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SUMMARY

Southern European countries have some of the highest life expectancies in the world, yet they display rela-
tively high frailty. We examined different diets to identify compositions that promote both healthspan and
strength in mice. The western and ketogenic diets increased fat mass and frailty and increased either choles-
terol or insulin resistance, whereas a low-protein longevity diet, modeling the traditional Mediterranean and
Okinawan diets but supplemented with methionine (LDMM), reduced fat mass and frailty while improving car-
diometabolic markers. LDMM reduced insulin-like growth factor (IGF)-1 while increasing growth hormone,
GLP-1, and fibroblast growth factor (FGF)21, which was required for fat loss and insulin sensitivity. Bimonthly
cycles of a 4-day fasting-mimicking diet instead improved metabolic markers. A cross-sectional analysis of
epidemiological data from over 200,000 men and women indicates that those with the highest animal protein
intake tended to have a healthier lifestyle but had approximately double the prevalence of type 2 diabetes
compared with those in the lowest intake group. These findings indicate that mostly plant-based low-
amino-acid diets have the most potent effects on healthspan but require moderate methionine intake to mini-

mize frailty.

INTRODUCTION

Pharmacological treatments, particularly GLP-1 agonists, have
demonstrated remarkable effectiveness in managing type 2 dia-
betes (T2D) and promoting weight loss,’ but side effects,
including lean mass loss, gastrointestinal problems, and
ischemic optic neuropathy,”™ contribute to a high percentage
of patients discontinuing the treatment within 3 years with subse-
quent weight regain, limiting their potential as feasible treat-
ments to extend lifespan and healthspan and reduce frailty.°
Therefore, an ideal healthspan-extending intervention should
(1) prevent or reverse overweight/obesity, (2) slow down aging
, (3) minimize frailty and other side effects, and (4) allow long-
term compliance.

Dietary patterns adopted by populations consistently ranked
among those with the highest life expectancy,”® such as the

mostly plant-based traditional diets of Japan'® or of Mediterra-
nean areas,'™'® do not require the severe calorie restriction
known to extend longevity and healthspan in various organisms,
including rodents’ and monkeys,'® and to lower disease risk
factors in humans.'®"” Nevertheless, the adoption of the tradi-
tional Mediterranean diet continues to decline'®'® due to a die-
tary “westernization” trend and, in part, to its perceived associ-
ation with lean mass loss.?° In fact, Southern Europe has been
reported to have a higher proportion of frail elderly individuals
than most countries in Central and Northern Europe.?’

To identify a dietary pattern that promotes longevity and
healthspan while minimizing frailty, we evaluated the effects of
ad libitum administration of various nutritional regimens started
late in life (at 20 months of age) in female and male genetically
heterozygous HET3 mice. We developed a new, low-amino-
acid, high-carbohydrate, and relatively high-fat diet formulation,
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which we termed the “longevity diet” (LD) based on previous an-
imal studies, epidemiological studies, clinical studies, and tradi-
tional diets adopted by populations in different areas known for
exceptional longevity—particularly those in Italy, Greece,
Spain,'""® and Japan.® We compared its effects on healthspan
with those of a healthy control diet, a typical western diet (WD)
high in processed sugars and fats, and a healthy ketogenic
diet (KD) high in unsaturated fats, low in protein, and very low
in carbohydrates. We also assessed the effects of a periodic
4-day fasting-mimicking diet in HET3 mice.

RESULTS

Study design
We set up a cohort of 40-44 females and 40-44 males per group
of genetically heterogeneous UM-HET3 mice for a lifespan
study. An additional cohort of 30 female and 16-20 male mice
underwent healthspan assessments (including metabolic, frailty,
and cognitive evaluations) within 6 months of intervention
(Figure 1A). Mice were enrolled in the study at 20 months of
age, a stage of life comparable to that of a 60- to 65-year-old per-
son. HET3 mice were chosen because they represent the ideal
model for lifespan and healthspan studies.’” The experimental
groups received a control standard diet (SD), a WD, a KD, and
an LD, followed within 2 weeks by a switch to the same LD sup-
plemented with moderate levels of methionine (LDMM) or two
4-day cycles of a fasting-mimicking diet (FMD) per month com-
bined with an SD for the rest of the month (Table S1). Based on a
pilot experiment (Figure 1B), in which female HET3 mice fed the
low-amino-acid LD experienced rapid weight loss, we supple-
mented the LD to achieve a moderate methionine level (LDMM)
and to protect against further weight loss. In fact, methionine is
a precursor to S-adenosylmethionine (SAM), which is essential
in anabolic processes and decreases in skeletal muscle with ag-
ing.>®> Moreover, disrupted methionine metabolism can trigger
muscle atrophy, while methionine supplementation can turn off
muscle-wasting genes and reduce oxidative stress, helping to
prevent lean mass loss.?*?° Although the amino acid-restricted
LD has the potential to extend lifespan, we did not continue
the lifespan experiment with this diet due to institutional animal
care regulations. Therefore, after a very short period on the LD
(methionine 0.14%; cystine 0.14%), which varies from 1 to a
few weeks based on body weight (BW) loss, mice were switched
to the methionine-supplemented LDMM (methionine 0.3%;
cystine 0.14%) (LD — LDMM), which stabilized BW (Figure 1B).
An average weight loss of 20% was chosen as the criterion for
transition between LD and LDMM formulations for ethical rea-
sons and to minimize frailty. Of note, the effect of 1 month of
LDMM in C57BL/6J mice on weight loss, fat mass, and fasting
blood glucose was similar to that in HET3 mice, although it
took longer to achieve (Figures S1A-S1C).
Methionine-restricted (MetR) diets are well established to
extend lifespan and promote healthy aging, even when started
late in life.?°° Notably, the LDMM is not a MetR diet, as it con-
tains nearly twice the methionine content of those used in typical
MetR studies,?® plus 0.14% cystine, which is absent in typical
MetR diets because it can be broken down into cysteine to
function in the methionine-cysteine pathway.*’*' LDMM instead
contains about 5 of all amino acids but more than twice the fat of
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the control diet (Tables S1 and S2). LDMM, which models the
traditional southern ltalian/Mediterranean diet but also the diets
of other Mediterranean countries, as well as Okinawa, is rich in
vegetables, legumes, potatoes, and olive oil but also contains
a limited amount of fish meal (Table S1), which explains its
low-protein/amino acid content. The control diet, instead, is
rich in ground corn, ground wheat, ground oats, soybean oil,
dried beet pulp, soybean meal, fish meal, and dried whey
(Table S1).

As the study did not show significant differences between
sexes, we present data from the female cohort unless otherwise
stated. Results for males only or combined males and females
can be found in the supplemental information.

Effect of dietary interventions on cardiometabolic
biomarkers and body composition

Initially, WDs and KDs caused weight gain (Figure 1C). In
contrast, despite similar energy density compared with the SD
group (Table S1), the LD group showed a rapid decrease in
BW, which was stabilized by methionine supplementation for
the remainder of the study (LDMM) (Figure 1C). Similar effects
on weight loss and fasting blood glucose were observed with
LDMM alone in a short-term experiment in C57BL/6 mice
(Figures S1A-S1C). Mice subjected to twice-monthly FMD cy-
cles maintained a relatively low weight after recovering from
each cycle. Except for the FMD group, which followed a period-
ically restricted program, the other groups maintained a constant
food/energy intake (Figure S1D). Mice initially fed the LD and, 1-
2 weeks later, switched to the LDMM displayed increased appe-
tite, consistent with the literature on MetR dietary studies.®?
NMR analysis showed that body composition remodeling
occurred almost exclusively at the expense of fat mass
(Figures 1D, S1E, and S1F). Whereas SD mice had minor
changes in BW and fat mass, WD and KD mice increased fat
mass compared with the SD (p = 0.008 and p = 0.02), LDMM
(p < 0.0001 for both), and FMD (p < 0.0001 for both) cohorts.
LDMM mice showed the strongest fat mass reduction
(p < 0.0001 for all comparisons) but no lean mass loss
(Figure 1D). Considering the physiological decline in body
composition that generally occurs with age,® lean mass was
preserved in all groups at 238 months of age (Figure 1D). The
LDMM group exhibited the lowest grams of fat per gram of
lean mass (Figure S1G).

After 5 months, the dietary interventions markedly influenced
cardiometabolic markers (Figures 1E-11). Compared with the
SD cohort, the LDMM and FMD cohorts reduced glucose levels
(p < 0.0001 and p = 0.02) (Figure 1E). KD, LDMM, and FMD co-
horts showed slight but non-significant increases in beta-hy-
droxybutyrate (BHB; Figure 1E). Insulin levels were increased
only in the KD group. Insulin resistance (HOMA-IR) increased
in the KD compared with the LDMM group (p = 0.03)
(Figure 1F). In line with previous clinical findings,** an adiponec-
tin increase was observed only in the FMD group (Figure 1G).
Furthermore, leptin levels were low in the LDMM group and
slightly reduced in the FMD cohort, but high in the WD group,
likely reflecting leptin resistance. Total cholesterol and LDL,
but not HDL, levels were increased in the WD and KD cohorts
(Figure 1H), resulting in LDL/HDL ratios above 4, which are
recognized as a risk factor for cardiovascular disease in humans
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Figure 1. Dietary interventions affect cardiometabolic markers and body composition in HET3 mice

(A) Overview of the experimental design involving female and male HET3 mice in the lifespan study (n = 40-44/group) and assessment of metabolic, frailty, and
cognitive decline (female n = 30/group; male n = 15-20/group). The mice entered the study at 20 months of age.

(B) LD methionine supplementation (LD — LDMM) stabilizes body weight (BW) in female HET3 mice (n = 5-6/group).

(C) BW (g) changes over 6 months of dietary intervention in female HET3 mice (n = 20-24/group).

(D) Changes in fat and lean mass (% change from baseline) after 3 months on diets in female HET3 mice (n = 17-26/group).

(E-I) Circulating markers for glucose and lipid metabolism, including insulin resistance (HOMA-IR) and risk factors for cardiovascular diseases (LDL/HDL), were
measured after 5 months on the diets in female HET3 mice (glucose, n = 21-26/group; other markers, n = 5-7/group).

(J and K) (J) GTT (n = 10-13/group) and (K) ITT (n = 6-9/group) were performed after 4 months of diets in female HET3 mice.

(D-K) Mice in the LDMM group received LD for 1-2 weeks before switching to the LDMM.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 indicate statistical significance calculated by one-way ANOVA followed by
Tukey multiple comparison test or using Kruskal-Wallis test followed by Dunn’s multiple comparisons test. The illustration was created with BioRender.

See also Figure S1.
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Figure 2. Metabolic assessment of female HET3 mice in response to dietary interventions
(A) Overview of metabolic assessment over 7-day measurements in female and male HET3 mice (n = 4-6/group). After 3 months of continuous diets (SD, WD, KD,
and LDMM) or 6 cycles of FMD, the mice were placed in metabolic cages.

(legend continued on next page)
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(Figure 11). Glucose and insulin tolerance tests (GTT and ITT),
performed on 24-month-old mice after 4 months on the diets
(Figures 1J and 1K), indicated that glycemic control and insulin
sensitivity significantly improved in LDMM-fed mice compared
with all other groups, including mice on the SD (GTT, p =
0.002; ITT, p < 0.0001) (Figure 1l). Insulin sensitivity was also
enhanced in the FMD compared with the SD group (p =
0.0004), aligning with the FMD’s effect on the insulin sensitizer
adiponectin (Figure 1G). Interestingly, the SD group exhibited
reduced insulin tolerance compared with the KD group (p =
0.004) (Figure 1K).

