables S4A

and S4B). Using lipid ontology (LION) enrichment on significantly

altered lipids (unadjusted p < 0.05), we found distinct lipid path-

ways altered in each sex and strain (Figure 4C; Table S4C). In

C57 males, highly unsaturated fatty acids and ceramides were

most significantly altered on an LP diet, whereas in females an

LP diet appeared to impact the lipid bilayer (Figure 4C). In DBAs,

there were changes in highly unsaturated triacylglycerols and ce-

ramides, and in males changes in sphingosines (Figure 4C).
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Sex- and strain-dependent changes were also observed in the

hepatic metabolome (Figure 5; Table S5A). While a similar number

of metabolites were significantly altered in male and female C57

mice, after adjustment for the false discovery rate, very fewmetab-

olites were altered in DBAs (Table S5B). Differentially altered me-

tabolites (unadjusted p < 0.05) were enriched for KEGG pathways

using Metaboanalyst (Figure 5A; Table S5C). As with the hepatic

transcriptome, the greatest number of altered pathways by LP

was in C57 males (Figure 5A). Arginine biosynthesis, which is

also involved in production of urea, was significantly altered in all

groups, and most strongly upregulated in C57 females.

The synthesis and degradation of ketone bodies were signifi-

cantly upregulated in C57s and female DBAs, with butanoate

(butyric acid) metabolism also increased in male C57 and female

DBAmice. This may indicate a shift toward ketogenesis, which is

interesting as ketogenic diets are typically low in both protein

and carbohydrates (Roberts et al., 2017), and the LP diet we

used here has abundant carbohydrates. FGF21 may play a

role, as it is induced by an LP (9.5% of calories from protein)

ketogenic diet and is a key regulator of ketogenesis (Badman

et al., 2007). Isoleucine restricted C57 males likewise have

elevated FGF21 and increased ketones despite high levels of

carbohydrate (Yu et al., 2021).
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Three metabolites were significantly altered in both sexes and

strains: a b-keto acid, acetoacetate; a substrate of nitrogen

metabolism, N-acetyl-ornithine; and the deoxy-sugar, rham-

nose. Interestingly, the ketone, 3-hydroxybutyrate, was

significantly upregulated in C57 males and DBA females only

(Figure 5B). Only 14% of the total metabolites significantly

altered on an LP diet in the hepatic metabolome (unadjusted

p < 0.05) appeared in both C57 and DBA mice (male or female).

One metabolite was unique to DBA mice, arginosuccinic acid,

an intermediate of the urea cycle, which was downregulated

(Table S5D). In male C57 and DBA mice tetradecanoylcarnitine,

O-phosphoethanolamine and tetradecadienyl-L-carnitine were

upregulated and glycylproline, allantoin, D-glucose and glycerol

3-phosphate were downregulated, which may indicate a shift in

energy metabolism on an LP diet (Table S5D).

We identified pathways that were enriched in KEGG for both

the hepatic transcriptome and metabolome (Figure 5C). The

most overlap was found in LP-fed C57 males; arginine biosyn-

thesis, D-glutamine and D-glutamate metabolism, nitrogen

metabolism, nicotinate and nicotinamide metabolism, and gluta-

thione metabolism were broadly downregulated in the liver. In

some cases, the transcriptome and metabolome did not agree

as to the direction of change; this effect has been seen previ-

ously and may indicate that the transcriptional downregulation

of catabolic genes is leading to an accumulation of metabolites

(Neinast et al., 2019). This pattern is observed in glycine, serine,

and threonine metabolism as well as butanoate metabolism.

Only one overlapping pathway, pyrimidine metabolism, was

observed in C57 females, and no overlapping pathways were

observed in DBA males or females.

To determine the potential relationships between molecular

changes and whole-organism physiology and metabolism, we

constructed a correlation matrix using the phenotypic, transcrip-

tomic, metabolomic, and lipidomic data. First, we identified the

statistically significant changes in gene expression, metabolite

levels, and lipid levels induced by an LP diet in each group

(e.g., C57males); this approach ensures that strain-specific phe-

notypes unrelated to protein intake did not affect our results.

Concatenating all the statistically significant changes from

each group with the phenotypic data from each individual animal

gave us a total of 831 inputs, including 83 metabolites, 623 tran-

scripts, 79 lipids, and 46 phenotypes. Spearman’s correlation

coefficients were then calculated for 831 3 831 = 690,561

pairwise comparisons and then were rendered by hierarchical

clustering (based on 1 – correlation coefficient between all mol-

ecules), ultimately settling on 6 clusters with an average cluster

occupancy of 139 measures (Table S5E).

We enriched genes, metabolites, and lipids for pathways in

each cluster and related these to the corresponding cluster phe-

notypes (Table S5F). While these results are based on correla-

tions and are not necessarily causative, they are consistent

with a broad reprogramming of hepatic metabolism by an LP

diet, and link specific molecular and metabolic processes in

the liver directly to the phenotype. As proof of the validity of

this approach, calorie intake on an LP diet correlated with

changes in macronutrient metabolism at all -omics levels (Fig-

ure 5D, cluster 2).

Hepatic expression of Fgf21 and circulating levels of FGF21

both clustered with thermogenesis, mammalian target of rapa-
mycin (mTOR) signaling, and arginine biosynthesis (Figure 5D,

cluster 5). Genes in this cluster were enriched with the regulatory

motif for the transcription factor c-Myc, which is reported to be

regulated by FGF21 (Liu et al., 2015). FGF21 is essential for

LP-induced increases in EE in C57 males, promotes lipid oxida-

tion (Chalvon-Demersay et al., 2019), and has been linked to

mTORC1 signaling (Cornu et al., 2014; Gong et al., 2016; Minard

et al., 2016). The correlation with arginine biosynthesis may be

related to the role of arginine as a regulator of mTORC1 activity

(Chantranupong et al., 2016), or due to the effect of arginine on

mitochondrial biogenesis and whole-body oxidation (McKnight

et al., 2010). Intriguingly, FGF21 did not cluster with EE; instead,

dark and light EE clustered with genes and metabolites in which

KEGG and GO terms for thermogenesis, oxidative phosphoryla-

tion, and ribosome were overrepresented, as well as enrichment

for metabolites related to cystine and methionine metabolism

(Figure 5D, cluster 3).

