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A high-fiber diet mimics aging-related
signatures of caloric restriction in mammals
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Caloric restriction (CR) delays aging-related hallmarks in various organisms by
slowing growth and development while enhancing metabolic homeostasis.
However, desirable diets that harness the metabolic benefits of CR without
imposing food intake restrictions remain elusive. Here we evaluated the effects
of a high-fiber diet we developed, in which 30% of the macronutrients in a
standard diet are replaced with indigestible cellulose, compared to a CR
control consisting of a nighttime-2h-restricted feeding regimen. Our findings
show that the 2h-restricted feeding triggered a robust systemic response
associated with the anti-aging benefits typically observed with CR. Intriguingly,
the high-fiber diet did not reduce food intake but mimicked the aging-related
signatures of CR in male mice from young to old age. These results indicate
that the high-fiber diet confers promising benefits for metabolic homeostasis

and represents a valuable candidate for further health and aging studies.

Caloric restriction (CR), the reduction of food intake without mal-
nutrition, has become a gold standard in anti-aging studies'. Despite
the development and application of various CR-like protocols, such as
ketogenic diets (KDs), intermittent fasting (IF), fasting-mimicking diets
(FMDs), time-restricted feeding (TRF), protein restriction (PR), and
methionine restriction (MR), many of these approaches involve
excessive fasting and may lead to impaired growth, development, and
other adverse effects>’. A desirable caloric restriction mimetic (CRM)
should emulate the growth and development seen with ad libitum
feeding, while reproducing the metabolic, hormonal, and physiologi-
cal benefits of CR without the drawbacks of excessive fasting and other
undesirable side effects**. Additionally, a CRM should improve aging-
related hallmarks, confer protection against a variety of stressors, and
produce CR-like effects on aging and age-related diseases®.
Unfortunately, discovering an ideal CRM remains a formidable
challenge***’. Rapamycin, a Food and Drug Administration (FDA)-
approved natural compound, has been proposed as a preeminent
CRM candidate. It robustly extends lifespan robustly in many model
organisms, including various mice models, even when initiated in 20-
month-old wild-type mice®. However, despite the considerable
attention that rapamycin and other mechanistic target of rapamycin
complex 1 (mTORCI1) inhibitors have garnered in the anti-aging

community, their potential side effects, such as immunosuppression,
hyperlipidemia, and hyperglycemia, must be carefully evaluated in
clinical trials®'°. On the other hand, accumulating evidence suggest
that the type and ratio of macronutrients in the diet, including car-
bohydrates, fats and proteins, exert a profound effect on growth,
metabolism and longevity in model organisms, ranging from yeast to
mice*2, Moreover, some of these anti-aging dietary interventions
do not necessarily involve reducing calorie or overall food con-
sumption. Thus, it is conceivable that a desirable dietary CRM with
fewer safety-related concerns commonly associated with drug
development could be developed. However, it is worth noting that
very few non-CR diet related longevity studies have included a classic
CR as a positive control to parallelly evaluate CR-like benefits on
growth, development, metabolism, and longevity’.

Dietary fibers are not hydrolyzed by endogenous enzymes in the
small intestine but are partially or totally fermented by gut microbiota
in the large intestine”. High-fiber diet consumption is typically linked
to various health benefits, such as weight control, hunger reduction
and satiety prolongation'*". In this context, we hypothesize that par-
tially replacing macronutrients with dietary fibers may replicate CR-
like benefits without unwarranted fasting and weight loss. To evaluate
the hypothesis, we investigated the growth, food intake, transcriptome
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and metabolome in 3-month-old male C57BL/6 ] mice that were fed
several high-fiber diets modified from the standard growth diet (AIN-
93G). In one of these diets, 30% (w/w) of the components, primarily
consisting of macronutrients, were substituted with cellulose, while
vitamins and minerals were kept consistent. This dietary modification
was found to have no significant impact on body weight over a two-
week growth period. Furthermore, we found that this diet could
induce a robust systemic response associated with the anti-aging
benefits typically observed with CR, a phenomenon not observed in
other high-fiber diets. Moreover, this high-fiber diet can help middle-
aged and naturally aging mice improve glucose and lipid metabolism,
reverse declines in motor abilities, and alleviate impairments in
learning and memory function. Consequently, this diet emerges as a
promising candidate for further evaluation of its CRM effects on health
and aging.

Results
Effects of high-fiber diets on behavior and body weight in young
male mice
To investigate the variance in dietary fibers for the substitution of
macronutrients, we selected two representatives, inulin and cellulose,
which are distinct due to their difference in physicochemical
characteristics'. Inulin, a soluble and highly fermentable dietary fiber,
has been extensively investigated and finds diverse applications in
both food and medicine. In contrast, cellulose is insoluble, minimally
fermentable, and a commonly employed fiber component in various
mouse diet studies*. We redesigned the standard AIN-93G diet to
obtain four different diets by replacing either corn starch or the entire
macronutrients with the two selected fibers, thus the total fiber
(including the original 5% cellulose) in the eight high-fiber diets range
from 15% to 35% (Supplementary Fig. 1a). This range is commonly used
in CR studies. Additionally, we implemented a nighttime 2 h ad libitum
feeding and 22 h fasting protocol, serving as the CR positive control
(Fig. 1a). Nighttime-restricted feeding has been shown to improve
numerous health parameters more effectively than daytime-restricted
feeding in mice'*™. Notably, a nighttime-2 h 30% CR was reported to
extend the lifespan of wild-type C57BL/6 ] mice by 35%, whereas non-
time-restricted 30% CR only resulted in a 10% lifespan extension®.

To test the palatability of these diets, 20 h fasted young adult
(eight-week-old) male C57BL/6 ) mice were initiated on feeding (day 0)
with the high-fiber diets. All groups, except for IF30m, showed a similar
pattern of food consumption during the first 4 h (Fig. 1b and Supple-
mentary Fig. 1b). IF30m might exhibit lower palatability than the other
diets, as we observed that after the initial 1-h feeding, the mice con-
sumed only 12% of the total food intake within 4-h period. Never-
theless, after two weeks of feeding (day 14), all groups displayed
remarkably similar results, with food intake gradually decreased in the
4h (Supplementary Fig. 1c). This aligns with findings from time-
restricted feeding studies, where mice tend to consume food to the
fullest extent when it becomes accessible'®*°?, In addition, the mice
consumed more in the first four days and then stabilized, indicating
adaptation to all the diets (Fig. 1c, d). We then applied the average
values from day 6 to 14 to evaluate the food intake. In the CR group,
mice were allowed daily access to food for 2 h and consumed ~80% of
the amount eaten by mice in the unrestricted feeding RD (regular diet)
group within 24 h (Fig. 1e). Mice in CF30m group had the most food
intake, which was 47% higher than the control RD group (Fig. le).
Unlike food intake, the body weight of mice in all groups steadily
gained over the course of the two weeks, as expected (Fig. 1f, g).
Interestingly, the average weight in each group closely resembled that
of the RD group, with the exception of the CR group, which exhibited a
17% reduction (Fig. 1h).

To further investigate whether a specific nutrient factor played a
key role in body weight, we conducted an analysis of nutrient intake
based on data derived from the diet composition and food intake

(Fig. 1i and Supplementary Fig. 1a). Firstly, animals in the CF30 group
exhibited the highest protein intake, which was 39% higher com-
pared to the RD group. In contrast, animals fed the CF30m diet
showed protein intake similar to that of the RD group (Fig. 1j). This
difference can be attributed to the CF30m diet’s lower protein
composition and higher consumption, while the CF30 diet main-
tained a similar protein proportion to the RD diet. Secondly, carbo-
hydrate intake appears to be closely correlated to the corn starch
ratios in the diets, given that starch is the major carbohydrate com-
ponent in the diet (Fig. 1i, k). Thirdly, the CF30 group of mice pre-
sented the highest calorie intake, which was 13% higher, compared to
the RD group (Fig. 1 and Supplementary Fig. 1m, n). By comparison,
mice in the IF10 to IF30 groups had significantly lower calorie intake
due to the lower energy density of their diets and reduced food
consumption. Lastly, we observed that the inulin groups displayed a
disconnect between food intake and water intake (Supplementary
Fig. le-g). This suggests that both types of fiber-rich diets may
contribute to reduced water intake, a phenomenon that warrants
further investigation to determine the underlying reasons. However,
mice in CR group exhibited higher water intake?, with nearly half of
their water consumption occurring within the 2-h feeding window.
This is likely due to water intake can facilitate the speed of food
consumption during the 2-h binge eating pattern'®*°2,

Overall, our findings highlight the significant impact of this fiber
replacement intervention on food intake, weight control, and nutrient
optimization. As we observed, animals in the CF30m group consumed
more food (+47%), but did not exhibit an increase in body weight (-2%),
protein (+1%), calories (+1%) or carbohydrates (+1%). On the other
hand, animals fed the CF30 diet consumed more protein (+39%),
whereas their body weight did not increase (-5%) (Fig. 1e-1). In align-
ment with previous studies’®*, our 2 h night CR protocol resulted in a
20% reduction in food intake, akin to a classical CR regimen in which
mice were subjected to ~30% CR and consume their daily allotment
within a~2h window as a single meal.