In summary, 4-5 months of LDMM or FMD cycles improved
cardiometabolic markers/risk factors compared with the SD,
whereas both WD and KD increased these risk factors. In males,
body composition (Figures S1E and S1F) and glucose meta-
bolism markers exhibited a similar trend (Figures S1H and S1l).
Interestingly, in KD-fed mice, glucose tolerance was significantly
impaired compared with that in the SD (p = 0.04), WD (p = 0.04),
and LDMM (p < 0.0001) groups (Figure STH).

Metabolic assessment of HET3 mice in response to
dietary interventions

We investigated the effects of the dietary interventions on food
and water intake, energy expenditure (EE), respiratory exchange
ratio (RER), and ambulatory activity counts at 23 months®®
(Figure 2A).

Heavier mice generally burn more calories than leaner mice to
support the energy demands of higher basal metabolic rates and
physical activity.®” Although LDMM mice exhibited lower EE
(kcal/h) (Figures 2B, 2C, and S2A), analysis of covariance
(ANCOVA) adjusted for body mass found no significant differ-
ences in EE among SD, WD, KD, and LDMM mice (Figure 2D),
indicating comparable EE relative to body mass across groups.
Predictably, decreased EE during the FMD cycle (p < 0.0001),
which increased during refeeding (Figures 2E-2G and S2B),
aligns with a metabolic shift toward energy conservation during
fasting. EE showed consistency across sexes (Figures S2C

¢? CellPress

and S2D). Dietary manipulation significantly altered RER in
both female and male HET3 mice (Figures 2H, 2I, S2E, and
S2F). As expected, KD mice displayed persistently lower RER
values compared with all other groups (total: p < 0.0001 for all
comparisons) (Figure 2I), consistent with higher lipid oxidation.
WD mice showed an intermediate RER, lower than that of SD
and LDMM mice (total: p < 0.0001 for both comparisons)
(Figure 2I). The SD and LDMM groups exhibited similar RER dur-
ing the dark (active) phase, with LDMM mice showing a higher
RER than SD mice during the light (inactive) phase (Figure 2l),
indicating a mostly carbohydrate-dependent metabolism. This
can be explained by the non-significant trend toward increased
food intake during the inactive phase in LDMM mice compared
with their SD counterparts (p = 0.06; Figure 2J), which remains
higher than that in KD mice (light: p = 0.03). Sustained higher
RER levels are not consistent with a fasted state, indicating
compensatory feeding behavior and potentially connecting sub-
strate utilization to appetite regulation. Mice in the LDMM group
consumed more calories than those in the WD and KD groups
(total: p = 0.02 and p = 0.03) (Figures 2J, S2G, and S2H).
These findings support the hypothesis that lower BW in the
LDMM group occurs independently of calorie restriction. On
the contrary, the FMD cycle resulted in a marked reduction in
RER (total: p = 0.02) (Figures 2K, 2L, S2I, and S2J), consistent
with food restriction and increased lipid oxidation (Figures 2M,
S2K, and S2L). As expected, during refeeding, RER increased
rapidly (total: p = 0.008) (Figure 2L), indicating a return to carbo-
hydrate utilization (Figure 2M). The RER was consistent between
females and males (Figures S2F-S2J). Mice in the WD, KD, and
FMD groups (only during the FMD cycle) exhibited reduced wa-
ter intake in the active phase compared with those in the SD
group (p = 0.004, p = 0.01, and p = 0.0008) (Figures S2M-
S2P). Finally, no differences in locomotor activity were found
among the SD, LDMM, and KD groups, whereas a trend toward
reduced activity was observed in the WD cohort, which sus-
tained the weight gain (Figures 2N and S2Q). Locomotor activity
was instead increased during the FMD cycle and refeeding

(B-P) Mice in the LDMM group received LD for 1-2 weeks before switching to the LDMM. Plots of energy expenditure (EE, kcal/h), respiratory exchange ratio
(RER, VCO,/VO,), activity (total beam breaks, XT + YT), and statistical analysis over 167 h (gray bars indicate dark photoperiods). Due to limited space, the figure
shows time plots of the data over 48 h. The complete 167-h measurement is available in the supplemental information.

(B-D) EE versus time in SD, WD, LD, and LDMM. The boxplot shows EE as the average over 7 light-dark cycles in SD, WD, LD, and LDMM. Points represent
individual mice. ANCOVA for EE with body mass as covariate shows no significant difference between SD, WD, KD, and LDMM groups. A mass x diet interaction
effect was not significant.

(E-G) EE versus time in FMD showing the transition from the last day of FMD to the first day of refeeding. The boxplot shows EE as the average over 4 light-dark
cycles in FMD, and 3 light-dark cycles during refeeding. ANCOVA for EE, with body mass as covariate, showed a significant difference between the SD and FMD
groups. A mass x diet interaction effect was not significant.

(H and ) RER versus time in SD, WD, LD, and LDMM. The boxplot shows RER as the average over 7 light-dark cycles.

(J) Food consumption (kcal/h) in SD, WD, LD, and LDMM. Due to the LDMM pellet’s tendency to crumble, we used special feeders in the standard cages (STAR
Methods) to prevent food spillage and confirmed a notably high calorie intake in the LDMM group.

(Kand L) RER versus time in FMD showing the transition from the last day of FMD to the first day of refeeding. The boxplot shows RER as the average over 4 light-
dark cycles in FMD, and 3 light-dark cycles during refeeding.

(M) Food consumption (kcal/h) as the average over 4 light-dark cycles in FMD, and 3 light-dark cycles during refeeding.

(N) Locomotor activity (total beam breaks) as the average over 7 light-dark cycles in SD, WD, LD, and LDMM.

(O) Locomotor activity (total beam breaks) versus time in FMD, showing the transition between the last day of FMD and the first day of refeeding.

(P) Locomotor activity (total beam breaks) as the average over 4 light-dark cycles of FMD and 3 light-dark cycles during.

Indirect calorimetry data were analyzed using the CalR app®® to calculate EE and correct for body mass. Data versus time is plotted as the group means for each
diet + SEM, as represented by the line and ribbon, respectively. Data are plotted every 30 min with a 1- or 2-point rolling window (30-min or 1-h) smoothing
function applied to the visualizations but not to values used for statistical analysis. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 indicate statistical significance
calculated by one-way ANOVA and two-way ANOVA followed by Tukey multiple comparison test. The illustration was created with BioRender.

See also Figure S2.
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(Figures 20, 2P, and S2L). This behavior was especially pro-
nounced in females (Figures S2Q-S2T). Our results show that
23-month-old HET3 mice were able to lose and regain weight
and modify RER levels as expected, even after 6 cycles of
FMD. In the LDMM group, instead, after 3 months on the diet,
we observed a slight decrease in EE consistent with their smaller
size relative to controls.

Frailty and lifespan of HET3 mice in response to dietary
interventions

To understand how different diets may affect function and
strength in older HET3 mice, we measured the frailty index (Fl)
using the 31-item FI test®® at 23 months (Figures 3A and S3A)
and 26 months (Figures 3B and S3A). Additionally, muscle
strength and motor coordination were assessed through grip
strength and rotarod tests at 24 months (Figures 3C, 3D, and
S2B-S2E). Female mice on the WD exhibited an earlier onset
of frailty at 23 months compared with the SD (p < 0.0001),
LDMM (p = 0.001), and FMD (p = 0.007) groups, and at
26 months, the WD-fed mice maintained the highest Fl
compared with all groups (Figure 3B). KD-fed mice had greater
frailty than mice fed SD (p = 0.006) and LDMM (p = 0.04) at the
same age. In 23-month-old males, FlI was elevated in the WD
and KD groups compared with the LDMM group (p < 0.0001
and p = 0.003) (Figure S3A). At 26 months, this trend persisted
despite a less clear distinction between the diets, indicating
that males experienced physiological decline earlier than fe-
males (Figure S3A). The findings on frailty align with those of mo-
tor coordination and muscle strength assessed at 24 months. In
females, LDMM-fed mice showed the best performance on the
rotarod, both in terms of absolute time to fall compared with
WD (p = 0.008) and when adjusted for BW (time to fall/BW) in
comparison to SD (p = 0.01), WD (p = 0.001), and KD (p =
0.006) (Figure 3C). There was no difference after adjustment
for lean mass (Figure S3B), whereas LDMM males exhibited
only a trend toward improved rotarod performance either in ab-
solute time to fall or adjusted for BW and lean mass (Figure S3C).

Finally, there were no differences in absolute strength or
strength adjusted for LBM (strength/LBM) among females
(Figures 3D and S3D) and males (Figure S3E). However, when
strength was adjusted for BW (strength/BW), LDMM exhibited
superior grip strength performance compared with SD (p =
0.006), WD (p < 0.0001), and KD (p < 0.0001), in both females
and males (Figures 3D and S3E). Grip strength in FMD group
mice was also higher when compared with WD and KD in males
(Figure S3E).

To assess the mechanisms underlying differences in frailty
across dietary groups, we measured Pax7 protein expression
in muscle after 5 months of dietary intervention. Pax7 is a tran-
scriptional regulator crucial for the myogenic function of satellite
cells and, as such, a marker of muscle regeneration and repair.
Typically quiescent, these cells activate Pax7 in response to
growth or injury, promoting the fusion of myogenic precursor
cells with existing myofibers or the formation of new ones.*® In
our study, regardless of age, 10 cycles of FMD in 5 months re-
sulted in a Pax7 increase 4 days after refeeding, suggesting a
long-lasting activation of satellite cells in muscle (Figures 3E
and S3F). This result may, in part, explain the preservation of
muscle mass and function at least in the FMD group.
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We also performed cognitive tests on female and male mice at
24 months of age. The Y-maze, novel object recognition, and
Barnes maze tests revealed no significant differences between
groups, suggesting that in old HET3 mice without any
appreciable cognitive decline, 4 months of these nutritional
interventions do not cause measurable effects on short- or
long-term memory (Figures S3G-S3J).

The lifespan study provided a clearer picture of the long-term
effects of diet. In males, no significant difference was found be-
tween groups (log-rank test, p = 0.2; Figure 3F). Conversely, the
analysis in females indicated that one or more groups had a
different survival probability (log-rank test, p = 0.046)
(Figure 3G). In females, LDMM intervention starting at 20 months
extended the median lifespan by 5.6% compared with WD (p =
0.007, Benjamini-Hochberg [BH] padj = 0.05; Figures 3H and
S3K) and 7.2% compared with FMD (p = 0.01; BH padj = 0.05;
Figures 3P and S3K). This effect is further supported by the
25% survival rate observed with LDMM, reflecting the efficacy
of the intervention in delaying age-related mortality
(Figure S3K). For females, this rate is 7% higher than that of
SD (Figure S3L). Regarding maximum lifespan, in agreement
with its effects on frailty and cardiometabolic markers, WD
showed a major reduction of up to 200 days compared with
the longest-lived SD and LDMM groups, —16% and —15%,
respectively, in females and —9.7% and —8%, respectively, in
males (Figure S3K). The lifespans observed with the KDs and
FMDs fell in between, except for one female outlier in the KD
group, which reached a maximum lifespan of 1,210 days
(Figure S3K). These results align with previous data in C57BL/
6J mice, showing positive effects of FMD cycles between 16
and 25 months, but not in very old mice, when deaths increased
in the FMD group compared with controls.*°

Additionally, a Cox proportional hazards (PHs) regression
model was used to estimate relative risk, using the SD group
as the reference (Figure S3L). The hazard ratio (HR) for all pair-
wise groups (if applicable) was greater than 1, except for the
LDMM group, which was 0.94 and 0.95 for females and males,
respectively. However, the observed 5%—-6% reduction in mor-
tality risk for the LDMM group was not statistically significant.
Along with the Kaplan-Meier analysis showing minor differences
in overall survival, we conclude that starting LDMM treatment at
20 months has a strong effect on healthspan but no significant
effect on lifespan in both females and males when compared
with the control SD treatment.