Several phenotypes associated with glucose homeostasis

correlated with lysosomal gene expression as well as the meta-

bolism of cystine and methionine; glycine, serine, and threonine

metabolism; and branched-chain amino acid (BCAA) meta-

bolism (Figure 5D, cluster 4). Both BCAAs and methionine have

been linked to the regulation of blood glucose for many years

(Felig et al., 1969; Lees et al., 2017; Lynch and Adams, 2014;

Yu et al., 2018), but lysosomal gene expression and glycine,

serine, and threonine metabolism have not been. Intriguingly,

recent work has identified glycine, serine, and threonine meta-

bolism as a key metabolic hub associated with lifespan (Aon

et al., 2020); lysosomal signaling has likewise been linked to

longevity (Lapierre et al., 2013; Wang et al., 2017).

Adiposity and insulin resistance clustered with genes involved

in BCAA degradation (Figure 5D, cluster 6). This connection is

logical, as we and others have shown that dietary BCAAs

regulate weight, body composition, and insulin resistance (Cum-

mings et al., 2018; Fontana et al., 2016; Jang et al., 2016; New-

gard et al., 2009; Yu et al., 2021). This cluster was also strongly

associated with phenylalanine metabolism, which is thought to

reduce food intake through promoting satiety and improved

glucose tolerance (Alamshah et al., 2017).

Fgf21 regulates some of the responses to a low-protein
diet in a sex-dependent manner
LP diets induce FGF21, and deletion of either Fgf21, its receptor,

or the upstream amino acid sensor Gcn2 attenuates the meta-

bolic impact of an LP diet (Hill et al., 2017, 2019; Laeger et al.,

2014, 2016). However, most studies of FGF21 and LP diets

were conducted in C57 males, and as described above, we

find that the response of FGF21 to an LP diet is strain dependent

and sexually dimorphic. While both hepatic Fgf21 expression

and FGF21 blood levels cluster with insulin resistance, FGF21

does not cluster with many other LP-induced metabolic pheno-

types. This suggested to us that FGF21 may not be directly

linked to all the metabolic benefits of an LP diet.

We placed wild-type (WT) and Fgf21�/� (FGF21 KO) mice on a

C57 background on Control or LP diets and examined how sex

and genotype impacted the metabolic response to an LP diet

(Figure 6A). WT males gained less weight on an LP diet than on

a Control diet, but deletion of Fgf21 blunted this effect (Figures

6B–6D). The effect of FGF21 on male weight gain was driven
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Figure 6. FGF21 is responsible for some, but not all, metabolic changes on an LP diet

(A) Experimental plan (n for each phenotype in Table S7).

(B and C) Weight of male (B) and female (C) mice.

(D–G) Change in weight (D), lean mass (E), fat mass (F), and adiposity (G).

(legend continued on next page)
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by increased lean mass gain in LP-fed FGF21 KO mice, and not

by changes in fat accretion or adiposity (Figures 6E–6H). In fe-

males, therewas no effect of an LP diet onweight gain (Figure 6I).

However, loss of Fgf21 reduced leanmass gain and fat accretion

regardless of diet (Figures 6J and 6K). There was an overall effect

of an LP diet on female adiposity (Figures 6L and 6M).

FGF21 reportedlymediates LP-induced increases in food con-

sumption and EE (Chalvon-Demersay et al., 2019), and we

observed that WT males, but not FGF21 KO males, have

increased EE and food consumption when fed an LP diet (Fig-

ures 6N and 6O). In females, we did not observe a clear effect

on food consumption; food intake in LP-fed WT females was

mildly increased, while FGF21 KO females on a Control diet

had greater consumption than WT females, which was

decreased by LP diet feeding (Figure 6P). Female FGF21 KO

mice had lower EE regardless of diet (Figure 6Q).

We performed glucose, insulin, and ATTs (Figures S5A–S5F).

As expected, an LP diet improved glucose tolerance in WT

mice but as previously reported (Hill et al., 2019), the effect of

an LP diet was blocked in FGF21 KO mice (Figures S5A and

S5D). FGF21 KO mice of both sexes had decreased insulin

sensitivity, regardless of diet (Figures S5B and S5E). Alanine

tolerance, which is reflective of hepatic gluconeogenesis from

L-alanine (Fernandes and Blom, 1974; Mutel et al., 2011), was

improved by an LP diet in both sexes and genotypes (Figures

S5C and S5F), suggesting that an LP diet improves hepatic insu-

lin sensitivity via an FGF21-independent mechanism. This

agrees with our clustering analysis (Figure 5D) and our recent

finding that restriction of isoleucine promotes hepatic insulin

sensitivity via a FGF21-independent mechanism (Yu et al., 2021).

We correlated the protein intake of each individual mouse with

its phenotypic measurements and performed hierarchical clus-

tering on the correlation coefficients (Figure 6R). Phenotypes

such as weight change, lean change, and AUC for ATTs corre-

lated positively with protein intake, while EE and activity levels

were negatively correlated; many of these relationships were

maintained to some degree in FGF21 KO males, but several

were flipped (Figure 6R). In females, the correlation of these phe-

notypes with protein intake was also flipped in several instances,

including AUC for GTTs and ITTs, and calorie intake; additionally,

deletion of Fgf21 in females promoted adiposity as protein

decreased (Figure 6R). The response of total calories to protein

intake flipped in response to genotype, but not sex (Figure S5G).