The night 2-hour feeding regimen mimics the transcriptional
signatures of CR

To investigate the molecular-level effects of the high-fiber diets feed-
ing, we conducted RNA sequencing (RNA-seq) analysis on mouse liver
samples from six feeding groups (CR, RD, IF30, IF30m, CF30, CF30m).
All 36 animals were sacrificed after a 4 h refeeding period on day 14
(Fig. 1b), and liver samples were collected within a1 h window (from 10-
11p.m.) to minimize the influence of circadian rhythms on gene
expression. We chose the 4 h timepoint after refeeding to profile
mRNA expression because this duration is sufficient to induce sig-
nificant changes in gene expression following refeeding. Additionally,
this time window was selected to minimize the potential influence of
the next meal, as this refeeding regimen aimed to mimic the human
breakfast pattern.

To uncover the transcriptional signatures of nighttime 2h ad
libitum feeding, we performed differential gene expression analysis
between the CR and RD mice (Supplementary Data 1). A total of 3663
genes were differentially expressed (FDR < 0.05) under CR versus RD
(Fig. 2a). Of these, 2191 genes were down-regulated and 1472 were up-
regulated. Strikingly, within the top downregulated transcripts
(-log1oFDR >5 and [log2FC|> 2) were several major urinary proteins
(Mupll, MuplS, Mupl6, Mupl7, Mupl8 and Mup22) and three cyto-
chrome p450 enzymes (Cyp4alO, Cyp4ai4 and Cyp4a59) (Fig. 2a). The
MUPs family consists of more than 20 isoforms, predominantly
expressed in the liver, with significantly higher levels in males®. They
play a vital role in mate preference, social learning, and aggression®,
Mup genes have been reported to be influenced by both CR and high-
calorie diets*?®, suggesting their involvement in energy metabolism in
the mouse liver. Gene ontology (GO) analysis revealed that the upre-
gulated genes were highly significantly related to energy metabolism,
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Fig. 1| Effects of a fiber diet on physiological parameters in 2-month-old

male mice. a Outline of feeding regimens (CR, RD, IF10, IF 20, IF30, IF30m, CF10,
CF20, CF30 and CF30m) during day 1 to 13. ZT: Zeitgeber Time, refers to the light
exposure. Food and water consumption were measured at ZT12. b Experimental
design showing the 4-h food intake test (except for the CR group) on day 0 and day
14. Food and water consumption were measured hourly. Trend in food intake for
inulin (c) or cellulose (d) fiber diet groups from day 1 to 13. e Average food intake of
all groups from day 6 to 13. Every point is the daily food intake of mice in each group
from day 6 to day 13, a total of 8 points. Body weight of mice during the two-week

ee@
’b(bg

inulin (f) or cellulose (g) fiber diet intervention. h Average body weight of mice in all
ten groups. Every point is the average body weight of mice in each group from day 1
to day 14, a total of 14 points. i Diet composition of eight redesigned fiber diets
based on the AIN-93G formulation. Average protein (j), carbohydrate (k), or calorie
intake (I) of mice from day 6 to 13. Every point is the average measurement data of 6
mice from day 6 to 13, a total of 8 points. Data are presented as mean+SEM, n=6
mice per group. Statistical significance was determined by one-way ANOVA (Dun-
nett’s test). *P < 0.05, *P < 0.01, **P< 0.001.

including lipid, carbohydrate, cholesterol metabolism and RNA spli-
cing (Fig. 2b), whereas the downregulated genes were related to
growth and development, including translation, ribosomal biogenesis,
mitochondrial ATP synthesis (Fig. 2c). This is consistent with the
existing understanding that CR hinders growth and development while
promoting cytoprotective and metabolic activities to extend lifespan,
which appears to be primarily achieved through the inhibition of
mechanistic target of rapamycin (mTOR), insulin/insulin-like growth
factor 1 (IGF-1) signaling pathways, along with the elevation of signaling
pathways associated with Sirtuinl (SIRT1) and AMP-activated protein
kinase (AMPK)*'°'>?°, Furthermore, the findings from KEGG pathway
analysis mirrored the results obtained from the GO analysis (Supple-
mentary Fig. 2a, b). However, it is noteworthy that the downregulated

genes were notably associated with various neurodegenerative dis-
eases, which is particularly intriguing. This association can be attrib-
uted to the pivotal role played by ubiquitin-mediated proteolysis in the
development of most neurodegenerative diseases®.

To validate the transcriptional data obtained from our CR regi-
men, we reanalyzed RNA-seq data from a recent publication (Supple-
mentary Data 2)*. We utilized the same liver samples from wild-type
C57BL/6) mice and implemented a similar 2 h nighttime feeding CR
protocol. The overlap between CR/RD and CR-night-2h/AL groups
consisted of 272 upregulated genes and 418 downregulated genes. GO
analysis revealed that the upregulated genes were linked to extra-
cellular matrix (ECM)*, collage®, endoplasmic reticulum (ER)*, PI3K-
Akt signaling pathway®® (Fig. 2d), all of which have been previously
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Fig. 2 | A night 2 h feeding regimen mimics the transcriptional patterns of CR in
young male mice. a Volcano plots showing differentially expressed genes (DEGs)
in liver of CR versus RD mice. Red denotes genes represent significantly upregu-
lated genes in CR mice (1472 genes); blue denotes represent significantly down-
regulated genes in CR mice (2191 genes). DEGs were identified with FDR < 0.05. Top
20 GO terms enriched in genes upregulated (b) or downregulated (c) by CR. d Venn
diagram (top) showing the overlap of CR/RD upregulated genes in 3-month-old
mice (this study) with CR-night-2h/AL up-regulated genes in 6-month-old mice?,
and the pathway enrichment results of overlapping genes (bottom). e Venn dia-
gram (top) showing the overlap of CR/RD downregulated genes in 3-month-old
mice with CR-night-2h/AL downregulated genes in 6-month-old mice, and the
pathway enrichment results of overlapping genes (bottom). f CR-mediated fold

change (FC) for overlapping genes across three age stages. g Venn diagram (top)
showing the overlap between CR up/downregulated genes and rhythmic genes in
young (6-month-old) or old (19-month-old) animals, heatmap (bottom) showing
expression FC for the overlapping rhythmic genes across three age stages. The sets
of rhythmic genes were identified from a previous study®’. h Venn diagram (top)
showing the overlap among CR up/downregulated genes, rhythmic genes, and
inflammatory response genes. Heatmap (bottom) showing expression FC for
overlapping inflammatory response genes across three age stages. All Inflamma-
tory response genes were from GO term inflammatory response (GO:0006954).

i Venn diagram (top) showing the overlap among CR-regulated genes, aging related
genes, and CR-night-2h/AL (6 months) DEGs. Heatmap (bottom) showing expres-
sion fold change (FC) for collagen genes across three age stages.
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demonstrated to have expression patterns beneficial for longevity. On
the other hand, the downregulated genes were associated to transla-
tion, ribosomal biogenesis, mitochondrion, MUPs and ubiquitin
mediated proteolysis, as observed above (Fig. 2e). Furthermore, we
conducted a comparison of the CR-mediated expression fold change
(FC) for these overlapping genes across the three age stages, as illu-
strated in the heatmap (Fig. 2f). Evidently, a noticeable difference in
the heatmap between the 6-month and 19-month, suggesting that CR
exerts distinct effects on gene expression in young and old mice. This
divergence is likely attributed to aging-related disease states and
dysfunction within the aging organs. Notably, our CR-induced gene
expression pattern (the first column, 3 months) exhibited a similar
pattern to that observed in 6-month-old mice. Indeed, our down-
regulated genes under CR exhibited a higher degree of overlap with
the downregulated genes in 6-month-old mice subjected to CRs, but
conversely, an opposite pattern was noticed in 19-month-old mice
(Supplementary Fig. 2c). This underscores the idea that the effects of
CR can yield opposite outcomes in animals of different ages. Conse-
quently, it highlights the need for careful consideration in the experi-
mental design and interpretation of CR-related studies, particularly
with regard to age-related variations®.

Next, we examined the transcriptional expression of rhythmic
genes, inflammatory response and other aging-related genes in our CR
model. Firstly, a total of 773 genes (399 upregulated and 374 down-
regulated) in our CR model overlapped with the sets of rhythmic genes
in either young or old animals (Supplementary Fig. 2d,g). This is con-
sistent with our expectations, as many circadian cycling genes are
known to be modulated by both CR and TRF?°**?¢, Secondly, 146 genes
(70 upregulated and 76 downregulated) overlapped with the genes
related to the inflammatory response (Fig. 2h). Interestingly, only 28
genes overlapped between the rhythmic and inflammatory response
gene sets, suggesting that genes associated with inflammation may
have a lower likelihood of being influenced by circadian rhythms.
Moreover, CR seems to have a greater ability to suppress the expres-
sion of inflammatory genes in old mice compared to young mice, as
evidenced by the noticeable difference between 6-month and 19-
month mice in the heatmap (Fig. 2h and Supplementary Fig. 2d). This
might be partially attributed to the fact that these genes are expressed
at higher levels with aging and are very low in young animals, resulting
in low enrichment in the differentially expressed gene (DEG) list in our
CR model. Thirdly, our CR model significantly regulates 157 aging-
associated genes (80 upregulated and 77 downregulated), which are
involved in various pathways including TOR signaling, IIS signaling,
collagen, heat shock proteins, glutathione S-transferase, autophagy,
cytochrome P450, and UDP glucuronosyltransferase (Fig. 2i and Sup-
plementary Fig. 2d). Notably, the mRNA expression of many (38/61)
collagen genes was significantly elevated by our CR model, but this
effect was partially attenuated in 6-month-old mice subjected to CR
and further reduced in 19-month-old mice. This leads us to speculate
that CR-induced enhancement of collagen-mediated extracellular
matrix remodeling in young mice may partially contribute to the CR
longevity, as CR was found to be less effective when initiated later in
life*”.