Finally, necropsies of HET3 mice that died from natural causes
revealed that the incidence and type of neoplastic lesions varied
based on dietary consumption (Figure S3M). The most common
causes of death among HET3 mice include lymphoma, hemangio-
sarcoma, and lung carcinoma, which collectively account for 70%
of cases.*" In our study, necropsies of combined female and male
mice fed a control diet (SD) throughout their lives revealed a
neoplasia incidence proportion of approximately 66%, including
both benign and malignant tumors (Figure S3M). The mice fed
the KD showed a higher proportion of tumor incidence (74%), of
which only 16% were benign (Figure S3M). Unlike the other
groups, malignancy particularly affected the liver. Approximately
62% of WD mice developed tumors, of which 4.8% were benign.
Notably, because WD mice have a reduced life expectancy, the
incidence of tumors may be underestimated due to premature
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Figure 3. Effects of nutritional interventions on the frailty and lifespan of HET3 mice

(A and B) FI was assessed in females at 23 (n = 38-51/group) and 26 (n = 8-26/group) months of age.
(C) Rotarod was performed on female mice after 4 months on the diets. The data show absolute (time to fall/s) and adjusted for BW (time to fall/BW). y axis is
presented on a logqo scale (n = 20-27/group).
(D) Grip strength was performed on female HET3 mice after 4 months on the diets. The data show absolute strength and strength adjusted for BW (strength/BW)

(n = 22-31/group).

(E) Densitometry analysis of Pax7 (30 mg of quadriceps/sample; n = 3 mice/group).
(F-H) Kaplan-Meier survival curves for male and female HET3 mice were plotted separately; differences among diet groups within each sex were tested using the
log-rank test (n = 41-44/group). The table displays pairwise comparisons of median lifespan. The Benjamini-Hochberg (BH) correction was applied to adjust for

multiple testing.

(A-G) Mice in the LDMM group received LD for 1-2 weeks before switching to the LDMM.
Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 indicate statistical significance calculated by one-way ANOVA followed by
Tukey multiple comparison test or using Kruskal-Wallis test followed by Dunn’s multiple comparisons test.

See also Figure S3.
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Figure 4. RNA-seq reveals elevated Fgf21 expression and genes associated with longevity in the liver of female HET3 mice
(A) Volcano plot of DEG in LDMM versus SD (n = 5/group). The x axis represents log,(fold change), the y axis represents —log10(p value). Downregulated genes
are represented in blue, while upregulated genes are represented in red.

(legend continued on next page)
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death from other causes, likely heart and kidney failure. The
LDMM and FMD groups had the lowest tumor counts, at 57%
and 56%, respectively, indicating that the healthspan effects of
both diets may be partially attributed to the prevention of age-
related diseases, including cancer.

RNA-seq data reveal high expression of FGF21 and other
longevity-associated genes in the liver of HET3 mice

We then focused on the LDMM, which had the strongest effects
on promoting overall health and longevity in older mice
compared with other diets.

As the liver regulates systemic glucose levels, growth factors,
and lipids in response to nutritional status, we analyzed liver
gene expression in 25-month-old female HET3 mice fed for
5 months with either the LDMM or SD (n = 5/group) to gain in-
sights into the molecular mechanisms mediating the effects of
the LDMM. Principal-component analysis (PCA) revealed that
the two dietary groups cluster separately, mostly along PC1/
PC2/PC3, indicating a shift in overall gene expression profiles
between SD and LDMM groups (Figure S4A). Differential gene
expression (DGE) analysis identified 429 upregulated and 755
downregulated genes in LDMM compared with SD (Figure 4A;
p < 0.05 and FC > 1.5 or <—1.5). Most significantly, upregulated
genes in LDMM were involved in metabolic processes. Among
them was Fgf21 (FC = 9.64, p = 1.16e—17), Adra2A, and other
fatty acid metabolism genes, such as Acot1, Acot2, and Acot3,
and Tsku, a hepatokine that responds to increased thermogene-
sis and EE.*? TSKU acts as a hormonal feedback mechanism
that reduces energy use after an initial phase of increased EE,
promoting metabolic adaptation and weight maintenance.

In line with other pro-longevity interventions,*® we noted several
upregulated genes in glutathione metabolism, including Gstp1
and Gstt2, as well as in PPAR signaling, including Cyp4a10,
Cyp4ail4, Fabp1, Plin4, and Plin5, along with their downstream
targets, Ucp2 and Crat. Several genes associated with lifespan
extension and involved in methionine/cysteine metabolism were
also found to be differentially upregulated, including Srm and
Csad, which have been linked to spermidine®* and taurine™ pro-
duction, whereas methyltransferase genes Nnmt and Bhmt were
downregulated. Similarly, various major urinary protein (MUP)
genes, found to be downregulated in GH-deficient mouse
models,*® and Ces3b, a carboxylesterase implicated in hepatic
lipid regula’(ion,46 were also downregulated. Moreover, LDMM
induced significant transcriptional changes in Igf-1 and Igf-bind-
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ing proteins, critical modulators of insulin-like growth factor
(IGF)-1 activity. Specifically, Igf-1 and Igfbp3 were downregu-
lated, whereas Igfbp2 was upregulated. Gene Ontology (GO)
analysis of upregulated genes (FC > 2) (Figures S4B-S4D) re-
vealed significant enrichment of biological processes, molecular
functions, and cellular components associated with lipid meta-
bolism, including cholesterol, small molecules, and alcohol meta-
bolic processes; supported by findings from Kyoto Encyclopedia
of Genes and Genomes (KEGG) showing significant enrichment
primarily in metabolic pathways, including PPAR signaling, fatty
acid metabolism, carbon metabolism, and biosynthesis of amino
acids (Figure 4B). Underrepresented pathways (KEGG, based on
differentially expressed genes [DEGs] with FC < —2) were instead
associated with, among others, protein digestion and absorption,
transforming growth factor p (TGF-p) signaling, and sulfur meta-
bolism (Figure S4F).

Gene set enrichment analysis (GSEA) also highlighted enrich-
ment of PPAR signaling (Figure 4C; NES = 1.85). A heatmap of
the PPAR signaling pathway reveals hierarchical clustering of
the SD and LDMM samples, indicating a substantial shift in
gene expression (Figure 4D).

Finally, ingenuity pathway analysis (IPA) of the DEGs in LDMM
versus SD revealed predicted activation of several pathways
involved in cholesterol metabolism, including the mevalonate
pathway and PPARa-mediated lipid metabolism regulation
(Figure S4G). The analysis predicted potential direct interactions
between PPAR«a and fibroblast growth factor (FGF)21, as well as
indirect interactions between mechanistic target of rapamycin
(mTOR) and FGF21, suggesting that the LDMM may modulate
liver metabolic reprogramming through complex signaling
crosstalk in which FGF21 plays a key role (Figure 4E).

LD increases FGF21 and GLP-1 and has differential

effects on GH and IGF-1 in 25-month-old HET3 mice

Next, we measured specific circulating markers that may explain
the beneficial cardiometabolic effects of the LDMM in 25-month-
old female HET3 mice after 5 months of intervention. Consistent
with hepatic transcriptome data, we confirmed that FGF21 was
increased in the serum of LDMM mice (p < 0.0001) (Figure 4F).
FGF21 is a circulating protein primarily produced by the liver to
maintain metabolic homeostasis in response to nutritional
stress,*”**® including amino acid starvation,*® such as methio-
nine restriction,”*>' and is implicated in longevity extension in
rodents.”® Analysis of the samples collected after 14 days of

(B) Kyoto Encyclopedia of Genes and Genomes (KEGG) enriched pathways in LDMM versus SD. Pathways are ranked by enrichment score (x axis). Color in-
dicates the p value (p < 0.05), and size indicates the number of genes in each gene set.

(C) Enrichment plot of PPAR signaling pathway from the gene set enrichment analysis (GSEA) between LDMM and SD.

(D) Heatmap of gene expression in the PPAR signaling pathway showing hierarchical clustering of the samples from LDMM and SD.

(E) IPA predicts a crosstalk regulation between mTOR, PPARa, and FGF21 in response to the LD. Schematic representation of the mTOR pathway derived from
IPA of DEGs in LDMM versus SD, including connection to PPARa and FGF21. Upregulated genes are shown in red, downregulated genes are shown in green.
Predicted activation (orange) or inhibition (blue) of molecules, based on DGE, are also shown. Fold change in gene expression for detected genes is shown below
each molecule.

(F-I) Circulating levels of FGF21 (F) and GLP-1 (G) after 14 days and 5 months of diets (n = 3-7/group) as well as GH (H) and IGF-1 (1) after 5 months of diets (n = 4-
7/group).

(J) Western blot and densitometry analysis of hepatic nuclear phosphorylation of STAT5 after 5 months of diet (n = 3/group).

Mice in the LDMM group in the 5-month intervention received LD for 1-2 weeks before switching to the LDMM. Data are presented as mean + SEM. *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001 indicate statistical significance calculated by Student’s unpaired t test and one-way ANOVA followed by Tukey multiple
comparison test.

See also Figure S4.
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Figure 5. Supplementing methionine to match levels in the control diet reverses the effects of the LD in female C57BL/6J mice
(A) Overview of the experimental design involving 15-month-old female C57BL/6J wild-type (WT) mice (n = 4-5/group). The mice were fed LD (methionine 0.14%)
for 7 days before being switched to SD (methionine 0.7%), LDMM (methionine 0.3%), or LDHM (0.7 %). Body composition was assessed at baseline, before

switching, and at the end of the experiment.
(B) Changes in BW.
(C) Circulating FGF21, GH, and IGF-1.
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LDMM shows that FGF21 production increased early (p = 0.02)
and remained sustained throughout the dietary intervention
(Figure 4F). Also, levels of GLP-1, an insulinotropic incretin that
controls glucose and adiposity,”” were elevated after 14 days
(p = 0.01) and after 5 months (p = 0.05) of intervention
(Figure 4G), implying a possible link with FGF21. Surprisingly,
GH levels were high (p = 0.02) (Figure 4H), whereas IGF-1 levels
were low (p = 0.001), in the serum of LDMM mice (Figure 4l).