While the relationship between protein intake and phenotypes

such as weight change was sexually dimorphic and FGF21 inde-

pendent (Figure 6S), others such as EE (Figure 6T) and adiposity

(Figure S5H) have a sexually dimorphic response, being depen-

dent upon FGF21 in males, but not females. Some phenotypes,

such FBG and ATT AUC, were totally independent of both sex
(H) Body composition was determined at diet start and 13 weeks later.

(I–L) In female WT and Fgf21�/� mice, we measured the change in weight (I), lea

(M) Body composition was determined at diet intervention start and 13 weeks la

(N and O) Food consumption (N) (at 3 weeks) and energy expenditure (EE, dark

(P and Q) Food consumption (P) and EE (dark phase) (Q) of females.

(R) Phenotypes were correlated with protein intake using Pearson’s correlation.

(S and T) Correlations with regression lines calculated from (R) to examine the rela

(dark phase); p values in Table S6.

(B–G, I–L, and N–Q) Two-way ANOVA for significant differences between sex and

***p < 0.001, and ****p < 0.0001. Data are represented as mean ± SEM.
and genotype (Figures S5I and S5J; Table S6). These unique re-

lationships tended to appear in different mega-clusters

(Figure 5D).

Aging blunts the sex-dependent metabolic impact of a
low-protein diet
While an LP diet has generally favorable effects on glycemic con-

trol, weight, and EE in youngmice, there is a great need for inter-

ventions that can start later in life. Protein requirements are

thought to change with age; and aged mice have been shown

to maintain a memory of early life nutrition (Hahn et al., 2019;

van Dijk et al., 2017).

To determine if LP diets are effective later in life, we placed

aged (21–22 months) male and female C57BL/6J.Nia mice

from the NIA Aging Rodent Colony on either Control or LP diets

(Figure 7A). While aged female mice maintained their weight on

an LP diet, aged male mice switched to the LP diet lost weight,

primarily due to a significant loss in lean mass, although fat

mass also trended downward (Figures 7B–7F). There was a strik-

ing effect of sex on both change in fat mass and change in

adiposity, in which aged males lose over time and females gain

(Figures 7G and 7H).

Despite losing weight, aged LP-fed males had higher food

intake (Figure 7I), similar to what we observed in young C57s

(Figure 1H). Surprisingly, an LP diet did not increase EE in

aged mice (Figure S6A), whereas a significant increase was

seen in LP-fed young mice (Figure 2F). In both sexes RER was

increased in the dark phase with LP feeding (Figure S6B), but

as with their young counterparts, little change was seen in activ-

ity (Figure S6C). This may account for the increase in adiposity

seen in aged females fed an LP diet but does not explain the

weight loss seen in males.

Both aged males and females fed the LP diet had improved

glucose tolerance (Figure 7J). In contrast to young males, LP-

fed aged males do not have improved insulin sensitivity (Fig-

ure 7K). We correlated phenotypic parameters with level of

protein in the diet and compared this with the results previously

determined in young C57mice. In general, young and agedmice

had similar phenotypic responses to an LP diet (Figure 7L). How-

ever, in young C57 females, fat mass and adiposity correlate

negatively with protein intake, while the opposite is true in young

male C57 mice. In aged C57 female mice, the response of these

parameters to an LP diet is blunted, with old female mice re-

sponding more similarly to aged males (Figure 7L).

DISCUSSION

‘‘A calorie is not just a calorie,’’ and the macronutrient compo-

sition of the diet may be just as important in determining health
n mass (J), fat mass (K), and adiposity (L).

ter.

phase, 7–9 weeks) (O) of males.

tionship between sex, genotype, and protein intake with weight change and EE

diet and significant interactions with post hoc Sidak test, *p < 0.05, **p < 0.01,
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Figure 7. Aged C57BL/6 male and female mice have improved glycemic control on an LP diet

(A) Experimental plan.

(B and C) Weight of male (B) and female (C) mice.

(D–G) Change in weight (D), fat mass (E), lean mass (F), and adiposity (G).

(H) Body composition was determined at diet intervention start and 14 weeks later.

(I) Food consumption.

(J and K) GTT (J) and ITT (K) after 9 and 10 weeks on diet, respectively.

(L) Phenotypes were correlated with protein intake using Pearson’s correlation and compared with young C57 mouse data (shown in Figures 1 and 2), Y, young;

O, old.

(B–K) n for each phenotype in Table S7. Two-way ANOVA between sex and diet with post hoc Sidak test for pairwise comparisons, *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001. Data are represented as mean ± SEM.
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as how many calories are consumed. An important role for di-

etary protein in human metabolic health has been suggested

by both retrospective and prospective cohort studies (Lagiou

et al., 2007; Levine et al., 2014; Sluijs et al., 2010; Vergnaud

et al., 2013), and we recently demonstrated that protein restric-

tion (PR) improves human metabolic health (Fontana

et al., 2016).
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Several groups have shown that dietary protein is an important

regulator of metabolic health in mice (Fontana et al., 2016;

Laeger et al., 2014; Solon-Biet et al., 2014, 2015). However,

the majority of these studies have characterized the response

to dietary protein exclusively in C57BL/6J males, and recent

work has highlighted that sex and genetic background impact

the response to nutritional interventions (Green and Lamming,
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2021). The high interpersonal variability of humans in response to

diets has been attributed in part to genetic variation (Bashiardes

et al., 2018; Zeevi et al., 2015).

Here, we have performed the first comprehensive analysis

of the impact of sex and strain on the response to dietary

levels of protein. Broadly, we have found that there are strain-

and sex-dependent effects of an LP diet. In the strains we

examined, the metabolic response to an LP diet is sexually

dimorphic, with both C57 and HET males responding more

strongly than their female counterparts; this is flipped in DBA

mice, with DBA females responding more strongly than

DBA males.