A high-fiber diet mimics the transcriptional signatures of CR in
young male mice

The summary of transcriptomic results indicated that our nighttime
2-h feeding regimen can mimic the transcriptional signatures observed
in the classic CR protocol. We then conducted a similar transcriptomic
analysis on the high-fiber samples. Surprisingly, gene expression ana-
lysis revealed that only mice fed the CF30m diet presented a high
number of DEGs (Fig. 3b, Supplementary Data 1). This similarity to CR
was further confirmed by the heatmap, where CF30m showed a much
closer resemblance to CR than the other groups (Fig. 3a). This align-
ment is substantiated by the significant correlation of gene expression

FC compared with RD for CR and CF30m groups (Fig. 3c). Once again,
GO and KEGG pathway analyses yielded consistent results with those
observed in our CR model (Fig. 3d, e and Supplementary Fig. 3a, b).
Notably, many genes that were up-regulated by both CR and CF30m
have been reported to have a lifespan-shortening effect when inhib-
ited, suggesting their potential positive role in promoting longevity
(Fig. 3f). In contrast, the down-regulated genes were linked to immune
or inflammatory responses (Fig. 3g). Furthermore, these genes are
associated with ribosome biogenesis, proteasome assembly, and the
AMPK signaling pathway, all of which were significantly enriched in
DEGs in both the CR and CF30m groups (Supplementary Fig. 3c-e).

The high-fiber diet has a more profound impact than CR in mice
liver transcriptome

To determine the DEGs that were specifically regulated by CF30m, we
conducted a comparative analysis of genes regulated by CR and
CF30m compared with RD. As expected, more than half of the genes
regulated by CR overlapped with those regulated by CF30m. Specifi-
cally, 853 genes were upregulated, and 1672 genes were down-
regulated, and these were shared by both CR and CF30m (Fig. 4a). We
then categorized these genes into 10 groups (Supplementary Data 3),
denoted as I to X (Fig. 4a). Groups I to IV represent the four sets of
genes (CR upregulated, CR downregulated, CF30m upregulated,
CF30m downregulated), while groups V to VIII consist of genes spe-
cifically regulated by these four sets. Groups IX and X comprise genes
that are shared commonly between the two sets. To identify the bio-
logical processes (BPs) specifically associated with these ten groups,
we selected GO terms that were significantly overrepresented in only
one group and not in the other groups (Fig. 4b, c and Supplementary
Fig. 4). The significantly enriched terms by CF30m upregulated genes
(group III) included chemical homeostasis, positive organization,
negative translation, steroid response, rhythmic process, insulin
pathway, ER organization (Fig. 4b). Importantly, in the CF30m
uniquely downregulated genes set (group VIII), we identified a sur-
prising enrichment of numerous terms related to immune responses
(group VIII) (Fig. 4c), which was not significantly enriched in both CR
and CF30m downregulated gene sets (Figs. 2c, 3e).

The elevated expression of immune system processes and
inflammation related genes with aging were identified in mouse liver®.
To determine if these genes were also present in our study, we con-
ducted a comparison by examining aging-regulated genes (19 months
versus 6 months) under AL feeding conditions and compared them
with our ten gene sets (Fig. 4d). Remarkably, CF30m specifically
downregulated gene set (group VIII) exhibited a higher degree of
overlap with aging-upregulated genes compared to aging-
downregulated genes. Additionally, this overlap was more pro-
nounced under AL feeding conditions than under the various CR
conditions. These findings suggest that CF30m specifically down-
regulated genes associated with aging-related immune processes.
Subsequently, we performed a comparison of the expression FC
mediated by CF30m specifically in genes across the three age stages, as
illustrated in the heatmap (Fig. 4e, f). Obviously, CF30m exerted a
profound impact on the expression of these genes, evident from the
notably deeper colors in the heatmap when compared to other con-
ditions. Furthermore, the Spearman correlation heatmaps also indi-
cated that the expression trends of these genes, when influenced by
CF30m, closely resembled those observed in mice subjected to CR in
the old age stage, rather than in young mice.

Among the CF30m uniquely downregulated genes of note include
allergic reactions protein high affinity IgE receptor (FcerIg), interferon-
gamma inducing proinflammatory cytokine factor interleukin 18 (//18),
immune response associated secretory leukocyte peptidase inhibitor
(Slpi), immune reaction associated type Ill intermediate filament (IF)
protein vimentin (Vim), C-X-C motif chemokine ligand 16 (Cxcli6),
tumors-induced megakaryocyte potentiating factor (Msin), obesity-
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Fig. 3 | A high-fiber diet mimics the transcriptional patterns of CR in 2-month-
old male mice. a Heatmap of CR-regulated genes in liver (n =6 mice per group;
FDR < 0.05). b Bar chart showing the number of DEGs across five feeding conditions
compared to the RD group. ¢ Spearman correlation plots showing significant cor-
relation in gene expression FC between the CR and CF30m groups, compared to
RD. Top 20 GO terms enriched in genes upregulated (d) or downregulated (e) by
CF30m. f Expression of representative lifespan-related genes known to shorten

lifespan when inhibited. Box-and-whisker plots (minimum, 25th percentile, median,
75th percentile, maximum), n = 6 biologically independent samples per group.

g Expression of representative genes associated with immune or inflammatory
responses. Box-and-whisker plots (minimum, 25th percentile, median, 75th per-
centile, maximum), n =6 mice per group. Data are presented as mean+SEM, n=6
mice per group. Statistical significance was determined by one-way ANOVA (Dun-
nett’s test). *P < 0.05, *P < 0.01, **P< 0.001.

induced serine protease inhibitor A12 (Serpinal2) (Fig. 4g). Among
these CF30m specifically upregulated genes of note include cytopro-
tective factor heat shock protein 1B (Hspalb), lipid metabolism-linked
protein ATP-binding cassette sub-family A member 2 (4bca2), cell
proliferation suppression factor poly(rC) binding protein 4 (Pcbp4),
collagen synthesis enzyme prolyl 4-hydroxylase subunit alpha-2
(P4ha2), cytochrome p450 oxidoreductase (Por), glutathione home-
ostasis mediator gamma-glutamyltransferase 6 (Ggt6), inflammation-
associated protein granulin (Grn) (Fig. 4h).

The night 2 h feeding regimen mimics the metabolomic effects
of CR in young mice

To determine whether the effect of our CR regimen on transcriptional
alterations would also extend to metabolite level, corresponding to
changes in gene expression, we identified a total of 296 downregulated

and 350 upregulated metabolites (P<0.05 and |FC|> 1.5) under CR
versus RD (Supplementary Fig. 5a and Supplementary Data 4). Not
surprisingly, principal component analysis (PCA) clearly demonstrated
that samples from both CR and CF30m groups clustered separately
from the other groups (Supplementary Fig. 5b). Further GO analysis of
these differentially abundant metabolites (DAMs) uncovered that the
downregulated DAMs were significantly related to nucleotides meta-
bolism (Supplementary Fig. 5c), whereas the upregulated DAMs were
linked to lipid metabolism (Supplementary Fig. 5d). For example, among
the downregulated metabolites included the nucleotides guanosine (G),
deoxyadenosine (dA) and aminoimidazole carboxamide ribonucleotide
(AICAR, also known as Z-nucleotide), the steroid dehydroepiandroster-
one (DHEA, abundant hormone in the human body), and the HIV
treatment drug efavirenz (benzoxazine) (Supplementary Fig. 5e); among
the upregulated metabolites included the L-alpha-amino acids L-lysine
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Fig. 4 | The high-fiber diet impacts the liver transcriptome more profoundly
than CR in young male mice. a Venn diagram showing the overlap between CR/
RD DEGs and CF30m/RD DEGs. The ten overlapping gene sets were numbered I to
X (Supplementary Data S3). b Bubble chart showing GO terms significantly enri-
ched in group Il (CF30m upregulated genes) but not in other groups. ¢ Bubble
chart showing GO terms related to immune responses that were significantly
enriched in group VIII (CF30m uniquely downregulated genes) but not in other
groups. d Stacked bar chart depicting the percentage of overlapping genes
between the ten gene sets and aging genes (19 months versus 6 months DEGs)
across any CR condition. Red outlines represent aging upregulated genes; blue
outlines represent aging downregulated genes. e Heatmap (left) showing expres-
sion FC for group VIII (CF30m uniquely downregulated genes) across three age
stages. Gene expression matrix Spearman correlation heatmaps (right) showing

the similarity of expression pattern of group VIII (CF30m uniquely downregulated
genes) under different feeding conditions. f Heatmap (left) showing expression FC
for group VII (CF30m uniquely upregulated genes) across three age stages. Gene
expression matrix Spearman correlation heatmaps (right) showing the similarity of
expression pattern of group VII (CF30m uniquely upregulated genes) under dif-
ferent feeding conditions. g Expression of representative genes specifically
downregulated by CF30m. Box-and-whisker plots (minimum, 25th percentile,
median, 75th percentile, maximum), n=6 mice per group. h Expression of repre-
sentative genes specifically upregulated by CF30m. Box-and-whisker plots (mini-
mum, 25th percentile, median, 75th percentile, maximum), n =6 mice per group.
Data are presented as mean + SEM, n =6 mice per group. Statistical significance
was determined by one-way ANOVA (Dunnett’s test). *P< 0.05,