Based on our findings, we tested the hypothesis that FGF21
overexpression inhibits IGF-1 transcription by repressing
STAT5.%® Although transcriptome data indicate reduced Igf-1
expression, surprisingly, liver protein analysis measured after
5 months of dietary intervention in female HET3 mice showed
a 24-fold increase in nuclear-phosphorylated STAT5 (p-STAT5)
in LDMM compared with SD, a 19-fold increase compared
with WD but only an ~4-fold change compared with FMD
(Figures 4J and S4H). These results suggest a strong activation
of the liver GH receptor and its downstream target STAT5, which,
instead of inducing the expression of target genes such as IGF-
1°* to promote growth, shifts toward the transcriptional regula-
tion of hepatic genes involved in STAT5-dependent metabolic
processes.”® It has been shown that overactivation of GH-
STAT5 suppresses lipogenic gene expression, such as Scd-1,
likely through indirect mechanisms.*® Accordingly, in the liver
of LDMM mice, Scd-1 was downregulated.

Methionine supplementation to match its levels in the
SD reverses LD effects in C57BL/6J mice

We tested the hypothesis that methionine levels modulate the ef-
fects of LD in a short-term experiment in 15-month-old female
C57BL/6J wild-type (WT) mice (n = 4-5/group), one of the genetic
backgrounds represented in HET3 mice. The intervention began
with LD administration until the mice achieved a mean weight
loss of 20%. As anticipated, after 7 days on LD, when the limiting
BW loss was reached, the mice were switched to (1) SD (0.7%
methionine), (2) LDMM (0.3% methionine, otherwise identical to
LD), or (3) LDHM (0.7% methionine, otherwise identical to LD)
(Table S2) for 7 additional days before tissue collection. Body
composition was measured at baseline, before the diet switch,
and at the end of the study (Figure 5A). Consistent with the
larger/longer study using HET3 mice, supplementation with mod-
erate methionine (LDMM) stabilized BW (Figure 5B) and increased
GH and FGF21 (Figure 5C). Conversely, supplementation with
higher methionine levels, matching those in SD (LDHM),
completely reversed the effect of LD on BW (Figure 5B). Circu-
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lating FGF21 and GH also decreased, while IGF-1 increased, indi-
cating that high methionine levels have opposite effects on GH/
FGF21 and IGF-1 release (Figure 5C). Accordingly, FGF21
showed strong positive and negative correlations with circulating
GH and IGF-1 levels, respectively (Pearson correlation, GH,
r=+0.9, p = 0.0001; IGF-1, r = —0.51, p = 0.06) (Figures 5D and
S5A). Glycemia and LDL returned to baseline levels (Figures 5E
and S5C), implying that glucose and LDL levels are also regulated
by dietary methionine, although methionine supplementation did
not significantly affect HDL levels (Figure S5B). As observed in
HET3 mice (Figure 4G), GLP-1 was increased in the WT mice after
7 days of LDMM (Figure 5F). A trend for an increase in glucagon
(Figure S5D) was also observed in a similar experiment conducted
on 12-month-old female C57BL/6J mice using the same protocol
(Figure 5A), except that LD was administered for 9 days. Methio-
nine supplementation to 0.7% (LDHM) did not lower GLP-1 but
prevented fat loss (Figure 5G) and decreased glucagon to basal
levels (Figure S5D). These results support the conclusion that
specific dietary methionine concentration, in an otherwise low-
amino-acid diet, increases GH, GLP-1, FGF-21, and potentially
glucagon, while allowing IGF-1 and LDL levels to remain relatively
low.

To determine whether the rapid weight and fat loss caused by
the LDMM (Figure 5G) was caused by increased heat produc-
tion, as observed in studies reducing methionine levels in the
diet,"” we measured EE in 12-month-old female C57BL/6J
mice fed the LD - LDMM and compared them with SD-fed con-
trols. Data were collected over 180 h, including the transition
from LD to LDMM. Although LD — LDMM mice exhibited
reduced BW (Figure 5H), along with a trend of increased EE,
the overall EE in LDMM mice was comparable to that of controls
(Figures 51 and S5E) after adjustment for body mass (Figure 5J),
indicating that increased EE is not the main cause of weight loss.
Notably, a limitation of this experiment is the small sample size
(n = 3/group), pointing to the need for additional experiments
to confirm these results.

FGF21 mediates the metabolic effects of the LD

Our RNA sequencing (RNA-seq) data indicated that Fgf217 is
highly expressed in LDMM-fed HET3 mice, a finding supported
by increased circulating Fgf21 levels in both HET3 and C57BL/
6J mice. To evaluate the role of FGF21 in weight loss and meta-
bolism induced by the LDMM, we performed a short-term exper-
iment, as previously described, using 6-month-old female
FGF21KO mice (Figure S6A) and WT mice. The mice were fed

(D) Scatterplots visualizing the correlation between circulating levels of FGF21 versus GH and FGF21 versus IGF-1. Pearson’s r and p value of the correlations are

indicated.
(E and F) (E) Glucose, LDL (n = 3-5/group), and (F) GLP-1 in circulation.
(G) Changes in fat mass (% from baseline).

(Hand ) (H) BW and (I) plot of EE versus time (EE, kcal/h) measured in 12-month-old female WT mice (n = 3/group) fed LD (0.14% methionine) for 9 days before
switching to LDMM (0.3% methionine) for 7 more days (gray bars indicate dark photoperiods). The figure shows the time plot of the data over 96 h during the
transition from LD to LDMM. The complete 180-h measurement is shown in Figure S5E. Data versus time is plotted as group means for each diet + SEM,
represented by the line and ribbon, respectively. Data are plotted every 30 min, with a 3-point rolling window (90 min) smoothing function applied to the visu-
alizations but not to values used in statistical analysis.

(J) ANCOVA for EE, with body mass as covariate, shows no significant difference between the SD and LD — LDMM groups. A mass x diet interaction effect was
not significant.

Data are presented as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 indicate statistical significance calculated by one-way ANOVA followed by Tukey multiple
comparison test and Student’s unpaired t test. The illustration was created with BioRender.

See also Figure S5.
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Figure 6. Methionine-dependent regulation of hepatic mMTOR-PPAR«x crosstalk underlies the metabolic benefits of the LD by coordinating

FGF21 and IGF-1 release

Experiment 1: 6-month-old female WT and FGF21KO mice (n = 4/group) were fed LD (methionine 0.14%) for 7 days before switching to LDMM (methionine 0.3%)
for an additional 5 days. A separate group was fed LD for 12 days (n = 3 mice/strain). Body composition was assessed at baseline, before the diet switch, and at
the end of the experiment. Experiment 2: 9-month-old female and male WT and GHRKO mice (n = 6/group) were fed LD for 7 days, then switched to a moderate-
methionine diet for an additional 7 days. Experiment 3: 12-month-old female WT mice (n = 4/group) were fed LD (LM-low leu: 0.14% methionine and 0.71%
leucine) for 7 days before switching to an LD with (1) low methionine and high leucine (LM-high leu: 0.14% methionine and 1.5% leucine), (2) moderate methionine
and high leucine (LDMM-high leu: 0.3% methionine and 1.5% leucine), or (3) high methionine and low leucine (HM-low leu: 0.7 % methionine and 0.71% leucine).
(A) Changes in body weight (BW) (%) from baseline (experiment 1).

(B) Changes in fat mass (%) from baseline (experiment 1).
(C) Fasting glucose (experiment 1).
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the LD for 7 days before transitioning to the LDMM for an addi-
tional 5 days. A separate group was maintained on the LD
throughout the entire experiment. As expected, WT mice re-
sponded to LD and LD — LDMM by reducing BW by ~20%
(p < 0.0001) and ~18% (p = 0.0001) (Figure 6A), respectively.
The fat mass decreased by ~60% (p < 0.0001) at the end of
the LD — LDMM intervention (Figure 6B). In contrast,
FGF21KO mice did not display weight loss in response to either
LD or LD — LDMM (Figure 6A), although a slight reduction in fat
mass (~10%, p = 0.001) was observed (Figure 6B). FGF21KO
mice, which typically exhibit a higher liver-to-BW ratio than WT
mice,”® did not show a reduction in liver size, likely reflecting
an inability to decrease liver fat accumulation in response to
LD — LDMM (Figure S6B). Instead, lean mass remained un-
changed except for a single FGF21-deficient mouse
(Figure S6C). In addition, in FGF21KO mice on LD — LDMM,
serum glucose levels did not decrease under either LD or LD
— LDMM (Figure 6C) despite a major increase in insulin levels
(Figure S6D), indicating an insulin-resistant phenotype. This is
also supported by the significant increase in the HOMA-IR score
(Figure 6D) along with increased hepatic p-p70S6K/S6K
(Figure 6E) and p-AKT/AKT protein levels (Figures S6E and
S6F) measured after 12 days of continuous LD. FGF21 also
negatively regulated IGF-1 levels/availability during the LD —
LDMM feeding (Figure 6F). IGF-1 levels in FGF21KO control
mice were lower than in WT control mice, which explains the
smaller size observed at baseline compared with WT mice
(Figure S6G). Interestingly, FGF21KO mice exhibited a trend to-
ward increased IGF-1 levels in response to LD and LD — LDMM,
although these changes were not statistically significant
(Figure 6F). Together, these results show that both LD and
LDMM regulate fat, glucose, and insulin levels/sensitivity
through an FGF21-dependent mechanism.

LD’s effects are in part dependent on GH-STAT5
contribution to FGF21 production

The increased GH and reduced IGF-1 levels in mice fed the
LDMM led us to evaluate the role of GH signaling in mediating

¢? CellPress

the effects of the LD. We performed a short-term experiment,
as previously described, on 9-month-old female and male
GHR-deficient (GHRKO) mice and age-matched WT controls.
GHRKO mice exhibit very low IGF-1 and high GH levels/
signaling. The low IGF-1 levels contribute to dwarfism in these
mice, which grow extremely slowly and remain significantly
smaller than WT mice.®® Unlike FGF21KO mice, the effects of
LD —» LDMM on BW (Figure 6G), fat mass (Figure 6H), lean
mass (Figure S6H), and glucose (Figure S6l) in GHRKO mice
were not different from those of WT mice, except that in the
GHRKO mice, there was no reduction in liver fat accumulation
(Figure S6J). Additionally, FGF21 levels were significantly lower
in the GHRKO mice than in the WT mice on LD — LDMM
(p < 0.0001) (Figure 6l), suggesting that GH signaling does not
control weight loss but regulates FGF21 production in mice sub-
jected to moderate methionine conditions, presumably under the
control of p-STATS5, as seen in both HET3 (Figure 4L) and, to a
milder extent, C57BL/6J (Figures S5F and S5G), after either
long-term or short-term treatments, respectively. Interestingly,
while LD - LDMM required GH (GHRKO) to increase FGF21
levels, it did not require FGF21 (FGF21KO) to increase GH
(Figure S6K).

Leucine concentration matching the control diet does
not reverse the effects of the LD

We also investigated whether restricting leucine, an essential
amino acid that replicates some of the benefits of methionine re-
striction,®®%" mimics the effects of methionine modulation on
body composition. In a short-term experiment, 12-month-old fe-
male WT mice were fed LD, which is low in methionine and
leucine (0.14% methionine, 0.71% leucine), for 7 days, then
switched to (1) LD supplemented with high leucine to match
levels of the control SD (LD-high leu: 0.14% methionine, 1.5%
leucine), (2) LD supplemented with moderate methionine and
high leucine (LDMM-high leu: 0.3% methionine, 1.5% leucine),
or (3) LD supplemented only with high methionine (LDHM-low
leu: 0.7% methionine, 0.71% leucine) for 7 additional days
(Table S2). Only LDHM-low leu, with methionine levels matching

D) HOMA-IR (experiment 1).