The response to dietary protein was not linear, and in combi-

nation with the work of others suggests that there is a threshold

at which PR no longer exerts its effects (Wu et al., 2021). This is

particularly apparent in C57 mice, with the phenotypes and liver

transcriptome of mice fed a MP diet (14% protein) being virtually

indistinguishable from those of mice fed a Control diet (21% pro-

tein). This threshold may be strain dependent, as a MP diet did

improve the glucose tolerance of HETmales and also decreased

weight gain and increased food intake. LP-fed HETmales did not

increase their EE but did alter their fuel source utilization, which in

humans has been linked to weight changewithout changes in EE

(Zurlo et al., 1990).

Across all strains and sexes, lean mass, GTT AUC, ITT AUC,

FBG, and body weight all generally increased with increasing

protein in the diet. In contrast, RER, EE, and activity levels

decreased as dietary protein intake increased across strains

and sexes. This indicates that despite the genetic variation be-

tween these strains of mice, dietary protein has many broadly

conserved negative effects on the metabolic health of mice—

just as it does in humans, where higher consumption of dietary

protein is linked to diabetes.

A number of phenotypes, including blood FGF21, hepatic

Fgf21 expression, fat mass, adiposity, insulin sensitivity, and

fasting insulin, had a more varied response to dietary protein

level in different strains and sexes. LP diets increased FGF21

only in C57 mice, and only male C57 mice had increased hepatic

Fgf21 expression on an LP diet. Our finding is in agreement with

recent work showing reduced induction of FGF21 by an LP diet in

intact females as compared with males or ovariectomized fe-

males (Larson et al., 2017). DBA and HET mice, including those

sexes that had improved metabolic health on an LP diet, did not

show increased levels or expression of FGF21 on LP. Indeed,

across strains and sexes, our phenotypic correlation and multi-

omics analyses in Figures 3 and 5 find that although FGF21 level

and hepatic expression correlate with fasting insulin, b cell func-

tion, and HOMA2-IR, and cluster with thermogeneic genes and

metabolites, many other phenotypes we observed do not corre-

late as strongly with FGF21. Interestingly, FGF21 did cluster with

mTOR signaling (Figure 5D), which supports previous work indi-

cating that FGF21 modulates mTORC1 activity (Gong et al.,

2016). Biosynthesis of arginine, a key agonist of mTORC1, was

also found in this cluster (Chantranupong et al., 2016; Wang

et al., 2015).

We examined the effect of Fgf21 deletion on the response to

dietary protein in C57 mice of both sexes. In males, our findings

confirmed an important role for FGF21 in themetabolic response

to an LP diet, including the LP-induced increase in food intake
and EE (Hill et al., 2019; Laeger et al., 2014). FGF21 is not as

strongly induced by an LP diet in C57 females, and our study

of female Fgf21�/� mice yielded some surprising results. We

identified FGF21-dependent and independent responses to an

LP diet in both sexes. Female Fgf21�/� mice maintained a lower

body mass regardless of diet, possibly due to slightly lower

adiposity, and lean mass gain was blunted in Control-fed female

Fgf21�/� mice (Figures 6C and 6J). The well-characterized

FGF21-dependent increase in EE and food consumption in LP-

fed mice was observed only in males (Figures 6O and 6Q), and

loss of Fgf21 completely ablated the relationship between EE

and protein intake in males, but not females (Figure 6T).

We conclude that while FGF21 plays an important role in the

metabolic response to an LP diet, some effects of an LP diet,

particularly in females, are FGF21 independent. Thus, the spe-

cific role of FGF21 in many LP-diet-induced phenotypes varies

by sex. Investigation of the role of FGF21 in both sexes and in

genetic backgrounds other than C57 mice will likely be highly

useful in understanding the role of FGF21 in the response to

an LP diet, particularly with regards to phenotypes that do

not cluster with FGF21, including EE, hepatic gluconeogenesis

(glucose and alanine tolerance, and FBG) and ketogenesis, and

adiposity.

EE clustered with genes and metabolites in which KEGG and

GO terms for thermogenesis, oxidative phosphorylation, and

ribosome were overrepresented (Figure 5D, cluster 3). We also

found an enrichment for metabolites related to cysteine and

methionine metabolism, and ketone metabolism. While methio-

nine restriction (MR) has metabolic benefits similar to those of

an LP diet, the effects examined here do not result from MR.

All our diets were supplemented with additional methionine as

is common for rodent diets (Reeves et al., 1993); the 7% LP

diet used here contained a total of 1.9 g/kg methionine, signifi-

cantly greater than the levels typically used in MR studies (Hasek

et al., 2010; Miller et al., 2005; Wanders et al., 2017; Yu et al.,

2018). Further, hepatic levels of methionine were not significantly

altered by LP feeding in C57BL/6J males and DBA/2J mice of

either sex. Finally, many effects of MR are blocked by the pres-

ence of cysteine (Wanders et al., 2016), which is present in

our diets.

FGF21 has been identified as a key regulator of ketogenesis

(Badman et al., 2007; Domouzoglou and Maratos-Flier, 2011).

The increased synthesis of ketones in LP-fed mice suggests

that these may be an important fuel source despite the high

levels of dietary carbohydrate. Ketogenesis is regulated by he-

patic mTORC1 (Sengupta et al., 2010), and LP-fed mice have

reduced mTORC1 activity (Lamming and Bar-Peled, 2019;

Lamming et al., 2015; Solon-Biet et al., 2014). mTORC1 regu-

lates numerous cellular processes, including translation and

ribosome biogenesis, processes that are enriched in cluster 3.