*P<0.01, **P<0.001
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(low levels in patients with Parkinson’s) and ornithine (associated with
wound-healing effects and immune enhancement), the sulfinic acid
hypotaurine (involved in taurine and hypotaurine metabolism), the
glycerophospholipids  LysoPC(18:3(6Z,97,127))  (anti-inflammatory
properties) and PS(18:0/20:4(8Z,11Z,14Z,17Z)) (important for phospho-
lipid biosynthesis) (Supplementary Fig. 5f). Information regarding these
compounds was referenced from Human Metabolome Database (HMDB
version 5.0)*. Moreover, we carried out an integrated pathway over-
representation analysis of our transcriptomic and metabolomic data®.
Indeed, the enriched GO terms observed in either the CR-regulated
genes or the metabolite sets were also differentially enriched through
joint analysis (P<0.05), indicating a strong correlation between gene
expression and metabolite level (Supplementary Fig. 5g, h).

The high-fiber diet alters the liver metabolome more profoundly
than CR in young mice
We next conducted a metabolomic assessment of samples from the
high-fiber diet groups to investigate whether CF30m had a more
pronounced impact on the liver metabolome compared to CR, a trend
similar to what we observed in the transcriptomic data. In contrast to
the RNA-seq data, all experimental groups displayed several hundred
DAMs relative to RD group (Fig. 5a and Supplementary Data 4). Inter-
estingly, animals fed the four high-fiber diets showed a higher number
of upregulated DAMs for reasons that remain unclear, although this
was not observed for downregulated DAMs. A heatmap illustrating the
relative abundance of CR-mediated DAMs revealed that the abundance
of CR-downregulated metabolites was distinct from the other groups,
while there was a similarity between CR and CF30m groups for their
upregulated metabolites (Fig. 5b). This observation is consistent with
the PCA results (Supplementary Fig. 5b), which suggested that CR and
CF30m are separated. Consistently, 36% (127/350) of CR-upregulated
metabolites were also elevated by CF30m, a proportion much higher
than the overlap observed between the other groups (Fig. 6c).

Next, we conducted GO analysis of DAMs regulated by CF30m and
CR. In brief, CF30m appeared to have a lesser impact on decreasing
nucleotide metabolism compared to CR (Fig. 5d), but it had a more
significant influence on increasing lipid metabolism (Fig. 5e). These
findings were consistent with the results of gene expression and were
confirmed by the joint analysis of DEGs and DAMs (Fig. 5f). Once again,
many important metabolites were significantly regulated by CF30m but
not by CR. Noteworthy downregulated metabolites were the sugar
alcohol galactitol (a metabotoxin, neurotoxin, and hepatotoxin), the
indole indoleacetic acid (IAA, a uremic toxin), the benzene phe-
nylpyruvic acid (found at high levels in individuals with phenylk-
etonuria), the nucleotide deoxyinosine monophosphate (dIMP) and the
keto acid 3-oxododecanoic acid (Fig. 5g). Remarkable upregulated
metabolites were the steroid estrone (a major mammalian estrogen),
the omega-6 fatty acids linoleic acid (one of two essential fatty acids for
humans) and eicosadienoic acid (a di-unsaturated fatty acid), the fatty
acyl diacylglycerol (DAG) DG(18:1(117)/18:3(9Z,12Z,157)/0:0), and the
prenol lipid gamma-tocotrienol (a derivative of vitamin E) (Fig. 5h)*,

Most notably, we identified 192 lipids and lipid-like compounds
among the 571 CF30m upregulated DAMs (Supplementary Data 4),
including 66 fatty acyls (related to the structure and function of cell
membranes), 51 glycerophospholipids (found in the lipid bilayer of
cells), 31 steroids and steroids (hormones and signaling molecules), 30
prenol lipids (acting as antioxidants and contributing to vitamins A, E,
and K), and 11 glycerolipids (involved in energy storage)*’. Interest-
ingly, these lipids exhibited the highest concentration in the CF30m
samples and the lowest concentration in the RD samples (Fig. 5i),
demonstrating a more profound effect on lipid metabolism compared
to CR, although other upregulated metabolites influenced by CF30m
were not extensively investigated.

Short-chain fatty acids (SCFAs) are key metabolites produced
predominantly in the colon through bacterial fermentation of

indigestible fibers by the gut microbiota*. These intestinally derived
SCFAs have been implicated in numerous beneficial effects on energy
metabolism, inflammation and immunity*’. Therefore, SCFAs may
represent a potential effector molecule underlying the health benefits
of the CF30m diet. However, in contrast to the 192 lipid compounds
analyzed, we found that both CR and CF30m exert limited effects on
SCFA levels in the blood and liver of mice (Supplementary Fig. 6a,b).
Additionally, ketone bodies are important lipid-derived molecules that
serve as circulating energy sources during fasting and CR*’. To assess
whether CF30m diet influences ketone body production, we measured
blood levels of beta-hydroxybutyrate at 18:00 (following 22 h of fasting
under CR) and 22:00 (after refeeding under CR). Consistent with
previous findings**, beta-hydroxybutyrate levels in CR mice increased
after fasting but returned to baseline levels post-feeding. In contrast,
the blood ketone levels in the RD and CF30m groups remained com-
parable (Supplementary Fig. 6c). These findings suggest that neither
SCFAs nor ketone bodies are likely to serve as the primary effector
molecules mediating the health benefits of the CF30m diet.

Collectively, our data suggest that the CF30m diet elicits a robust
systemic response associated with longevity benefits typically
observed with CR in young mice, this entails a downregulation of
innate immunity, inflammation, and translation, coupled with an
upregulation of lipid metabolism, collagen production, and autop-
hagy (Fig. 5j).

A long-term high-fiber diet reverses aging-related signatures in
middle-aged mice

To further evaluate the anti-aging effects of the high-fiber diet, six-
month-old mice were fed either the AIN-93G diet or the CF30m diet for
4 months, until they reached middle age at 10 months (Fig. 6a). Over
the 4-month period, food and water intake in both RD and CF30m
groups remained relatively stable, with minor fluctuations (Fig. 6b and
Supplementary Fig. 7a). Mice in CF30m group consumed more food
(+34%) compared to those in RD group (Fig. 6¢). Although calorie
intake was similar between RD and CF30m groups (Supplementary
Fig. 7b, ¢), CF30m group had a lower body weight (-6%) than RD group
(Fig. 6d and Supplementary Fig. 7d). Thus, the high-fiber diet resulted
in more food intake without altering overall energy intake, a pattern
also observed in young mice.

Impaired glucose metabolism, reduced motor function, and
cognitive decline are key indicators of aging®. To further investigate,
three-month-old young mice (Y3m group) were included as controls.
In an oral glucose tolerance test, CF30m-fed mice displayed sig-
nificantly lower blood glucose levels within 30 min of glucose admin-
istration, which were even slightly lower than those of the Y3m group
(Fig. 6e, ). As expected, aging significantly reduced grip strength in the
RD group compared to the Y3m group (Fig. 6g). However, the high-
fiber diet noticeably improved grip strength in the CF30m group.
Additionally, in the rotating rod test, CF30m-fed mice exhibited
latency times and movement distances comparable to those of the
Y3m group, which were higher than those of the RD group (Fig. 6h, i).
This indicates that the high-fiber diet effectively mitigated age-related
motor impairments. Furthermore, graying of fur, a prominent sign of
aging in mice*¢, was significantly reduced in the CF30m group com-
pared to the RD group (Fig. 6j, k).

To assess cognitive functions, Y-maze test and Morris water
maze tests were performed. Aging reduced the accuracy in the Y-
maze, while the high-fiber diet improved accuracy compared to the
RD group (Supplementary Fig. 7e). During the Morris water training
period from day 1 to 5, middle-aged RD-fed mice exhibited no sig-
nificant improvement in escape latency, which remained around 35 s
(Fig. 6l). In contrast, CF30m-fed mice showed a marked reduction in
escape latency, decreasing to about half of the initial latency by
day 5, significantly outperforming the RD group (Fig. 61). On day 6,
after the platform was removed, CF30m-fed mice demonstrated
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significantly higher target crossing counts than the RD group
(Fig. 6m). Additionally, CF30m-fed mice spent more time in the tar-
get area and target quadrant than RD-fed mice (Fig. 6n, o). Inter-
estingly, the high-fiber diet also reversed aging-associated changes in
skin tissue. CF30m-fed mice exhibited significantly reduced sub-
dermal thickness, resembling that of young mice, whereas aging
increased subdermal thickness and reduced dermal thickness in RD-

Glycerophospholipids(51)

Translation

Ribosome

Proteasome

Aerobic respiration
Nucleotides metabolism
Innate immune response
Inflammatory response
Carbohydrate metabolism
Lipids metabolism

RNA splicing

autophagy

Collagen

fed mice (Fig. 6p, q). These findings align with previous studies
showing aging-related dermal changes®’.