E) Western blot and densitometry of liver protein p-p70S6K(Thr389)/p70S6K expression (experiment 1).

(
(
(F) Circulating IGF-1 (experiment 1).

(G) Changes in BW (%) (experiment 2).

(H) Changes from baseline in fat mass (%) (experiment 2).
() Circulating FGF21 (experiment 2).

(J) Changes in BW (%) (experiment 3).

(K) Fasting glucose (experiment 3).

(L) IGF-1 measured in conditioned media of primary mouse hepatocytes, cultured in methionine/cysteine- and FBS-free media, in response to methionine
supplementation (70 pg/L), GH (500 ng/mL), FGF21 (250 ng/mL), rapamycin (100 nM), STAT5-In-1 inhibitor (100 uM), and fenofibrate (400 pM) (biological rep-
licates n = 3-7).

(M) IGF-1 measured in conditioned media of primary mouse hepatocytes, cultured in methionine/cysteine- and FBS-free media and supplemented with
methionine (70 pg/L), in response to GH (500 ng/mL), FGF21 (250 ng/mL), rapamycin (100 nM), STAT5-In-1 (100 uM), and fenofibrate (400 pM) (biological rep-
licates n = 2-5).

(N) FGF21 measured in conditioned media of primary mouse hepatocytes, cultured in methionine/cysteine- and FBS-free media and supplemented with
methionine (70 pg/L), in response to GH (500 ng/mL), rapamycin (100 nM), and STAT5-In-1 (100 uM) (biological replicates n = 2).

(O) The diagram illustrates how methionine levels modulate the interaction among mTOR, GH/STATS5, and PPAR« in hepatocytes, thereby affecting the release of
FGF21 and IGF-1 by the liver.

Data are presented as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 indicate statistical significance calculated by one-way ANOVA followed by
Tukey multiple comparison test or one-way ANOVA with Welch’s one-way followed by Games-Howell multiple comparisons test.

See also Figure S6.
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those of the SD, reversed BW, serum glucose (Figures 6J and
6K), and fat mass (Figure S6L). Notably, leucine levels in LD
and LDMM mice are half of those in the SD group, whereas
methionine is 5 times lower in the LD group and about 2.5 times
lower in the LDMM group compared with the SD cohort
(Table S2). Future studies will investigate the role of leucine
and other amino acids in mediating the effects of LD.

Methionine levels modulate hepatic mTOR-PPARx
crosstalk, regulating IGF-1 and FGF21 release

Liver protein analysis showed PPAR« upregulation in C57BL/6J
mice after 12 days of LD administration (t test: p = 0.05)
(Figure S6M). We also observed a non-significant trend of
increased PPAR«a in C57BL/6J after 14 days of LD — LDMM.
This effect is partially reversed in LDHM (Figures S5F and
S2G). Furthermore, RNA-seq of liver from HET3 mice after
5 months of LDMM revealed upregulation of several PPAR«a
target genes, including FGF21,%? as well as predicted interac-
tions between mTOR, FGF21, and PPAR« (Figure 4E).

The mTORC1 regulates hepatic homeostasis and inhibits
ketogenesis through the repressive activity of S6K2, which re-
cruits nuclear receptor corepressor 1 (NCoR1) and represses
the PPAR« transcription factor.®*®* On the contrary, S6K2 defi-
ciency enhances PPARo.®® Adult C57BL/6J mice given short-
term LDMM or LDHM show increased and decreased ketone
body production, respectively (Figure S5C). This supports the
hypothesis that low/moderate methionine levels promote fat
catabolism and ketogenesis, while high levels inhibit these pro-
cesses. Given that SAMTOR acts as a SAM sensor that connects
methionine to mTORC1 signaling,®® FGF21 has been shown to
inhibit mTORC1,%® and FGF21-deficient mice exhibit significant
insulin-stimulated mMTORC1 activation and worsening hepatic
IR,°® we hypothesize that dietary methionine levels in LDMM
regulate hepatic homeostasis via a crosstalk between the
SAMTOR-mTOR and PPARa-FGF21 pathways.

First, we measured NCoR1 liver protein in C57BL/6J mice fed
LD — LDMM and LD - HM (Figure 5A). Consistent with our hy-
pothesis, NCoR1 decreased in LD —» LDMM-fed mice but re-
turned to control levels in LD — LDHM-fed mice (Figure S6N).
Second, we evaluated the effect of methionine on IGF-1 and
FGF21 release from primary mouse hepatocytes grown in
DMEM without methionine, cysteine, and fetal bovine serum
(FBS). Experiments on hepatocytes using culture media
restricted only in methionine showed intermediate effects on
metabolic parameters (MTS assay) compared with the more
potent effects observed with media restricted in both methionine
and cysteine (data not shown). In fact, cysteine supplementation
is known to counteract the effects of methionine restriction
in vivo, highlighting the crucial role of methionine as a cysteine
precursor and the compensatory role of cysteine in MetR condi-
tions.®"*” Because our focus was on the role of methionine in
cellular processes, to avoid confounding factors, we used cul-
ture media limited to both amino acids to detect even minor ef-
fects on IGF-1 and FGF21 release induced by methionine
supplementation.

The hepatocytes were, therefore, treated with media supple-
mented with (1) a range of methionine levels for dose-response
evaluation; (2) a single dose of methionine; (3) GH; (4) rapamycin,
an mTOR inhibitor; (5) STAT5-In-1, a STATS5 inhibitor; (6) FGF21;
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and (7) fenofibrate, a PPARa agonist. Combinations of treat-
ments were also tested.

The analysis of conditioned media from primary hepatocytes
in response to varying methionine concentrations demonstrated
a positive correlation with IGF-1 release and a negative correla-
tion with FGF21 release (Figure S60). Based on these results, we
identified 70 pg/L as the “high” methionine dose that promotes
IGF-1 release and FGF21 inhibition (Figure S60). Total protein
analysis indicated changes in p-p70S6K/p70S6K in hepatocytes
treated with GH, rapamycin, and the combination of GH + rapa-
mycin, with or without 70 pg/L methionine, thus confirming the
methionine-dependent activation of the mTOR pathway
(Figure S6P). Further analysis showed that methionine is
required for IGF-1 synthesis and release (Figure 6L) and that in-
hibition of mTOR by rapamycin blocks IGF-1 production/release
in response to methionine (Figure 6M; all p values in Table S3).
Despite the presence of rapamycin, GH continued to increase
IGF-1 levels, indicating that GH does not regulate IGF-1 in an
mTOR-dependent manner. Instead, GH failed to increase
IGF-1 levels in a medium lacking methionine/cysteine
(Figure 6L), suggesting that methionine is crucial for the GH-
dependent IGF-1 synthesis/release by the liver. In the methio-
nine-enriched medium, while STAT5-In inhibited IGF-1, GH +
STATS5 inhibition partially restored IGF-1 levels (Figure 6M; all p
values in Table S3). The combination of the PPAR«a agonist feno-
fibrate with rapamycin inhibited IGF-1 release more than rapa-
mycin alone, suggesting an additive effect of the two drugs
(Figure 6M; all p values in Table S3). Conversely, the presence
of methionine inhibits the release of FGF21 in primary hepato-
cytes (Figures 6N and S6Q). A non-significant trend of increased
FGF21 levels was observed in response to fenofibrate, whereas
STAT5 or mTOR inhibition reduced FGF21 release in primary he-
patocytes, regardless of methionine concentration in the me-
dium (Figures 6N and S6Q). These findings support the role of
methionine levels in increasing IGF-1 expression while reducing
FGF21 expression. They also support the hypothesis that GH-
STAT5-mTOR signaling upregulates FGF21 under methionine-
deficient conditions but upregulates IGF-1 expression when
methionine levels are sufficiently high (Figure 60). Although
these in vitro results are generally consistent with the in vivo
data, additional in vivo studies will be necessary to confirm our
hypotheses on the underlying mechanisms.

Re-interpretation of epidemiological data on protein
consumption and obesity/diabetes risk
Malik et al.®® analyzed the association between total, animal, and
plant-based protein intake and the incidence of T2D in 72,992
women from the Nurses’ Health Study (NHS, 1984-2008),
92,088 women from the Nurses’ Health Study Il (NHSII, 1991-
2009), and 40,722 men from the Health Professionals Follow-
up Study (HPFS, 1986-2008). They found that the highest quin-
tiles of total and animal protein intake were associated with 39%
and 49% higher risk of T2D compared with the lowest quintiles,
which decreased to 7% and 13%, respectively, after adjusting
for BMI. In contrast, relatively higher intake of plant-based pro-
tein was associated with a moderately lower risk of T2D.

Here, we reanalyzed the data from these studies, taking into
account the results from the mouse studies. Cross-sectional as-
sociations between lifestyle and cardiometabolic risk factors by
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Table 1. Risk factors according to quintile of animal and plant-based protein in the NHS, NHSII, and HPFS

NHS-NHSII-HPFS
Characteristics

Plant-based protein intake

Q1

NHS-NHSII-HPFS
Characteristics

Animal protein intake

Q1

p value
N/A
N/A

% difference
+3.67
+77.37
—6.44

-7.02

Q5

p value
N/A

N/A

% difference
+56.01

Q5

17.45

16.83
411
1.80

median total protein (% kcal/day)

21.34
16.07
2.30

13.68
7.69
1.27

Median total protein (% kcal/day)

29
69
1,734.22

7.
4.05
0.13

median plant protein (% kcal/day)

+108.97

+81.47
—9.50

Median animal protein (% kcal/day)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.01

methionine (g/day)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.01

Methionine (g/day)

1,865.25

7.15
0.78

total energy (kcal/day)

1,677.91
411
0.16

1,853.97

6.35
0.60

Total energy (kcal/day)

—43.37

alcohol use (g/day)

—35.17

Alcohol use (g/day)

—83.04

sugar-sweetened beverages (serv/day)
prevalence of BMI (kg/m?) >25 (%)

prevalence of T2D (%)

—73.75
+33.86

Sugar-sweetened beverages (serv/day)
Prevalence of BMI (kg/m?) >25 (%)

Prevalence of T2D (%)

—18.04
+65.79

46.65
6.