The role of ketogenesis, which has positive effects on health

span and aging in mice and the metabolic benefits of LP diets

may be an important area for future research (Roberts

et al., 2017).

Other changes that relate to health may provide clues for

future research. Insulin sensitivity, a hallmark of metabolic health

was strongly related to lysine and arginine transport, purine

metabolism, nicotinamide metabolism, and lipid bilayer diffusion

in the liver. Nicotinamide and purine metabolism are key factors
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in NAD+ metabolism, which has been linked to metabolic health

in both mice and humans (Banks et al., 2008; Connell et al.,

2019). The regulation of hepatic NAD+ metabolism may

contribute to the effects of protein on hepatic insulin sensitivity.

Intake of L-arginine has been associated with the salvage of pu-

rines (such as adenosine) and is thought to be involved in

salvaging these molecules for ATP regeneration (Kocic et al.,

2012). As dysregulation of ATP generation and inefficient nutrient

oxidation in the mitochondria may be a central cause of insulin

resistance (Petersen et al., 2004; Ritov et al., 2005), this may indi-

cate that reorganization of amino acid metabolic pathways on an

LP diet may contribute to improvements in insulin sensitivity.

Finding strategies to combat or reverse diabetes and obesity

is of the utmost importance as the population ages. Mid-life in-

terventions are likely to be of use to a much broader population

than interventions that are effective only early in life. While the

impact of an LP diet in aged mice was somewhat blunted, an

LP diet still promoted metabolic health in both sexes. While we

and others have observed that LP diets started early in life can

extend the lifespan and health span of male mice (Richardson

et al., 2021; Solon-Biet et al., 2014), we find that late-life initiation

of an LP diet leads to a loss of lean mass in males. Lean mass

loss in humans is associated with sarcopenia and frailty, and

increasing—not decreasing—dietary protein has been investi-

gated as a way of combating sarcopenia and frailty the elderly

(Beasley et al., 2013; Paddon-Jones and Rasmussen, 2009;

Paddon-Jones et al., 2008). A recent retrospective analysis of

age-specific mortality in mice found that lower protein consump-

tion was associated with decreased age-specific mortality up to

middle age, but that higher protein consumption was associated

with decreased mortality in later life (Senior et al., 2019). Thus,

there may be drawbacks to late-life initiation or continuation of

LP diets, at least in certain sexes and age groups.
Limitations of study
Limitations of our work include the relatively short length of the

studies; the use of lean, young, and healthymice; and the limiting

of our aged and FGF21 KO studies to C57 mice. Our molecular

analysis was limited to the liver, and while this is the first organ

to be exposed to absorbed nutrients, dietary protein has direct

effects on multiple tissues. Our mega-cluster analysis linking

molecular and phenotypic data are based on correlations, and

while the broad strokes of our analysis make biological sense

and are backed up by our follow-up studies on Fgf21, additional

research will be required to determine which of the molecular

changes we have identified are causative, particularly the rela-

tionship between FGF21, ketogenesis, and changes in

metabolism.

Our diets are based on whey rather than casein; however, LP

studies conducted with either protein source have found broadly

similar effects (Fontana et al., 2016; Laeger et al., 2014; Maida

et al., 2016, 2017). To keep diets isocaloric, the removal of die-

tary protein was balanced by addition of carbohydrates, and

while changes in protein likely drive the metabolic responses

to an LP diet, the protein to carbohydrate ratio, the type of dietary

carbohydrate consumed, and diet-induced changes to the mi-

crobiome may also play a role (Hu et al., 2018; Solon-Biet

et al., 2014, 2015, 2016; Speakman et al., 2016;Wali et al., 2021).
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Our results suggest that while an LP diet across the genetically

heterogeneous human population is likely to be broadly benefi-

cial, as we and others have observed (Fontana et al., 2016; Lev-

ine et al., 2014; Sluijs et al., 2010), only a subset of individuals will

have a strongly favorable response. Identifying genomic regions

and alleles that control the metabolic response to an LP diet will

therefore not only help unlock new molecular mechanisms to

promote metabolic health but will enable a ‘‘food as medicine’’

approach to prevent and treat diabetes and obesity. Under-

standing how sex and genetic background dictate the response

to nutritional interventions is key to translating these interven-

tions to the clinic. In addition, disentangling these differences

will help us to better understand the pathways which mediate

the benefits of an LP diet, with a view to producing personalized

nutritional interventions based on genetic background.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

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

TRI reagent Sigma T9494

SYBR Green Thermo Fisher Scientific 4309155

DreamTaqDNA Polymerase Thermo Fisher Scientific EP0705

Superscript III Reverse Transcriptase Thermo Fisher Scientific 18080085

Critical commercial assays

Ultra-sensitive mouse insulin ELISA Crystal Chem Cat# 90080; RRID:AB_2783626

Mouse/Rat FGF-21 Quantikine ELISA Kit R&D Systems Cat# MF2100; RRID:AB_2783730

Deposited data

Raw and analyzed RNAseq data This paper GEO: GSE181301; Table S5

Lipidomics This paper Table S9

Metabolomics This paper Table S11

Experimental models: Organisms/strains

Mouse strain: C57BL6/J

(Male and Female)

The Jackson Laboratory Cat# JAX:000664;

RRID: IMSR_JAX:000664

Mouse strain: DBA2/J

(Male and Female)

The Jackson Laboratory Cat# JAX: 000671;

RRID: IMSR_JAX:000671

Mouse strain: UM-HET3

(Male and Female)

This paper F2 progeny of (BALB/cJ x

C57BL/6J) mothers and

(C3H/HeJ x DBA/2J) fathers

Mouse strain: BALB/cJ (Female) The Jackson Laboratory Cat# JAX: 000651;

RRID: IMSR_JAX:000651

Mouse strain: C3H/HeJ (Female) The Jackson Laboratory Cat# JAX: 000659;