Transcriptomic analysis of liver tissues further highlighted the
anti-aging effects of the high-fiber diet (Supplementary Data 5). PCA
revealed distinct transcriptomic profiles between young (Y3m) and
middle-aged (RD-fed) mice, with the CF30m diet shifting the tran-
scriptome of middle-aged mice closer to that of young mice
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Fig. 5 | Hepatic multi-omics profiles indicate a more significant alteration by
the high-fiber diet in young mice. a Comparison of DAMs related to RD in the CR
and four fiber groups. b Heatmap showing the abundance of CR-regulated DAMs
across all high-fiber groups. Five to six biological replicates were performed for
each condition. ¢ Percentage overlap of DAMs between the four high-fiber groups
relative to RD and CRrelative to RD. Red borders indicate upregulated overlaps and
blue borders indicate downregulated overlaps. d Representative GO terms and
pathways enriched in DAMs downregulated by CR/RD and CF30m/RD.

e Representative Go terms and pathways enriched in DAMs upregulated CR/RD up
and CF30m/RD. f Top 20 pathways identified by joint pathway analysis using
enrichment. These pathways were obtained by analyzing the overlap of 2257 DEGs
and 571 DAMs upregulated by CF30m/RD. g Abundance of representative meta-
bolites downregulated by CF30m. Box-and-whisker plots (minimum, 25th

percentile, median, 75th percentile, maximum). For CR and CF30m group, n=6
mice; For RD, IF30, IF30m and CF30 group, n =5 mice. h Abundance of repre-
sentative metabolites upregulated by CF30m. Box-and-whisker plots (minimum,
25th percentile, median, 75th percentile, maximum). For CR and CF30m group,
n=6 mice; For RD, IF30, IF30m and CF30 group, n =5 mice. i Heatmap showing
classes of 192 lipid and lipid-like related compounds upregulated by CF30m.

j Schematic comparison of hepatic transcriptomic and metabolomic signatures in
C57BL/6 ) male mice under CR and CF30m feeding regimens. Arrows represent
upregulated or downregulated genes; the quantity of arrows indicates the number
of genes, while arrow color intensity reflects the level of gene expression. Data are
presented as mean + SEM. Statistical significance was determined by one-way
ANOVA (Dunnett’s test). *P < 0.05, **P < 0.01, **P < 0.001.

(Supplementary Fig. 7f). Aging under RD conditions resulted in
977 DEGs, including 487 upregulated and 490 downregulated
genes (Supplementary Fig. 7g). GO analysis indicated that aging
upregulated genes associated with the unfolded protein response
(Supplementary Fig. 7h), a hallmark of ER stress and a key manifes-
tation of aging*®*’. Downregulated genes were primarily linked to
fatty acid beta-oxidation, bile acid metabolism, and innate immune
response (Supplementary Fig. 7i), including genes such as Scl27a2,
Acot3, and Cyp4al0 (Supplementary Fig. 7K). Remarkably, the num-
ber of DEGs in the CF30m group was only 30% of that in the RD group
(Supplementary Fig. 7j), with many aging-related genes either
restored or silenced in CF30m-fed mice. This strongly supports the
ability of the high-fiber diet to rescue aging-related transcriptomic
changes in middle-aged mice. Collectively, these findings
demonstrate that a long-term high-fiber diet during adulthood
effectively prevents aging-associated metabolic impairments,
including impaired glucose metabolism and weakened lipid meta-
bolism, while also preserving motor function, cognitive abilities, and
skin integrity.

High-fiber diet mimics the healthy aging effects of CR in natu-
rally aging mice

To investigate whether the high-fiber diet can resist aging, we used
naturally aging mice (18 months) for dietary intervention. High-fat (HF)
diet can cause metabolic problems such as obesity, blood sugar dys-
regulation and increased cholesterol levels, leading to decreased
survival®. Additionally, maternal HF diet induces long-term cognitive
deficits that span across several generations®. Therefore, we used the
high-fat diet as a control for promoting aging, while the anti-aging
effect of CR, widely recognized, was used as a positive control to
analyze the effect of the high-fiber diet on aging. Eighteen-month-old
mice were fed RD, HF, and CF30m diets or subjected to CR for
4 weeks (Fig. 7a).

The food intake and water intake in each group closely resembled
that of RD group (Fig. 7b and Supplementary Fig. 8a). As expected,
caloric intake of the HF group was 21% higher, compared to RD group,
while caloric intake of CF30m group was 14% lower (Supplementary
Fig. 8b,c). Although the body weight of mice in RD group was relatively
stable, HF diet caused the mice to gain 25% of their body weight,
whereas CR and CF30m diet caused the mice to lose weight (Fig. 7c and
Supplementary Fig. 8d). In the fourth week (19 months), mice on HF
diet showed elevated blood glucose levels, while CR and CF30m
groups had lower blood glucose levels than the RD group (Fig. 7d). The
AUC of CR and CF30m groups was similar and lower than that of the HF
group (Fig. 7e).

The increase in fat content and decline in lean mass are important
signs of aging®’. The HF group exhibited higher body fat content and
lower lean mass compared to the RD group, while the CR and CF30m
groups demonstrated the opposite trend (Fig. 7f and Supplementary
Fig. 8e). Furthermore, mice in the CF30m and CR groups showed
greater grip strength, and longer latency time and distance in the

rotating rod test compared to the RD group. In contrast, HF group
impaired the motor abilities of the mice (Fig. 7g-i).

In the Morris water maze test, the CR and CF30m groups dis-
played superior learning and memory functions compared to the RD
and HF groups during the training phase (day 1 to 5) (Fig. 7j). By day 5,
the escape latency of the CF30m and CR groups was shorter than that
of the RD group, with CF30m outperforming CR. On day 6, after
removing the platform, the HF group struggled to locate the target
area, while the CR and CF30m groups had more target crossings than
the RD group (Fig. 7k). Furthermore, the CR and CF30m groups spent
more time in the target area (Fig. 71, m). These findings suggest that the
high-fiber diet and CR could improve motor functions and cognitive
abilities in aged mice.

Histological analysis of epididymal fat revealed a significant
increase in the average adipocyte cross-sectional area in HF-fed mice
compared to RD-fed mice, while CF30m- and CR-fed mice exhibited
smaller adipocyte areas than RD-fed mice (Fig. 7n, o). In liver sections
stained with H&E, RD-fed mice displayed prominent lipid droplets,
infiltration of inflammatory cells, and hepatocellular edema. In con-
trast, CF30m- and CR-fed mice showed minimal lipid droplets and
inflammatory cell infiltration, whereas HF-fed mice had an increased
number of lipid droplets. However, hepatocellular edema was
observed across all groups and was not alleviated by any of the dietary
interventions.

We next analyzed the liver transcriptome. PCA revealed that
the CR and CF30m groups clustered closely together and were
distinctly separated from the HF and RD groups (Supplementary
Fig. 8f). A total of 1643 genes were differentially expressed when
comparing the CR and CF30m groups to the RD group (Supple-
mentary Data 6). Correlation analysis further demonstrated a high
degree of similarity between the CF30m and CR groups (R=0.95).
GO analysis showed that genes upregulated by the high-fat diet
were predominantly associated with immune system processes
and inflammation, while downregulated genes were linked to lipid
metabolism (Supplementary Fig. 8h). This aligns with previous
studies highlighting increased inflammation and reduced lipid
metabolism as key hallmarks of aging. However, genes involved
in lipid metabolism and innate immune response were either
upregulated or downregulated by CR and CF30m in aged mice
(Supplementary Fig. 8i, j). This dysregulation pattern, which was
absent in young and middle-aged mice, further supports the
notion that aging may induce an opposite expression trend*. In
summary, these findings suggest that, akin to CR, the CF30m diet
administered during aging can enhance aging-related parameters,
including improved glucose metabolism, reduced body fat, and
enhanced motor function and cognitive performance in
aged mice.

Discussion
CR is a highly challenging practice, and discovering a dietary mimic
would offer significant advantages for adherence while also providing
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valuable insights into the mechanisms behind CR. Diet quality and
timing are crucial mediators of metabolism and healthy aging’. In this
study, we considered both diet quality and feeding timing. Most
notably, we devised a high-fiber diet modification based on the stan-
dard AIN-93G diet. This modification elicited a more pronounced CR-
like effect on transcriptomic and metabolomic profiles in young mice
liver, all while avoiding restrictions on food, calories, protein or car-
bohydrate intake, and without loss in body weight from young to aged
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mice. Similar to CR animals, replacing 30% of macronutrients with
indigestible cellulose while maintaining consistency in other nutrients
reversed increases in body fat, reduced glucose tolerance, and
improved motor abilities and cognitive functions in both middle-aged
(10-month-old) and aged (19-month-old) mice.