56.92

60.60
8.1

45.27

93

4.18

+105.32
—2.87

+2.61

1

3.95

+11.05
—2.88

45.04

40.56

prevalence of high cholesterol (%)

43.29

44.57

Prevalence of high cholesterol (%)

29.33

30.20

prevalence of hypertension (%)

31.48

30.68
Data are presented as means for continuous variables and percentages for categorical variables. When comparing quintile 5 to quintile 1, p values were calculated using t tests for continuous vari-

Prevalence of hypertension (%)

ables and x? tests for categorical variables. Percent of energy from protein (kcal/day) was estimated by multiplying grams of protein consumed per day by the number of kcal in 1 gram of protein

(4 kcal/g) and dividing by total caloric intake. Analyses were conducted at the midpoint of follow-up: 1998 for the NHS, 1999 for NHSII, and 1998 for HPFS.See also Table S4-S6.
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quintile of animal and plant protein intake were examined using
data from the midway of follow-up: 1998, 1999, and 1998 for
the NHS, NHSII, and HPFS, respectively (Table 1). Notably, indi-
viduals in the highest compared with the lowest quintile of animal
protein intake (+109%) were also more likely to exhibit habits
consistent with a healthier lifestyle, including lower calorie intake
(—9.5%), lower alcohol consumption (—35.17%), and much
lower intake of sugar-sweetened beverages (—73.75%)
(Tables 1 and S4). They also displayed a slightly lower preva-
lence of high cholesterol (—2.87%) (all p < 0.001 for comparison
of extreme quintiles) (Tables 1 and S5). At the same time, those in
the highest compared with the lowest quintile of animal protein
intake were more likely to be in an overweight/obesity range (-
+34%) and to have T2D (+105.82%) and hypertension (+2.61%)
(all p < 0.01) (Tables 1 and S5). Conversely, individuals in the
highest quintile of plant-based protein intake were less likely to
have overweight/obesity (—18.04%) and hypertension
(—2.88%) (p < 0.01). However, the risk of diabetes remained
65% higher than in the lowest quintile but was down from the
105% increase in the high-animal-protein group. Although the
interpretation of these findings is complicated by the cross-
sectional nature of the data, we analyzed the data to test the hy-
pothesis that intake levels of specific amino acids, rather than
protein intake itself, might be responsible for these counterintu-
itive results. In fact, we found that methionine intake was 81.47%
higher in the top compared with the bottom quintile of animal
protein intake (p < 0.001) but 6.44% lower in the top compared
with the bottom quintile of plant-based protein intake
(p <0.001) (Tables 1 and S6). Similar trends were noted for lysine.
The delta% in amino acid intake differences between animal and
plant-based quintiles 1-5 was among the highest for methionine
(+81.47 to —6.44) compared with any other amino acid, second
only to lysine (+88.73 to —8.30). Although these results do not
demonstrate that methionine is responsible for the associations
between high-animal-protein intake and overweight/obesity or
diabetes, together with our mouse data, they suggest that the
high content of methionine and other essential amino acids in an-
imal but not plant proteins could contribute to these conditions.

DISCUSSION

Traditional diets of long-lived populations, such as those of
Japan and Southern Europe, are characterized by low levels of
animal protein. In contrast, higher animal protein intake is prev-
alent in modern diets in the US and North-Central Europe and,
more recently, in Southern Europe, partly due to the misconcep-
tion that a high-protein diet is healthy and important for prevent-
ing muscle loss and frailty.®®

Among the dietary patterns tested in old HET3 mice, we found
that the WD, high in animal protein and fat, was, as expected,
detrimental to health and longevity. The high-animal-protein
KD, made with healthy foods including nuts and olive oil, had
similar harmful effects. When compared with the healthy control
SD alone, both FMD cycles and the methionine-supplemented
LD, LDMM, improved a range of metabolic markers and health-
span but not lifespan. However, because the most effective pro-
longevity interventions, including MetR, protein restriction, and
calorie restriction'*"""° have reduced efficacy in extending life-
span when initiated late in life®®"" it will be important to test
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LDMM starting at a much younger age to assess its potential to
extend lifespan.”®

These results in mice could partly explain findings from three
large epidemiological studies showing that participants
consuming the highest levels of animal protein and therefore
methionine and other essential amino acids, despite a lower cal-
orie intake and healthy choices, had a higher prevalence of over-
weight/obesity and a doubling of the prevalence of diabetes
compared with those consuming the least animal protein. In
contrast, participants with the highest intake of plant protein,
but a lower methionine intake, had a lower prevalence of over-
weight/obesity. The prevalence of diabetes was still higher
than in those who ate the least amount of plant-based protein,
but the increase was attenuated compared with the low- and
high-animal-protein intake groups (Table 1). Notably, this
cross-sectional analysis was not adjusted for health and lifestyle
factors. In contrast, in the previously published cohort analysis of
the same groups, diabetes risk was reduced rather than
increased in the quintile with the highest plant protein intake
but with an estimated lower methionine intake.®®

One potential interpretation of the results is that the very high
levels of methionine and essential amino acids in the high-ani-
mal-protein group are promoting both weight gain and diabetes.
In fact, in the previous cohort study, adjustment for BMI elimi-
nated most of the effects of a high-protein diet on the risk of
T2D.%® Accordingly, a recent pilot study showed that restricting
sulfur amino acids, limiting both methionine and cysteine, pro-
moted weight loss in humans.”®

The LD was designed based on the diets traditionally followed
by populations known for record life expectancies, such as those
in ltaly and Japan. However, the eating habits in these areas have
changed over the past decades. In 1949, the typical protein
intake in Okinawa was reported to be about 39 g, primarily
from plant sources.’® Similarly, lower-class southern ltalians
had limited access to animal-based products at the beginning
of the 20" century due in part to the strict enforcement of na-
tional self-sufficiency policies in food production by the fascist
regime.”* As a result, legumes became an important source of
protein from the 1920s to the 1960s. Because the methionine
content per 100 g of legumes and other plant-based proteins
is much lower than that found in most animal-based sources,
high legume and low meat consumption is likely to have contrib-
uted to lower methionine and amino acid intake.”® Therefore,
many older Japanese and ltalians have followed diets low in
meat consumption during the earlier part of their lives, resulting
in much lower levels of many amino acids, particularly essential
amino acids such as methionine, followed by periods of
increased protein intake starting in the 1960s and continuing
into the later part of their lives.”® The percentages of energy
from carbohydrates/fat/protein in the LD without methionine
supplementation (59/30/12) are similar to those estimated for
the traditional Mediterranean diet (48/38/14)""and the modern
Japanese diet (56/28/15),”® but not for the modern diet in Italy
(46/37/17),”°®" particularly for protein intake. However, the
very low levels of methionine and other amino acids in traditional
diets may also have contributed to greater frailty among elderly
populations in Southern Europe”' and Japan.®?

Notably, the methionine/cysteine content in LDMM, which
provides half the amino acid levels of the control diet and which
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is much higher than that in the MetR diets®® used in lifespan
studies,?” appears to be required to prevent frailty in mice fed
an LD.

These results are consistent with previous studies in
Drosophila, in which adding methionine to an amino acid-
restricted diet restored fecundity without abolishing the longevity
benefit, indicating that a specific amino acid profile can promote
both lifespan and healthspan.®®

The hepatic transcriptome of LDMM overlaps with that of
long-lived mice, including GH- or GHR-deficient mice, FGF21-
overexpressing mice, and methionine restriction models,*®
and is associated with activation of crucial metabolic pathways,
including PPAR signaling and Fgf21 activity, an essential
mediator of the MetR diet.>® According to our in vivo and
in vitro results, the most plausible model is that, in the liver,
high GH levels activate STAT5 and mTOR, thereby increasing
IGF-1 production only when methionine levels are sufficiently
high. However, if methionine availability is limited, PPAR« is acti-
vated, and IGF-1 levels decrease. Under these conditions,
GH-STAT5-mTOR signaling also promotes hepatic FGF21 pro-
duction (Figure 60).

GLP-1, increased under LDMM, was not sensitive to changes
in dietary methionine concentration, which were clearly respon-
sible for regulating fat mass and IR. Notably, previous studies
have shown that Liraglutide, a GLP-1RA, does not cause weight
loss in FGF21KO mice,? raising the possibility that, in our study,
GLP-1 may act by regulating FGF21 in response to the LDMM.
Notably, whereas GLP-1 treatment in humans is associated
with decreased appetite, fat loss, and lean mass loss,®> LDMM-
fed mice consumed high levels of calories and food and lost
fat mass without losing lean body mass, pointing to the need
to test the effect of LDMM in humans.

In conclusion, we propose that the LDMM achieves a range of
healthspan-promoting effects, in part by increasing GH, GLP-1,
and FGF21 while limiting IGF-1 levels. High dietary methionine
levels, and possibly those of other amino acids, could help explain
part of the association between a diet rich in animal proteins, over-
weight/obesity, diabetes, and high mortality in humans. Finally,
because both high and low levels of one or a few amino acids
can make such a remarkable difference, this study suggests
that recommendations for protein intake should be comple-
mented by those for personalized amino acid profile intake.

Limitations of the study

A major limitation of the lifespan study was that the experiment
started very late in life, at 20 months of age, when the efficacy
of dietary interventions is known to be limited. Beginning treat-
ment earlier in life could potentially lead to stronger effects of
LDMM on lifespan. Regarding the re-analysis of the epidemio-
logical data, although changes in reported methionine consump-
tion are consistent with weight gain/loss and diabetes incidence,
we cannot conclude that methionine is causing weight gain or
promoting diabetes in these human studies.
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REAGENT or RESOURCE SOURCE IDENTIFIER
NE-PER Nuclear and Cytoplasmic Thermo Fisher Scientific Cat#78835
Extraction Reagents

Pierce BCA Protein Assay Kits Thermo Fisher Scientific Cat#23225
RNeasy Mini Kit (50) Qiagen Cat#74104
Deposited data

Values used to create all graphs Data S1-Source Data N/A

RNAseq

This paper

GEO: GSE297351

Experimental models: Cell lines

Primary mouse hepatocytes Integrative Liver Cell Core at the Southern N/A
California Research Center for ALPD and
Cirrhosis (Keck School of Medicine, USC)
Experimental models: Organisms/strains
Mouse: CB6F1/J mice Jackson Laboratory Cat#100007
Mouse: C3D2F1/J mice Jackson Laboratory Cat#100004
Mouse: C57BL/6J mice Jackson Laboratory Cat#000664
Mouse: FGF21KO Jackson Laboratory Cat#033846
Mouse: GHRKO Prof. J. Kopchick N/A

Software and algorithms

GraphPad Prism software, version 10.4.1
Imaged (NIH) / Fiji software

CalR v2 web-based tool

R package, version 4.4.2

Partek Flow Software

GraphPad software, San Diego, CA, USA
Schindelin et al.®®

Mina et al.*®

R Foundation for Statistical Computing

lllumina, Inc., San Diego, CA, USA

https://www.graphpad.com/
https://imagej.net/software/fiji/
https://calrapp.org
https://www.r-project.org/

https://www.illumina.com/

Other

Precision Xtra meter

Precision Xtra Blood Glucose Test Strips
Precision Xtra Blood Ketone Test Strips
Mouse feeding jar

Abbott Diabetes care
Abbott Diabetes care
Abbott Diabetes care
Dyets In.

Cat#9881465
Cat#7083
Cat#7079
Cat#910018

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Genetically heterogeneous HET3 (UM-HET3) mice were used for longevity and healthspan. The mice were generated by crossing
BALB/cJ x C57BL/6J F1 females (CB6F1/J) with C3H/Hed x DBA/2J F1 males (C3D2F1/J), resulting in a four-way cross population.
C57BL/6dJ (wild-type, WT), FGF21 knockout (FGF21KO), and growth hormone receptor knockout (GHRKO) mice were used for mech-
anistic studies. The C57BL/6J strain is one of four genetic backgrounds in HET3 mice and serves as the background for FGF21KO
and GHRKO mice. FGF21KO and GHRKO mice originated from our colony. Littermates of the same sex were randomly assigned to
experimental groups. Mice were group-housed (2-5 per cage) in ventilated cages with standard bedding and enrichment under spe-
cific pathogen—free conditions at 22°C temperature with a 12-hour light/12-hour dark cycle. Mice had unlimited access to water and
food unless specified otherwise. All animal care and experimental procedures followed guidelines approved by the University of
Southern California’s Institutional Animal Care and Use Committee (IACUC).