RRID: IMSR_JAX:000659

Mouse strain: C57BL6/J.Nia

(Male and Female)

NIA Aged Rodent Colony C57BL/6J.Nia

Mouse strain: Fgf21 loxP/loxP The Jackson Laboratory (Schwenk

et al., 1995; Potthoff et al., 2009)

Cat# JAX:022361;

RRID: IMSR_JAX:022361

Mouse strain:C57BL/6J; Fgf21D/D Lamming Laboratory (Yu et al., 2021) N/A

Oligonucleotides

Mouse FGF21 genotyping WT F: ACC

CCCTGAGCATGGTAGA

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

stockNumber=033846&protocolID=37478

Mouse FGF21 genotyping mutant F: CAG

ACCAAGGAGCACAGACC

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

stockNumber=033846&protocolID=37478

Mouse FGF21 genotyping common R: GC

AGAGGCAAGTGATTTTGA

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

stockNumber=033846&protocolID=37478

Mouse Cre genotyping common F: GAAC

CTGATGGACATGTTCAGG

(Yu et al., 2019) N/A

Mouse Cre genotyping common R: AGT

GCGTTCGAACGCTAGAGCCTGT

(Yu et al., 2019) N/A

Actb: F: ACCTTCTACAATGAGCTGCG (Fontana et al., 2016) N/A

Actb: R: CTGGATGGCTACGTACATGG (Fontana et al., 2016) N/A

Fgf21: F: CAAATCCTGGGTGTCAAAGC (Fontana et al., 2016) N/A

Fgf21: R: CATGGGCTTCAGACTGGTAC (Fontana et al., 2016) N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

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

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

R (Version 3.4.3) N/A https://www.r-project.org/

MyGene package N/A https://www.bioconductor.org/packages/

release/bioc/html/mygene.html

Factoextra package (Kassambara and Mundt, 2020) https://cran.r-project.org/web/

packages/factoextra/index.html

missMDA package N/A https://cran.r-project.org/web/

packages/missMDA/index.html

LION/web (Molenaar et al., 2019) http://www.lipidontology.com/

Limma package (Ritchie et al., 2015) https://bioconductor.org/packages/

release/bioc/html/limma.html

Other

Normal Chow Purina Cat# 5001

Mouse diets (See Table S1) 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
d The accession number for the hepatic RNAseq gene expression data reported in this paper can be obtained fromGene Expres-

sion Omnibus (GEO) (GEO: GSE181301).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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).

Young female and male C57BL/6J (#000664) DBA/2J (#000671) mice were purchased from The Jackson Laboratory (Bar Harbor,

ME, USA) at nine weeks of age, acclimatized on chow diet Purina 5001 (Purina Mills, Richmond, IN, USA) for one week before exper-

iment start, and housed 2 per cage. HET3 mice are the F2 progeny of (BALB/cJ x C57BL/6J ) mothers and (C3H/HeJ x DBA/2J) fa-

thers; female BALB/cJ (#000651), male C57BL/6J (#000664), female C3H/HeJ (#000659) and male DBA/2J (#000671) were obtained

from The Jackson Laboratory and bred to produce heterogeneous HET3 F2 mice. Mice were acclimatized on chow diet Purina 5001

for one week before experiment start and housed 2-3 per cage. All mice were maintained at a temperature of approximately 22�C,
and health checks were completed on all mice daily.

Aged C57BL/6J.NIA mice maintained with ad libitum access to NIH 31 diet were obtained from the NIA Aged Rodent Colony and

then group housed locally with ad libitum access to Purina 5001 diet prior to experiment start.

To generate 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 crossedwith C57BL/6Jmice 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,
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hold at 4�C. PCR was performed using DreamTaq DNA Polymerase (Thermo Fisher Scientific, EP0705) according to insert

instructions.

At the start of the experiment, mice were randomized to receive either the 21% (TD.180161), 14% (TD.180141), or 7% (TD.10192)

protein diet; all diets were obtained from Envigo. Dietary protein was primarily derived from whey, with a minor amount derived from

corn, and supplemental L-methionine added, as is common for whey or casein based diets as they have low levels of sulfur amino

acids (The Journal of Nutrition, 1977; Reeves, 1997; Reeves et al., 1993).Within the diet series, calories fromprotein were replaced by

calories from carbohydrates, while calories from fat were held fixed at 20%,making the diets isocaloric (3.6 Kcal/g). Full diet descrip-

tions, compositions and item numbers are provided in Table S1. The randomization ofmicewas performed at the cage level to ensure

that all groups had approximately the same initial starting weight and body composition. The number of animals in each group used

for each experiment is listed in Table S7. Mice were housed in a SPFmouse facility in static microisolator cages, except when tempo-

rarily housed in a Columbus Instruments Oxymax/CLAMS metabolic chamber system. Mice were housed under a 12:12 h light/dark

cycle with free access to food and water, except where noted in the procedures below.

METHOD DETAILS

In vivo procedures
Glucose, insulin, and alanine tolerance tests were performed by fasting themice overnight for 16 hours and then injecting glucose (1 g

kg�1), insulin (0.75 U kg-1) or alanine (2 g kg-1) intraperitoneally (i.p.) (Bellantuono et al., 2020; Yu et al., 2018). For glucose stimulated

insulin secretion, 2 g kg�1 was used. Glucose measurements were taken using a Bayer Contour blood glucose meter (Bayer, Lev-

erkusen, Germany) and test strips. Mouse body composition was determined using an EchoMRI Body Composition Analyzer

(EchoMRI, Houston, TX, USA). For assay of multiple metabolic parameters [O2, CO2, food consumption, respiratory exchange ratio

(RER), energy expenditure] and activity tracking, mice were acclimated to housing in a Oxymax/CLAMS metabolic chamber system

(Columbus Instruments) for �24 h and data from a continuous 24 h period was then recorded and analyzed. Food consumption in

home cages was measured by moving mice to clean cages, filling the hopper with a measured quantity of fresh diet in the morning

andmeasuring the remainder in themorning 3-6 days later. The amount was adjusted for the number of mice per cage, the number of

days that passed and the relative weights of themice (i.e., heavier mice were credited with a larger relative portion of the food intake).