In a previous study?, a 50% cellulose dilution of a purified diet
resulted in ~30% reduction in caloric intake, significant reductions in
body weight, fat mass, lean mass, and a shortened lifespan in 4-month-
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Fig. 6 | Long-term high-fiber diet improves physical performance in middle-
age mice. a Outline of feeding regimens (RD and CF30m) during day 1 to 120. Food
and water consumption were measured at ZT12. Daily (b) and average (c) food
intake for RD and CF30m groups over 120 days. For ¢, every point is the average
food intake for every 5 days, 24 points in total. d Body weight changes during the
four months. e Blood glucose levels after oral glucose gavage over a120 min period.
f Area under the curve (AUC) of glucose levels during the 120 min OGTT. n = 4 mice
per group. g Grip strength comparison of Y3m, RD, and CF30m mice. n = 4 mice per
group. h, i The latency time (g) and movement distance (h) in rotating rod test. For
Y3m group, n =6 mice; For RD and CF30m group, n=>5 mice. j Representative
pictures of Y3m, RD and CF30m mice. For Y3m group, n =6 mice; For RD and

CF30m group, n =5 mice. k Fur status quantification using evaluation score (0-3,
where 0 indicates no gray fur and 3 indicates substantial gray fur). For Y3m group,
n=6mice; For RD and CF30m group,n = 5 mice. | Escape latency in the Morris water
maze test. m-o Morris water maze measures: target platform enter number (m),
crossing time (n), and WS quadrant crossing time (o). For Y3m group, n= 6 mice.
For RD and CF30m group, n =5 mice; H&E-stained skin sections (p) and subdermal
thickness quantification (q). D, dermis; S, subdermis. For Y3m group, n =6 mice;
For RD and CF30m group, n =5 mice. Data are presented as mean + SEM. Statistical
significance was determined by one-way ANOVA (Tukey post-hoc test). *P< 0.05,
*P<0.01, **P<0.00L

old C57BL/6 ] male mice. However, the same 50% cellulose dilution to
the entire diet was observed to increase food intake (+75%), reduce
body weight (-12.5%) and caloric intake (-28.7%), while simultaneously
extend lifespan 30% in 16-month-old C57BL/6] male mice®. These
disparities in lifespan outcomes between the two studies are likely
attributed to the age of the mice. In another study”, the Geometric
Framework was employed to design 30 different diets with varying
proportions of cellulose, protein, carbohydrates, and fats, while
maintaining similar levels of other ingredients. This experimental
approach was used to assess the impact of macronutrients on long-
evity in 3-week-old C57BL/6 mice under AL conditions. Intriguingly,
diets closely resembling the CF30m diet exhibited significantly longer
lifespans compared to the others. Therefore, this unique diet shows
promising potential for promoting longevity, suggesting that sub-
stituting ~30% of macronutrients with indigestible cellulose may
represent an optimal formula for designing caloric restriction mimet-
ics. It’'s important to note that exceeding 30% cellulose might lead to
malnutrition, while falling below this threshold could produce insig-
nificant effects.

The fiber modification could provide a novel approach for nutri-
ent optimization. Numerous evidence demonstrated that high-fiber
diets not only benefit gut microbiota but also offer various advantages
to the human body, including weight management, reduced hunger,
prolonged satiety, immune system homeostasis, inflammation sup-
pression, and decreased risk of several chronic diseases™**. In our
study, we designed and tested several high-fiber diets in C57BL/6)
male mice. These diets induced significant effects on food, calories,
protein or carbohydrate consumption, and body weight gain. Sur-
prisingly, only one diet resulted in a robust systemic response asso-
ciated with the anti-aging effects typically observed with CR. This
finding aligns with previous studies showing that not only the fiber
amount but also the fiber source had a crucial impact on nutrient
optimization™°,

We implemented a modified approach involving a circadian-
aligned, unrestricted feeding regimen in young mice, differing from
the traditional CR method, which typically uses a fixed daily food
allotment to control food intake*’. Notably, our protocol eliminates the
need for precise daily food preparation. In our experiment, the animals
were provided with a 2 h feeding window in the evening, from 6 to
8 pm. They appeared to eat normally and consistently achieved ~80%
of AL food intake levels. This resulted in -20% reduction in body
weight, indicating the successful establishment of a circadian-aligned
20% CR regimen, a similar protocol to which has been shown to
achieve a 35% lifespan extension in male C57BL/6] mice?’. Notably,
mice fed under this regimen exhibited hepatic transcriptomic and
metabolomic profiles and healthy aging signatures similar to those
commonly observed in the CR animals.

The nighttime 4-h refeeding protocol exhibited promising
potential for investigating the impact of nutrients on hepatic
multi-omics profiles in mice. In this study, we chose the 4-h
timepoint (10 pm) after a 20 h fasting and refeeding period (6 pm
to 10 pm) for profiling multi-omics. This duration is sufficient to
induce significant changes in gene expression and metabolites in

both human cells and mouse tissues®’°. Additionally, this specific
time window minimizes potential impacts from subsequent meals
(akin to human lunch), as the refeeding regimen emulates the
human breakfast pattern. Establishing a standardized sampling
condition is crucial for investigating the effects of nutrients on
gene expression and metabolism, given the significant influence
of biological rhythms and environmental factors. For example, in
mouse circadian rhythm studies, increasing sampling frequency
(e.g., collecting samples every 2 or 4h over a 24 h period) can
help reduce potential sources of noise’>*. However, implement-
ing such protocols in clinical settings may present challenges.

The findings presented here are primarily observational, provid-
ing a robust foundation for understanding the phenotypic parallels
between high-fiber diets and CR. However, the precise molecular
mechanisms underlying these effects remain to be fully elucidated.
Specifically, we measured SCFAs and ketone body levels to explore
potential pathways, such as those involving G protein-coupled recep-
tors (e.g., GPR43) or histone deacetylase (HDAC) inhibition, which are
well-established in dietary fiber research*’. Although SCFAs and ketone
levels showed minimal changes under the CF30m diet compared to
CR, consistent with prior studies, we did not perform direct mechan-
istic experiments, such as SCFA supplementation or the use of
receptor knockout models, to test these pathways explicitly. This
limitation constrains our ability to draw definitive mechanistic con-
clusions at this stage. The observed benefits of the CF30m diet—
improved glucose and lipid metabolism, enhanced motor and cogni-
tive function, and delayed aging markers—may involve complex
interactions beyond SCFAs, potentially including gut microbiota
dynamics, bile acid metabolism, or other signaling pathways*. These
possibilities warrant further investigation. Additionally, while our
study controlled for circadian timing and caloric content to ensure
rigorous comparisons, extending these findings to other dietary fiber
types or mammalian species could further validate the generalizability
of the CF30m diet’s effects.

In summary, although the mechanisms underlying the effective-
ness of this high-fiber diet remain unclear, our integrative analysis of
feeding behaviors, growth, and aging-related markers®° in male mice
from young to old age demonstrates that the CF30m diet can replicate
the health benefits of the circadian-aligned CR. These benefits include
unrestricted food intake without hindering body weight gain,
improved glucose metabolism, reduced body fat, enhanced motor and
cognitive function, and geroprotective effects observed at the tran-
scriptomic and metabolomic levels. Consequently, this diet emerges as
a promising candidate for further exploration of CR-like benefits on
health and aging.

Methods

Diets

Based on the AIN-93G standard mouse diet, we designed eight spe-
cialized dietary fiber diets: 10% Inulin / Cellulose Fiber Diet (IF10/CF10),
20% Inulin / Cellulose Fiber Diet (IF20/CF20), 30% Inulin / Cellulose)
Fiber Diet (IF30/CF30), and 30% Inulin / Cellulose Fiber Diet modified
(IF30m/CF30m). All fiber diets and a high fat diet (D09100310) were
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customed from Xietong Pharmaceutical Bio-engineering Co., Ltd
(Jiangsu, China). The IF10/CF10, IF20/CF20, and IF30/CF30 sets were
formulated by replacing an equivalent amount of corn starch in the
AIN-93G diet, while IF30m/CF30m sets adjusted the macronutrient
content to 70% of the AIN-93G diet and supplemented it with 30%
inulin or cellulose dietary fiber. All fiber contents in the diets were
verified as available.