Primary mouse hepatocytes
Primary mouse hepatocytes (HCs) were isolated from adult male C57BL/6 mice by the Integrative Liver Cell Core at the University of
Southern California as described.®®

METHOD DETAILS
Healthspan and longevity studies
At 20 months of age, the HET3 mice were randomized to either the healthspan study (30 females and 15-20 males per group) or the

longevity study (40-44 females and 40-44 males per group). The enrollment period lasted 20 months. The healthspan cohort was
assessed for metabolic and cognitive function and was euthanized for tissue collection after 5 months of intervention. Tissues
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were collected from the mice in the FMD group after 4 days of refeeding. Body composition and frailty were assessed in both cohorts.
Given the large number of tests to be conducted, and to ensure they were performed during the FMD refeeding periods, the evalu-
ation of body composition, metabolism, behavior, and frailty was conducted at specific time points within a flexible few-week win-
dow. Mice were regularly monitored for any signs of stress or pain. For lifespan, the date of death was recorded for every mouse
found dead or euthanized at the veterinarian’s recommendation due to moribund criteria. Moribund criteria include one or a combi-
nation of the following: sustained hunched posture, respiratory difficulty, hypo/hyperthermia, ulcerated tumors, inability to access
food or water, and inability to ambulate or make normal postural adjustments. Severe weight loss was also carefully evaluated along
with other criteria. The date of euthanasia is taken as the best estimate of the date of natural death. Both euthanized mice and those
found dead were represented as deaths in the survival curves. Each mouse found dead or euthanized was retained for possible in-
clusion in a necropsy study. Incisions were made in the cranium, thorax, and abdomen, and the entire body was immersed in 10%
neutral buffered formalin and kept in a sealed container until autopsies were performed. All internal organs were dissected,
sectioned, and examined macroscopically by the pathologist. Any abnormality was further examined under a dissecting microscope.
Diagnosis of cancer was made primarily based on evidence of invasion of surrounding tissues or metastasis. Histopathological ex-
aminations were not performed. Because the study was conducted during the COVID-19 pandemic, vivarium access restrictions
sometimes prevented the collection of carcasses. Therefore, the non-homogeneous number of autopsies among the groups may
underestimate either the beneficial or detrimental effects of the diets on causes of death.

Mechanistic studies

Experiment on C57BL/6J mice: 15-month-old (n=4-5/group) and 12-month-old (n=4-5/group) female C57BL/6J wild-type (WT) mice
were fed LD (methionine 0.14%) for 7 days (unless specified otherwise) before switching to SD (methionine 0.7 %), LDMM (methionine
0.3%), or LDHM (methionine 0.7 %) for an additional 7 days. Body composition was assessed at baseline, before switching, and at the
end of the experiment, before tissue collection. Experiment on FGF21KO mice: 6-month-old female FGF21KO and 5-month-old WT
mice (n=4/group) were fed LD for 7 days, then switched to LDMM for 5 more days. A separate group was fed LD for 12 days (n = 3).
Body composition was assessed at baseline, before switching diets, and at the end of the experiment, before tissue collection.
Experiment on GHRKO mice: 9-month-old female and male GHRKO mice and WT mice (n=6/group) were fed LD for 7 days before
switching to LDMM for an additional 7 days. Tissues were collected at the end of the experiment.

Dietary interventions

The Standard (SD) or control diet is commercially available for mouse growth and maintenance. Energy Density: 3.1 Kcal/g; CHO
63%, Pro 24%, Fat 13%; ingredients: ground corn, soybean, ground wheat, ground oats, soybean oil, fishmeal, dried beet, dried
whey (Pico5053, Research Lab) (Table S1). The Longevity Diet (LD) is a formulation that was developed to mimic the relatively
low-protein diets that have been shown to extend the healthspan and lifespan of rodents,”*®” diets emerging from epidemiological
studies on healthspan and longevity,°®® as well as the eating habits and typical food choices of centenarians in Mediterranean
areas'” (customized by Envigo-Inotiv). Energy Density: 3.7 Kcal/g; CHO 58.8-58.1%, Pro 11.2-11.9%, Fat 30%; ingredients: vege-
table mix (made with 15 vegetables), chickpeas, potato starch, fishmeal, fish oil, and olive oil. For experimental purposes, the
Longevity Diet was provided at three methionine levels: low (no methionine supplementation, LD 0.14%), moderate (LDMM
0.3%), or high (LDHM 0.7 %), matching the methionine levels in SD (Table S1). LD is also low in leucine (0.71%). Two additional ver-
sions of the diet were supplemented to match the same concentration of leucine in SD (1.5%): low methionine-high leucine (LD-high
leu 1.5%) and moderate methionine-high leucine (LDMM-high leu 1.5%) (Table S2). The ketogenic diet (KD) is a formulation primarily
composed of healthy food sources. Energy Density: 3.2 Kcal/g; CHO 8%, Pro 14%, Fat 78%; ingredients: apple, banana, fish, egg,
white meat, coconut oil, almonds, walnuts, avocado, tomatoes, pepper (Table S1). The Western diet (WD) is formulated based on
Western habits, characterized by high levels of refined sugars and saturated fats, with protein sourced primarily from animal prod-
ucts, and includes ingredients from popular fast-food restaurants. Energy Density: 2.62 Kcal/g; CHO 49%, Pro 13%, Fat 38%; in-
gredients: French fries, white bread, ketchup, chicken, bacon, egg, beef meat, butter, cheese, tomatoes, and onions (Table S1).
The fasting-mimicking Diet (FMD) is a plant-based, calorie-restricted dietary regimen, typically ranging from 300 to 1100 kcal/day.
Energy Density: 2.9 Kcal/g; CHO 47.7-55%, Pro 9-9.3%, Fat 36-43%; ingredients: broth powders, vegetable mix powder, extra virgin
olive oil, and essential fatty acids. FMD was administered in 4-day cycles twice a month. At the end of the 4-day plan, or once mice
show a 20% body weight loss, they are immediately refed ad libitum with the control diet (Pico5053, Research Lab) (Table S1). After
the FMD cycle, the mice recover 95% of their original weight within 24 hours and 100% by 72 hours after refeeding. All diets were
formulated and prepared in our laboratory, except for the Longevity Diet, which was customized by Envigo-Inotiv with ingredients
we carefully selected.

Food intake, body weight, and body composition assessment

Body weight (BW) and food intake (FI) were measured twice a week unless otherwise noted. Because of the pellet’s consistency, the
LD often crumbled into small pieces and was provided in special jars (Dyets Inc., #910018) to ensure careful monitoring of food con-
sumption. We excluded food intake records from cages in which the diet was entirely ground into powder and spilled in the cage.
Body composition was measured using a noninvasive Nuclear Magnetic Resonance technique (LF90II Body Composition Analyzer,
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LF90 time-domain nuclear magnetic resonance, TD-NMR; Bruker, USA). In the longevity and healthspan studies, it was measured at
baseline and after 3 and 6 months of the intervention; in the short term studies, it was measured at baseline, before the diet change,
and at the end of the experiment.

Indirect calorimetry analysis

After 3 months on experimental diets, 23-month-old female and male HET3 mice (n = 4-6/group) on SD, WD, KD, LDMM, and FMD
were transferred to the PhenoMaster (TSE system) metabolic cages. The mice were housed individually in metabolic cages for nine
consecutive days to record oxygen (O,) consumption (mL/min), carbon dioxide (CO,) production (mL/min), respiratory exchange ra-
tio (RER, VCO./VOy,), energy expenditure (EE, kcal/h), and locomotor activity (total beam breaks, XT+YT), along with food consump-
tion (kcal/day) and water intake (mL). Measurements were taken at 30-minute intervals throughout the entire period. The analysis
presents data collected after at least 2 days of acclimatization in the cages, resulting in 7 light-dark cycles. Metabolic activity eval-
uated in 12-month-old female C57BL/6J mice (n = 3/group) was measured over 180 hours during the dietary transition from the LD to
the LDMM diet.

Frailty Index Assessment

The frailty index (FI) score was calculated using the 31-item Fl test™ at 23 and 26 months of age. The severity of each item was rated
on ascale of 0, 0.5, or 1. Each mouse was placed in a quiet evaluation room and allowed to acclimate for 30 minutes before scoring.
The scorer was blinded to the mice’s diet groups. Hearing loss was not assessed. Temperature was measured using an infrared ther-
mometer. Scores were determined based on the number of standard deviations of the tested mouse relative to the mean weight of a
12-month-old mouse. Body weight was excluded from the frailty score because a) body mass changes are among the primary out-
comes of the study, and b) it positively correlates with the frailty index (Figure S3N). The final FI score was calculated using a
29-item scale.

t38

Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)

The GTT and ITT tests were conducted at 24 months of age during the refeeding after the FMD diet. Before testing, the mice were
fasted for 4 to 5 hours and had free access to water. For the GTT, a 20% glucose solution was administered orally via gavage at a
dose of 2 g/kg body weight. For the ITT, insulin was injected intraperitoneally at a dose of 0.5 U/kg body weight. Serial blood glucose
measurements were taken at baseline (before gavage or injection) and at the indicated time points using a handheld glucometer and
glucose strips. The meter has a reportable range of ~20-500 mg/dL. When glucose levels were at or above the limit (“low”, <20mg/
dL), the mice received a 20% glucose solution via gavage immediately.

Circulating markers

Mice were fasted for 4 to 6 hours and had free access to water before tissue collection at 25 months of age, following 5 months of
dietary interventions. Tissue collections were performed on day 4 of refeeding after 10 cycles of FMD. All samples were collected
between 10:00 a.m. and 2:00 p.m. Glucose and ketone body levels were determined using a handheld glucometer (Abbott, USA).
Blood was processed for serum or plasma by centrifugation at 2000 x g for 20 minutes, then stored at -80 °C. Circulating markers
were measured by ELISA, following the manufacturer’s instructions. The HOMA-IR index was calculated as (fasting insulin)*(fasting
glucose)/22.5. GH measurements were performed on samples collected after 4-5 hours of fasting during the light phase, when the
mice are generally inactive and GH levels are more consistent and less affected by pulsatility.®°

Novel Object Recognition Test
All behavioral and physical tests were conducted after 4 months on diets during the refeeding of mice following the FMD diet.
The novel object recognition (NOR) test”’ took place in a behavioral testing room, isolated from the researcher, with overhead light-
ing (180 lux) to avoid shadows. The open field arena, a plastic box, measured 61 cm x 36 cm x 30 cm, with two identical objects
measuring 5 cm x 5 cm x 5 cm. The arena and objects were cleaned with 70% ethanol between trials to remove olfactory cues.
The NOR test was conducted over two days, starting at 9:00 a.m. after a 1-hour acclimation period. On Day 1, the mice were allowed
to explore the empty arena for 5 minutes. On Day 2, they explored the same arena with two identical objects for another 5 minutes
(trial 1). After a 15-minute interval in their home cages, the mice returned for another 5 minutes, during which one object was replaced
with a novel object of similar size but a different shape (trial 2). Exploration time was automatically recorded using EthoVision XT,
which defined exploration as the mouse’s head oriented towards the objects within 1.5 cm. The discrimination index (DI) was calcu-
lated as (TN - TF)/TT, where TN is the time spent on the novel object, TF is the time spent on the familiar object, and TT is the total time
spent exploring both objects. Positive DI values indicate a preference for the novel object.