Micewere euthanized by cervical dislocation after an overnight (16h) fast and tissues for molecular analysis were flash-frozen in liquid

nitrogen or fixed and prepared as described below.

Assays and kits
Blood for fasting insulin and FGF21 was obtained following an overnight fast. Plasma insulin was quantified using a ultra-sensitive

mouse insulin ELISA kit (90080), from Crystal 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).

Quantitative PCR
Liver was extracted with Trireagent (Sigma, St Louis, MO, USA). Then, 1 mg of RNA was used to generate cDNA (Superscript III; In-

vitrogen, Carlsbad, CA, USA). Oligo dT primers and primers for real-time PCRwere obtained from Integrated DNA Technologies (IDT,

Coralville, IA, USA). Reactions were run on a StepOne Plusmachine (Applied Biosystems, Foster City, CA, USA) with Sybr Green PCR

Master Mix (Thermo Fisher Scientific, Waltham, MA). Actin was used to normalize the results from gene-specific reactions. Primer

sequences can be found in the key resources table.

Transcriptomic analysis
RNAwas extracted from liver as previously described (Cummings et al., 2018). The concentration and purity of RNA was determined

using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and RNA was diluted to 100-400 ng/ml for

sequencing. The RNA was then submitted to the University of Wisconsin-Madison Biotechnology Center Gene Expression Center

& DNA Sequencing Facility, and RNA quality was assayed using an Agilent RNA NanoChip. RNA libraries were prepared using

the TruSeq Stranded Total RNA Sample Preparation protocol (Illumina, San Diego, CA) with 250ng of mRNA, and cleanup was

done using RNA Clean beads (lot #17225200). Reads were aligned to the mouse (Mus musculus) with genome-build GRCm38.p5

of accession NCBI:GCA_000001635.7 and expected counts were generated with ensembl gene IDs (Zerbino et al., 2018).

Analysis of significantly differentially expressed genes (DEGs) was completed in R version 3.4.3 (R Core Team, 2017) using edgeR

(Robinson et al., 2010) and limma (Ritchie et al., 2015) . Gene names were converted to gene symbol and Entrez ID formats using the

mygene package. Initially, 51,912 transcripts were identified across all Genes with zero counts per million (cpm) in six or more indi-

viduals were removed, leaving 17,575 transcripts. To reduce the impact of external factors not of biological interest that may affect

expression, data was normalized to ensure the expression distributions of each sample are within a similar range. We normalized

using the trimmed mean of M-values (TMM), which scales to library size. Heteroscedascity was accounted for using the voom func-

tion, DEGs were identified using an empirical Bayes moderated linear model, and log coefficients and Benjamini-Hochberg (BH)

adjusted p-values were generated for each comparison of interest (Benjamini and Hochberg, 1995). DEGs were used to identify en-

riched pathways, both Gene Ontology (for Biological Processes) and KEGG enriched pathways were determined for each contrast.

All genes, log2 fold-changes and corresponding unadjusted and Benjamini-Hochberg adjusted p-values can be found in Table S3A.
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Metabolomic analysis
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 140,000 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,

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. Data were analyzed using the MAVEN software.

Metabolite intensities were normalized and rescaled to mean=0 and standard deviation=1. To detect significantly differentially ex-

pressed metabolites between treatment groups, an empirical Bayes moderated linear model was fitted to each metabolite. The

empirical Bayes approach shrinks the estimated sample variances by borrowing information from across metabolites. Fold changes

were estimated using contrasts between each control group and its LP counterpart (e.g. Male C57 Control vsMale C57 LP). P-values

for each comparison were adjusted using the Benjamini-Hochberg (BH) procedure using a FDR of 5% (Benjamini and Hochberg,

1995). Pathway analysis was conducted using unadjusted p-values significant for each contrast (p<0.05), and enriched using

KEGG in Metaboanalyst (version 4.0), significant pathways can be seen in Table S5C. All genes, log2 fold-changes and correspond-

ing unadjusted and Benjamini-Hochberg adjusted p-values can be found in Table S5A.

Lipidomics analysis
Approximately 10mg of liver tissue was transferred to labeled bead-mill tubes (1.4 mm, MoBio Cat# 13113-50) where lipids were ex-

tracted in a solution of 250 mL PBS, 225 mLMeOH containing internal standards (Avanti SPLASH LipidoMix (Lot#12) at 10 mL per sam-

ple) and 750 mL MTBE (methyl tert-butyl ether). The sample was homogenized in five 30 s cycle using the TissueLyzer followed by a

rest on ice for 15 minutes. After centrifugation at 16,000 g for 5 minutes at 4 �C, 500 mL of the upper phases were collected and evap-

orated to dryness under a gentle nitrogen stream at room temperature. Lipid samples are reconstituted in 150 mL IPA and transferred

to an LC-MS vial with insert (Agilent 5182-0554 and 5183-2086) for analysis. Concurrently run are a process blank sample and pooled

quality control (QC) sample. The pooled QC was prepared by taking equal volumes (�10 mL) from each sample after final

resuspension.