RD CRCF30mHF

Animal and experimental details

This study was performed in accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals and relevant
Chinese laws and regulations. All procedures involving mice and
experimental protocols were approved by the Institutional Animal
Care and Use Committee (IACUC) of Shanghai Jiao Tong University
(Animal Protocol No. A2020042). Healthy C57BL/6) male mice were
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Fig. 7| A high-fiber diet improves physical performance in naturally aging mice.
a Outline of feeding regimens (RD, CR, HF and CF30m) over 30 days. Food and

water consumption were measured at ZT12. b Body weight changes over 30 days.
c Average food intake of all groups during the 30 days. d Blood glucose levels after
oral glucose gavage over 120 min. e AUC of glucose levels in all groups during the
120-min OGTT. For RD group,n =4 mice; For HF and CF30m group,n =5 mice; For
CR group,n =6 mice. f Fat mass comparison from body composition analysis. For
RD group,n =4 mice; For HF, CF30m and CR group, n =6 mice. g Grip strength

comparison. For RD and HF group, n =5 mice; For CF30m and CR group, n =6 mice.
h, i Latency time (g) and movement distance (h) in rotating rod test. For RD group,

n=4 mice; For HF, CF30m and CR group, n = 6 mice. j Escape latency in the Morris
water maze test. Morris water maze measures: target platform enter number (k),
crossing time (I), and WS quadrant crossing time (m). n =4 mice per group. His-
tological analysis of epididymal fat and liver sections stained with H&E (n). Indivi-
dual adipocyte areas in epididymal fat sections were analyzed (o). In liver sections,
black arrowheads indicate lipid droplets, red arrowheads indicate inflammatory
cell infiltration, and blue arrowheads indicate edematous liver cells. For RD group,
n=>5 mice; For CF30m, HF and CR group, n = 6 mice. Data are presented as

mean + SEM. Statistical significance was determined by one-way ANOVA (Tukey
post-hoc test). *P<0.05, *P<0.01, **P<0.001.

purchased from Vital River, Inc (Zhejiang, China). All mice were group
housed at 5-6 mice per cage in Experimental Animal Center, Shanghai
Jiao Tong University, with a 12 h light: 12 h dark cycle, at a temperature
of 18-23 °C, and 50 + 2% humidity.

Seven-week-old C57BL/6 ] male mice (n=60) underwent a 20 h
fasting period (with free access to water) after a one-week acclima-
tization feeding. The animals were then divided into eight fiber diet
groups, one AIN-93G regular diet (RD) group, and one calorie
restriction (CR) group. After switching to the customized diet ad
libitum, food and water intake were measured hourly over the next
4 h (from 18:00 to 22:00). Over the following 13 days, the CR group
was fed the AIN-93G diet but was restricted to eating only during the
most active 2 h period (18:00-20:00) of the circadian rhythm, while
the other 9 groups were fed ad libitum. Water was provided ad libi-
tum throughout the study. Food intake, water intake, and body
weight were measured daily at 18:00. On Day 13 and 14, the same
fasting and 4-h intake test protocol as on Day 0 and 1 was repeated.
All mice were sacrificed by rapid cervical dislocation, and hepa-
tectomy was performed.

To confirm the positive effects of the high-fiber diet (CF30m) on
delaying aging, dietary interventions were conducted on middle-aged
and naturally aging mice. After a 4-month acclimatization period, 6-
month-old animals (n =10) were divided into two diet groups: one AIN-
93G regular diet (RD) group and one high fiber diet (CF30m) group,
both with ad libitum access to water and food. Food intake, water
intake, and body weight were measured every 5 days until all mice were
sacrificed. At week 12, 8-week-old young C57BL/6 ] male mice (n=6)
were purchased. Grip strength, Y Maze, rotating rod, Morris water
maze and oral glucose tolerance tests (OGTT) were assessed during
week 14 and week 15.

After an 8-month acclimatization period, 18-month-old mice
underwent a 20 h fasting period (with free access to water). The ani-
mals were divided into four diet groups, RD, CR, CF30m and high fat
(HF) diet groups. The CR group was fed the AIN-93G diet but was
restricted to eating only 70% of the RD group’s intake during the most
active 2 h period (18:00-20:00) of the circadian rhythm, while the
other three groups were fed ad libitum. Water was provided ad libitum
throughout the study. Food intake, water intake, and body weight were
measured daily at 18:00 over 30 days. The same fasting and 4 h intake
test protocol as on Day O and 1 was repeated before all mice were
sacrificed. The grip strength, body composition, rotating rod, Morris
water maze and OGTT were conducted during week 4.

Collection of tissue

The CR group was allowed to eat from 18:00 to 20:00 as usual, the
other groups were allowed to eat their diets ad libitum for 4 h fol-
lowing a 20 h fasting period. Autopsies were performed at 22:00. One
animal was randomly dissected per group until all dissections were
completed.

Histological analysis
Tissues were fixed in 4% paraformaldehyde in PBS and stored in 70%
ethanol. Fixed tissues were embedded in paraffin using standard

procedures. Tissue blocks were sectioned (5pm) and stained with
hematoxylin and eosin (H&E). Adipocyte size was quantitatively eval-
uated using Image J by manually outlining five randomly selected
adipocytes per section. Skin samples (1cm?) were collected from the
telogen hind backskin (0.5-1cm away from the tail), and subdermal
thicknesses were measured. At least 10 measurements were taken from
each replicate, and mean values were calculated. Regions with low
structural integrity were excluded from analysis.

RNA extraction

Approximately 10 mg of liver tissue (left lobe) was immersed in 600 pl
TRIzol, homogenized thoroughly, snap-frozen in liquid nitrogen, and
stored at -80 °C for RNA extraction the following day. All samples were
ground using a high throughput tissue grinder at 300g for 30s
(repeated three times). Following centrifugation at 14,000 g at 4 °C for
10 min. RNA was extracted using M5 HiPer Universal Plus RNA Mini Kit
(Mei5 Biotech, Beijing, China) according to manufacturer instructions.
All RNA samples used had a RIN>8.

RNA sequencing

All RNA samples were sent to Novogene Co., Ltd (Beijing, China) for
quality control (Sample QC). After RNA library preparation, cDNA
libraries are sequenced on Illumina NovaSeq platforms using a paired-
end 150 bp sequencing strategy. Approximately 6 G clean data and
a>75% uniquely mapped reads rate for each sample were obtained for
each sample. Six biological replicates were included.

Processing and analysis of RNA-Seq data

FASTQ output files were aligned to Mus musculus GRCh39 reference
genomes using STAR with a 2-pass procedure. Genes and transcripts
(Aligned.sortedByCoord.out.bam file from STAR outputs) were quan-
tified using RSEM. Differential expression analysis of genes and tran-
scripts was performed in R using the Bioconductor package DESeq2. A
threshold of FDR (padj) <0.05 was set to determine differentially
expressed genes (Supplementary Data 1, 5, 6).

GO term and pathway annotation

GO biological process and KEGG pathway enrichment analyses were
performed using David (version 2021). Heatmaps were generated from
the counts using Morpheus (https://software.broadinstitute.org/
morpheus). Genes network graphs were created using STRING.

Gene Set Enrichment Analysis (GSEA)

GSEA v2.2.0 was used for pathway enrichment analysis. Weighted
enrichment scores were calculated with gene expression lists ranked
by signal-to-noise ratio (maximum gene set size: 500; minimum gene
set size: 20; number of permutations: 1000; gene set database: Hall-
mark; false discovery rate [FDR] <0.25; and P < 0.01).

DR-regulated genes in young and old mice

In this study, we re-analyzed the gene expression datasets
(GSE190939) collected by Acosta-Rodriguez et al. using the same
method described above (Supplementary Data 2, 3).
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Metabolite extraction

The metabolite extract was a mixture of methanol/acetonitrile/water
(2:2:1, v/v/v), with an internal standard (2.0 pg/mL, DL-o-chlor-
ophenylalanine) added. A total of 300 pl of cold metabolite extract was
added to 50 mg of liver tissue, followed by homogenization using
metal beads in a high throughput tissue grinder at 300 g for 30s,
repeated three times. After vortexing, samples were incubated at
-20 °C for 60 min and then centrifuged at 12,000 g for 10 min at 4 °C.
The supernatants were transferred to a new tube. An additional 200 pl
of metabolite extract was added to the pellet, vortexed, incubated at
-20°C for 30 min, and centrifuged again. The resulting supernatant
was combined with the initial supernatant, centrifuged once more, and
dried in a vacuum concentrator. Finally, the dried metabolite extracts
were reconstituted with 100 pl methanol/water (3:7, v/v), vortexed,
centrifuged at 14,000 g for 20 min at 4 °C, and 40 pl of the supernatant
was transferred to an injection vial for analysis. Quality control (QC)
samples were prepared by mixing 5 pl of the extracts of all samples.

Untargeted metabolomics

For the liver untargeted metabolomic, there were a total of 32 samples.
There were 5 biological replicates for the RD, IF30, IF30m, and CF30
groups, and 6 biological replicates for the CR and CF30m groups.
Quality control (QC) samples were prepared by pooling 5 pl aliquots
from each experimental sample and were injected every three samples
to monitor the stability of the analytical system.