Barnes Maze

Barnes-Maze test”’ was performed in a behavioral testing room, separated from the researcher. The area was illuminated by over-
head lighting (~1000 lux) above a white circular platform (91 cm in diameter) featuring 20 holes (5 cm in diameter) located 2.5 cm from
the perimeter. Among these holes, only one was large enough for a mouse to enter (the escape box) and could be repositioned. Each
mouse was assigned a specific escape box, which remained constant throughout the experiment. The platform was surrounded by
three distal visual cues: 50-cm x 50-cm posters. During trials, background white noise of 90 dB was emitted from a loudspeaker. The
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mice were assessed at 9 am, 1 hour after entering the experimental room. The test lasted 14 days, during which training occurred
from days 1 to 7, followed by final testing on day 14. Training and testing sessions were separated by 15-minute intervals, with an-
imals returned to their home cages. Each trial began at the center of the platform after 15 seconds in a chamber, ensuring no initial
location cues. Mice explored the platform in search of the escape box; if unsuccessful within 2 minutes, the researcher gently guided
the mouse into it, turned off the white noise, and allowed it to stay for 30 seconds. Testing was similar; if the mouse failed to find the
escape box, it was returned to the home cage. On each experimental day, parameters recorded and averaged over the two tests
included: success rate (100% or 0%, indicating the ability to find the escape box within two minutes), latency (time taken to locate
the escape box), errors (nose pokes and head deflections at false holes), deviation (distance from the escape box at the first error),
and strategies employed to locate the escape box (random, serial, or spatial).

Y-Maze

The Y-maze test was performed in a behavioral room, isolated from the researcher, and was illuminated with overhead lighting (~180
lux) above a Y-shaped maze with arms measuring 21 cm in length, 4 cm in width, and 4 cm in height. It began at 9 am after the mice
had acclimated for 1 hour. The maze was cleaned with 70% ethanol between trials to eliminate olfactory cues. The test began by
placing the mouse in a designated arm, facing the center, and allowing it 8 minutes of exploration. Total arm entries, defecation in-
cidents, and arm choices for each mouse were recorded. Arm entry was defined as the mouse fully entering an arm with both fore and
hind paws. Based on the order of arm entries, three scores were calculated: spontaneous alternation behavior percentage (SAB %),
the percentage of consecutive entries into all three arms without repetitions (e.g., ABC, BCA); alternate arm return percentage (AAR
%), the percentage of returns to the first visited arm (e.g., ABA, BAB); and same arm return percentage (SAR%), the percentage of
returns to the same arm just exited (e.g., AAB, AAC).

Grip Strength

The grip strength test®® was performed at 9 am in a room where the mice had been acclimated for one hour. Mice were held by the tail
and allowed to grip the pull bar of the grip strength meter. While in a horizontal position, they were pulled backward until they released
their grip, and the meter value was recorded. This process was repeated 3 times at 1-minute intervals, and the highest grip strength
was used for analysis. Later that day, the mice were weighed and underwent NMR analysis to determine lean body mass. Strength
was assessed and adjusted according to body weight and lean mass.

Rotarod

The rotarod test was conducted using the apparatus (Letica LE8200, Panlab, Barcelona, Spain), which consisted of a 3-cm-diameter
rotating drum positioned 15 cm above the base. The assessment took place over two consecutive days at 9:00 a.m. in a designated
room, where the mice were acclimated for 1 hour before testing. The apparatus was sanitized with 70% ethanol between trials and
mice to eliminate olfactory distractions. On the first day, the training day, the mice underwent three training trials on the rotarod set at
a constant speed of 4 rpm, remaining on the rod for at least 60 seconds and no more than 300 seconds. The following day, the testing
day, the mice completed three trials on an accelerating rotarod (4-40 rpm) for up to 300 seconds. The time to fall during each trial was
recorded. On the same day, after testing, the mice were weighed and underwent NMR analysis to determine lean body mass. The
average fall time, based on the three trials, and the fall time adjusted for body weight and lean body mass were then calculated.

Protein analysis

Total protein lysates were extracted from liver and muscle tissues or primary hepatocytes with ice-cold radioimmunoprecipitation
assay (RIPA) lysis buffer supplemented with protease and phosphatase inhibitor cocktails. The lysates were clarified by centrifuga-
tion at 15,000 rpm for 15 minutes, and protein concentrations were determined using the BCA method. Liver nuclear and cytoplasmic
proteins were extracted using the NE-PER kit following the manufacturer’s instructions. Western blots were performed as previously
described.®?

RNA extraction, sequencing, and data analysis

Total RNA was isolated from the livers of SD and LDLM—MM mice (n=5/group) after 5 months of diet for RNA sequencing using the
RNeasy MINI Kit (Qiagen, Venlo, The Netherlands), following the manufacturer’s protocol. Library preparation (poly A-enriched) and
bulk RNA sequencing were performed by Novogene (Beijing, China). Messenger RNA was purified from total RNA using poly-T oligo-
attached magnetic beads. After fragmentation, the first strand cDNA was synthesized using random hexamer primers, followed by
the second strand cDNA synthesis using either dUTP for directional library or dTTP for non-directional library. For the non-directional
library, it was ready after end repair, A-tailing, adapter ligation, size selection, amplification, and purification. The directional library
was ready after end repair, A-tailing, adapter ligation, size selection, USER enzyme digestion, amplification, and purification. The li-
brary was checked using Qubit and real-time PCR for quantification, and a Bioanalyzer for size distribution detection. Libraries were
pooled and sequenced on the lllumina NovaSeq 6000 PE150 platform following the manufacturer’s guidelines. Raw data (raw reads)
of fastq format were first processed through in-house perl scripts. In this step, clean data (clean reads) were obtained by removing
adapters, poly-N, and low-quality reads from the raw data. At the same time, Q20, Q30, and GC content of the clean data were calcu-
lated. All the downstream analyses were based on clean, high-quality data. FASTQ files for each of the 10 samples were uploaded to
Partek Flow (lllumina) for downstream gene expression analysis and data visualization. Pre-alignment quality assurance/quality
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control (QA/QC) was performed, and sequences were aligned to the Mus musculus mm39 reference genome using STAR. Gene
expression levels were determined using a “Quantify to annotation model (Partek E/M)” that mapped aligned reads to the
GencodeM32_GFP584 (Ensembl) annotation embedded in Partek to obtain gene and transcript counts. Features were filtered to
exclude those with a maximum count <= 10 to remove uninformative genes, and counts were normalized to counts per million
(CPM) to account for differences in sequencing depth between samples. Differentially expressed genes (DEGs) between LDMM
and SD were identified by statistical analysis using DESeq2. Genes with a p-value < 0.05 and FC > 2 or < -2 were considered differ-
entially expressed and used for downstream pathway and IPA analyses. Principal component analysis (PCA), hierarchical clustering/
heatmaps, KEGG pathway enrichment analysis, and Gene Set Enrichment Analysis (GSEA) were also performed in Partek. The Gene
Ontology (GO) resource platform (http://geneontology.org) was used to identify overrepresented biological processes (BP), molec-
ular functions (MF), and cellular components (CC) in the samples of interest. DEGs were uploaded to the GO platform, and GO sets
were generated using the PANTHER (Protein Analysis Through Evolutionary Relationships) Classification System. Alternatively, the
Reactome Pathway Database (https://reactome.org) was also used to determine enriched pathways. GO sets and pathways with
enrichment score >2 and p-value <0.05 were considered significant and biologically relevant. DEGs were also uploaded onto the
Ingenuity Pathway Analysis (IPA) software (Qiagen) for downstream pathway analysis.

In vitro experiment

The liver of C57BL/6J mice was perfused in situ via the portal vein with Ca*-free HBSS/EGTA buffer at 37°C to flush blood and
disrupt cell junctions, followed by collagenase perfusion in Ca?*-containing HBSS at 37°C until the liver capsule softened. The liver
was excised, hepatocytes mechanically liberated, and the suspension filtered through a 70 pm mesh. Hepatocytes were pelleted by
centrifugation at 50 x g for 1 min, washed twice, and viability assessed by trypan blue exclusion (>85%). Purified HCs were plated at a
density of 2 x 10 "4 cells per well in 96-well plates and 3 x 10 °5 cells per well in 6-well plates in DMEM without methionine and
cysteine, supplemented with 1% glutamine and 5% FBS to promote attachment, and incubated at 37°C and 5% CO2. Four hours
after isolation, the primary hepatocytes were treated with the following drugs in DMEM without methionine, cysteine, and FBS: 1)
Methionine diluted in water and tested in serial dilutions from 300 to 9.3 pg/L for dose-response, or at a concentration of 70 pg/L
for a single test dose; 2) 250 ng/ml FGF21, diluted in water; 3) 500 ng/ml GH diluted in water; 4) 100 nM Rapamycin diluted in
DMSO; 5) 100 pM STAT5-In-1 diluted in DMSO; and 6) 400 uM Fenofibrate, diluted in DMSO. After 18 hours of incubation at 37
°C and 5% CO2, the conditioned media were collected for ELISA detection of IGF-1 and FGF21 (Figure S7D).

Epidemiological data

Amino acid intake was estimated using the USDA FoodData Central database (https://fdc.nal.usda.gov/), based on average daily
serving values reported by Malik et al.°® For each food category reported in the paper, we selected a representative food item
from the USDA database that most accurately reflected its typical composition. The amino acid content for each selected item
was then multiplied by the corresponding average serving/day value. Data are presented as means for continuous variables and per-
centages for categorical variables. When comparing quintile 5 to quintile 1, p-values were compared using t-tests for continuous vari-
ables and y?-tests for categorical variables. Percent of energy from protein (kcal/day) was estimated by multiplying grams of protein
consumed per day by the number of kcal in one gram of protein (4 kcal/g) and dividing by total caloric intake. Energy-adjusted intakes
of amino acids were used in the analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 10.4.1 (GraphPad Software) was used for all statistical analyses. Normality and homogeneity of variance were as-
sessed using the Shapiro-Wilk and Levene’s tests, respectively. Normally distributed data with equal variances were analyzed by
one-way ANOVA with Tukey’s post-hoc test; data with unequal variances by Welch’s ANOVA with Dunnett’s T3 post-hoc test;
and non-normal data by Kruskal-Wallis test with Dunn’s post-hoc test. When two independent factors were examined simulta-
neously, two-way ANOVA was applied, followed by Tukey’s post-hoc test. Error bars represent SEM; data are also presented as
box-and-whisker plots (median, minimum, maximum) or scatter plots (median). All tests were two-sided. Significance levels are indi-
cated as *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001. Indirect calorimetry data were analyzed using GraphPad Prism and the
CalR v2 web-based tool (https://calrapp.org).®>*° Densitometry was performed using ImageJ (NIH)/Fiji software. For lifespan,
Kaplan-Meier survival curves were generated to estimate the survival distributions for each group. Differences between survival
curves were evaluated with the log-rank test and all pairwise diet comparisons. Cox proportional hazards regression was performed
in R (version 4.4.2; R Foundation for Statistical Computing) using the “survival” and “ggplot2” packages. We fitted one model per sex
with the standard diet as the reference category. Proportional hazards were assessed with Schoenfeld residuals for each group rela-
tive to the standard diet SD.
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