Lipid extracts were separated on aWaters Acquity UPLC CSHC18 1.7 mm2.1 x 100mm columnmaintained at 65 �C connected to

an Agilent HiP 1290 Sampler, Agilent 1290 Infinity pump, equipped with an Agilent 1290 Flex Cube and Agilent 6546 Accurate Mass

Q-TOF dual ESI mass spectrometer. For positive mode, the source gas temperature was set to 225 �C, with a gas flow of 11 L/min

and a nebulizer pressure of 50 psig. VCap voltage was set at 3500 V, fragmentor at 110 V, skimmer at 85 V and Octopole RF peak at

750 V. For negative mode, the source gas temperature was set to 325 �C, with a drying gas flow of 12 L/min and a nebulizer pressure

of 30 psig. VCap voltage was set at 3000 V, fragmentor at 125 V, skimmer at 75 V and Octopole RF peak at 750 V. Reference masses

in positive mode (m/z 121.0509 and 922.0098) were infused with nebulizer pressure at 2 psig, in negativemode referencemasses (m/

z 1033.988, 966.0007, 112.9856 and 68.9958) were infused with a nebulizer pressure at 5 psig. Samples were analyzed in a random-

ized order in both positive and negative ionization modes in separate experiments acquiring with the scan range m/z 100 – 1700.

Mobile phase A consists of ACN:H2O (60:40 v/v) in 10 mM ammonium formate and 0.1% formic acid, and mobile phase B consists

of IPA:ACN:H2O (90:9:1 v/v) in 10 mM ammonium formate and 0.1% formic acid. The chromatography gradient for both positive and

negative modes starts at 15%mobile phase B then increases to 30% B over 2.4 min, it then increases to 48% B from 2.4 – 3.0 min,

then increases to 82% B from 3 – 13.2 min, then increases to 99% B from 13.2 – 13.8 min where it’s help until 15.4 min and then

returned to the initial conditioned and equilibrated for 4 min. Flow is 0.5 mL/min throughout, injection volume is 5 mL for positive

and 7 mL negative mode. Tandem mass spectrometry is conducted using the same LC gradient at collision energies of 20 V and

40 V. QC samples (n=6) and blanks (n=4) were injected throughout the sample queue and ensure the reliability of acquired lipidomics

data. Results from LC-MS experiments were collected using Agilent Mass Hunter (MH) Workstation and analyzed using the software

packages MH Qual, MH Quant, Lipid Annotator (Agilent Technologies) to prepare the data set. Pathway enrichment analysis of the

lipidomics data was conducted using the LipidOntology (LION) enrichment analysis web application (Molenaar et al., 2019) . All lipids,

log2 fold-changes and corresponding unadjusted and Benjamini-Hochberg adjusted p-values can be found in Table S4B.

Integrative analyses
Four data types (metabolomics, transcriptomics, lipidomics, phenotypic outcomes) were obtained from experiments with three fac-

tors (strain (C57, DBA), sex, and diet (LP or control)) from 41 mice (five C57 female mice fed Control diet, six C57 female mice fed LP

diet, five C57malemice fed Control diet, five C57malemice fed LP diet, six DBA femalemice fed Control diet, three DBA femalemice
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fed LP diet, five DBA male mice fed Control diet, and six DBA male mice fed LP diet). The data consisted of 364 metabolites, 17575

probes, 343 lipids, and 46 phenotypes.

To identify molecules of interest in each of the -omics datasets, significantly differentially expressed molecules between Control

and Low Protein Groups were identified using an empirical Baye’s moderated linear model. The Benjamini-Hochberg method was

applied to control false discovery rate, selecting those with adjusted p-value < 0.05 (Benjamini and Hochberg 1995). Metabolomics,

transcriptomics, and lipidomics data were preprocessed, log2 transformed, z-scale normalized across molecules and samples for

each data type individually. Phenotypic outcome data were similarly z-scale normalized just across phenotypes. The data consisted

of 831 inputs across individual mice which had no missing data points including 83 metabolites, 623 transcripts, 79 lipids, and 46

phenotypes.

To integrate the data, all four datatypes were concatenated for each comparison. Correlations were performed between the 18,328

data points using Spearman’s rank (831 x 831 = 690,561 correlations). Complete hierarchical clustering was used to reorder mole-

cules based on 1 – Spearman correlation between all molecules. The number of clusters were determined by silhouette scores (Rous-

seeuw, 1987). However, for the diet cluster, the silhouette curve was atypical, so the number of clusters were determined based on

the 6 clusters observed in the heatmap and the consistencies of pathways and phenotypes within clusters; heatmaps and correlation

plots were generated for all comparisons.

All analyses were performed in R (v. 3.6.1) using gplots (Warnes, 2005) (v. 3.0.3), cluster (M€achler et al., 2012) (v. 2.1.0), and limma

(Ritchie et al., 2015) (v. 3.42.2). BiomaRt (Durinck et al., 2005) was used to convert ensembl gene ids to entrez gene ids. For each

cluster, the over representation of KEGG (Kanehisa et al., 2017) pathways from genes were determined using kegga from limma

package.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
Most statistical analyses were conducted using Prism, version 8 (GraphPad Software, San Diego, CA, USA) and R (version 4.1.0).

Tests involving multiple factors were analyzed by either a three-way analysis of variance (ANOVA) with Sex, Strain and Diet as cat-

egorical variables, followed by Benjamini-Hochberg post hoc testing for pairwise comparisons or by two-way ANOVA with Sex and

Diet or Sex and Genotype as categorical variables followed by a Tukey–Kramer post hoc test for multiple comparisons. Data distri-

bution was assumed to be normal but was not formally tested. Statistical parameters can be found in the figures, figure legends, and

Table S7. Transcriptomics and metabolomics data were analyzed using R (version 3.3.1). All correlations where depicted were pro-

duced using Pearson’s correlation (except for the integrative mega-clusters plot) and PCA plots were produced by imputing missing

data and scaling the data using the R package ‘‘missMDA’’ using the PCA analysis and plots were generated using the R package

‘‘factoextra’’ (Kassambara and Mundt, 2020; Lê et al., 2008).
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