Before analysis, three QC samples were injected to equilibrate the
analytical system. During analysis, a QC sample was injected after every
three sample injections to evaluate system stability. Chromatographic
conditions were as follows: A Vanquish UHPLC/Q Exactive plus system
(Thermofisher) equipped with an ACQUITY UPLC HSS T3
(100 x 2.1 mm, 1.7 pm, Waters Co., US) was used for untargeted meta-
bolomic analysis. The column temperature was maintained at 40 °C,
and the injection volume was 1pl per sample. The gradient mobile
phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B). The flow rate was 0.4 mL/min, with the gradient set as
follows: A/B 99/1-0/100 over 12 min, hold in 0/100 from 12-13 min.
Mass spectrometric conditions were as follows: lonization was per-
formed in both positive and negative heated electrospray ionization
(H-ESI) modes, with scanning mode based on Data Dependent Acqui-
sition (DDA). One full scan was followed by 10 MS/MS scans. The col-
lision energy was set to NEC15,30 for ion fragmentation, and nitrogen
(99.999%) was used as the collision-induced dissociation gas. The scan
range was 67-1000 amu. Full scan parameters included a resolution of
70,000, AGC of 1e%, and IT of 100 ms. Secondary mass spectrum Set-
tings included dd-MS/MS resolution of 17, 500, AGC of 5¢5, IT of 50 ms.
Spray voltages were 3.2kV (positive mode) and 2.8kV (negative
mode), with a capillary temperature of 320°C and an s-lens RF
level of 50 V.

Mass spectrometry data analysis

Data acquisition was performed using Xcalibur 3.0 software (Thermo
Fisher). The raw data were imported into Progenesis QI v2.3 software
(Waters Co., USA) for peak alignment, peak picking, and deconvolution.
Metabolites were identified by comparing information from online
databases (Human Metabolome database: https://www.hmdb.ca/, LIPID
MAPS: https://www.lipidmaps.org/, and MS/MS spectral databases
Metlin: https://metlin.scripps.edu/). Differential metabolites were selec-
ted when the FC >1.50 and the P value < 0.05 (Supplementary Data 4).
All differential metabolites were analyzed using IMPaLA (http://impala.
molgen.mpg.de/) for pathway over-representation analysis.

Joint pathway analysis

Integrative analysis of transcriptomics and metabolomics data for
pathway over-representation analysis was performed using IMPaLA
(http://impala.molgen.mpg.de/).

Targeted fatty acid quantitation

For short-chain fatty acid targeted mass spectrometry, there were
34 samples in total, 17 serum samples and 17 liver samples. There were
6 biological replicates in the RD and CF30m groups, and 5 biological
replicates in the CR group.

For serum samples, 100 L of serum was sequentially mixed with
75uL of 50% H,SO, and 300 uL of methyl tert-butyl ether (MTBE)
solution containing 0.4 ug/mL 2-methylpentanoic acid (internal stan-
dard). The mixture was vortexed for 1 min, centrifuged at 14,000 g for
20 min, and incubated at 4 °C for 30 min. The resulting supernatant
was collected for GC-MS analysis. For liver tissue, 0.2 g of tissue was
homogenized with 50 uL of sterile water using bead grinding, followed
by the addition of 50 uL of 50% H,SO, and 200 uL of MTBE containing
0.4 ug/mL 2-methylpentanoic acid. The mixture was vortexed for
1min, centrifuged at 14,000 g for 10 min, and incubated at 4 °C for
30 min. The supernatant was subsequently collected for GC-MS ana-
lysis. Quantification of SCFAs was performed using a GC-MS-7000D
system (Agilent Technologies, USA) equipped with a HP-FFAP capillary
column (30 m x 0.25 mm, 0.25 um). Helium (99.999%) was used as the
carrier gas with a constant flow rate. One microliter of extract was
injected in split mode (split ratio 5:1) with an injector temperature of
250 °C. GC oven temperature program was set as follows: the initial
temperature was 100 °C and held for 1 min, followed by a ramp of 5°C/
min to 145 °C, and then a ramp of 40 °C/min to 240 °C, which was held
for 8 min. Mass spectrometry was operated in electron impact (EI)
mode with a solvent delay of 4 min. Full-scan spectra were acquired in
the m/z range of 33-350. Selected lon Monitoring (SIM) was per-
formed in five-time segments: m/z 60 from 4.00 to 5.80 min, m/z 73
from 5.80 to 7.40 min, m/z 60 from 7.40 to 10.05 min, m/z 74 from
10.05 to 10.80 min, and m/z 60 after 10.80 min.

A series of standard solutions for short-chain fatty acids (SCFAs),
including Acetic acid, Propionic acid, Isobutyric acid, Butyric acid, Iso-
valeric acid, Valeric acid, and Caproic acid, were prepared at the fol-
lowing concentrations: 2.5 ng/mL, 5ng/mL, 10 ng/mL, 25 ng/mL, 50 ng/
mL, 100ng/mL, 200ng/mL, 400ng/mL, 800ng/mL, 1000 ng/mL,
2500 ng/mL, 5000 ng/mL, and 10000 ng/mL. These standards were
used for calibration and the construction of the calibration curve for the
GC-MS analysis of SCFAs in serum and liver samples.

Raw data acquisition was performed using MassHunter Work-
station software (Build 12.1.938.3). Peak identification and quantifica-
tion were based on retention time and characteristic ion fragments,
using external calibration curves of authentic SCFA standards. Data
processing and integration were performed with MassHunter Quanti-
tative Analysis software.

Y Maze

The Y maze task was performed to assess spontaneous alternation,
defined as successive entries into the three arms in overlapping triplet
sets. The maze includes three arms converging at equal angles. Each
arm measures 35 cm in length, 5 cm in width, and 10 cm in height. The
mouse was placed at the end of one arm, numbered as 1, with the other
two arms numbered as 2 and 3. The mouse was allowed to explore for
8 min, during which the total number of arm entries, alternations, and
exploration time were recorded. The percentage of correct alternation
was calculated as the ratio of actual to total alternations, defined as
(the total number of arm entries — 2) x 100%.

Grip strength test

The strength of all four limbs of mice was measured using the grip
strength test according to the manufacturer’s instructions. Mice were
placed on the grid with all four paws attached and gently pulled back to
measure grip strength until the grid was released. The values obtained
represent the muscle force (gf) obtained in n = 3 trials per animal, with
a Smin interval between trials, normalized to the respective body
weight (g).
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Aging parameter evaluation

At the end of the observation period, mice were assessed for typical
aging signs. A scoring system was used to evaluate animal status,
ranging from O to 3 for fur condition, where O indicates no gray fur and
3 indicates extensive gray fur.

Rotating rod test

The rotating rod instrument consists of six channels, each equipped
with a rotating rod. When a mouse fell from the rod, the machine
stopped and recorded the time of fall and the corresponding distance
traveled. Following a previously established method, mice underwent
three daily training sessions for three days, and the fourth day was
designated as the official testing day. The rotating rod started at a
speed of 4 rpm and gradually increased to a maximum of 40 rpm
within 300 s. If a mouse fell within the first 30 s of a test, it was con-
sidered an accidental slip, and the test was repeated.

Morris water maze

The Morris water maze was used to evaluate spatial memory acquisi-
tion over five days of trials. A circular pool with a diameter of 160 cm
and a depth of 50 cm was prepared, divided into four quadrants, and
filled with white pigment to create a contrasting background. Drapes
were used to obscure the mouse’s surroundings, and high-contrast
spatial cues were placed inside the pool. The escape platform, a
cylindrical structure, was located in the WS quadrant. A behavior
detection system connected to a camera and computer was used to
track the mice. On Day 1, a visible platform trial was conducted to
confirm that the mice could swim and had normal vision, with the
platform set 1 cm above the water surface. Days 2 to 5 involved hidden
platform trials, where the platform was submerged 1cm below the
surface. If a mouse reached the platform within 60 s and remained for
5s, the computer recorded the escape latency. If unsuccessful, the
mouse was placed on the platform for 20 s, and the escape latency was
recorded as 60 s. On Day 6, during the spatial probe test, the platform
was removed, and the number of platform crossings and movement
routes within 60 s were recorded.

Body composition
The body composition of all mice was measured using a body com-
position analyzer according to the manufacturer’s instructions.

Oral glucose tolerance test

An oral glucose tolerance test (OGTT) was performed prior to the
Morris water maze test but after other behavioral experiments. Mice
were fasted for 12 h before receiving a glucose bolus (2 g/kg). Fasting
blood glucose was measured prior to administration, and blood glu-
cose levels were recorded at 15, 30, 45, 60, 90, and 120 min post-
administration by clipping the tails and using a glucometer from
Sinocare inc. (Hunan, China). Mice were re-fed after the final blood
sample was collected.

Blood ketone measurement

At 18:00 and 22:00, blood ketone (3-hydroxybutyrate) levels were
measured in blood samples collected from the tip of the tail vein with a
blood ketone meter from Sinocare inc. (Hunan, China).

Statistical analysis

Differences among means were analyzed using one-way ANOVA for
multiple comparisons. When ANOVA analysis revealed significant dif-
ferences, pair-wise comparisons were performed using Dunnett’s test
or Tukey post-hoc test as indicated. Unless otherwise stated, all values
are presented as mean+SEM with statistical results presented as:
*P<0.05,*P<0.01, and **P < 0.001. Spearman correlations were used
to evaluate dependencies between two variables (non-parametric,
without assuming normal distribution).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq raw sequencing data generated in this study have been
deposited in the Gene Expression Omnibus (GEO) under the data
identifier GSE296874. The mass spectrometry-based untargeted
metabolomics data have been deposited in the Metabolights under the
accession number MTBLS12479. All data are available in the main text
or in Supplementary Data 1-6 as indicated. Any other data not pre-
sented in the article will be readily provided by request. Source data
are provided in this paper. Source data are provided with this paper.
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