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Abstract

Autophagy, a process catabolizing intracellular components to maintain energy homeostasis, impacts aging and metabolism. Spermidine, a
natural polyamine and autophagy activator, extends life span across a variety of species, including mice. In addition to protecting cardiac
and liver tissue, spermidine also affects adipose tissue through unexplored mechanisms. Here, we examined spermidine in the links between
autophagy and systemic metabolism. Consistently, daily injection of spermidine delivered even at late life is sufficient to cause a trend in
life-span extension in wild-type mice. We further found that spermidine has minimal metabolic effects in young and old mice under normal
nutrition. However, spermidine counteracts high-fat diet (HFD)-induced obesity by increasing lipolysis in visceral fat. Mechanistically,
spermidine increases the hepatokine fibroblast growth factor 21 (FGF21) expression in liver without reducing food intake. Spermidine also
modulates FGF21 in adipose tissues, elevating FGF21 expression in subcutaneous fat, but reducing it in visceral fat. Despite this, FGF21 is

- mice were still protected from HFD. Furthermore, the enhanced lipolysis by spermidine

not required for spermidine action, since Fgf21
was also independent of autophagy in adipose tissue, given that adipose-specific autophagy-deficient (Beclin-17¥+ Fabp4-cre) mice remained
spermidine-responsive under HFD. Our results suggest that the metabolic effects of spermidine occur through systemic changes in metabolism,

involving multiple mechanistic pathways.
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Aging is a complex process involving multiple organs and regula- energy reserves (3). This catabolic function allows cells to survive

tory pathways. It is deemed as the driving force for numerous age- nutrient-limited conditions and is a central mechanism by which

dependent diseases (1). As aging progresses, physiological functions
decline, with decreased or dysregulated autophagy activity as one
driving mechanisms in aging (2). Autophagy is a critical regulator of
cellular homeostasis that promotes degradation of damaged proteins
and intracellular organelles, recycling macromolecules to replenish

© The Author(s) 2021. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights reserved.
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damaged components are removed. However, autophagic activity
wanes with age and contributes to the accumulation of damaged
macromolecules and organelles in late life (4).

Prolongevity interventions enhancing autophagy activity, either
genetically or pharmaceutically, extend life span across a variety
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of taxa (3,5). Nutritional interventions, such as calorie restriction
(CR) and rapamycin, extend healthy life span through the mo-
lecular mechanisms converging on suppression of the mechanistic
target of rapamycin complex 1 (mTORC1) (5,6), which antagonizes
autophagy induction (7). Directly targeting autophagy, through ubi-
quitous overexpression of Atg5 (autophagy-related 5, a key compo-
nent of autophagy machinery), delays aging phenotypes, maintaining
leanness, increasing insulin sensitivity, and, most importantly, ex-
tending life span (8). In contrast, cardiac-specific deletion of Atg§
leads to an age-dependent cardiomyopathy (9). In another example,
a gain-of-function mutation in the Beclin-1 gene (Beclinl1214%1214)
a critical gene in the initiating the formation of autophagosomes,
results in decreased interaction between BECLIN-1 and its negative
regulator BCL2, in turn promoting autophagy and extending mouse
life span (10).

As the primordial system for energy production during nutrient
deficiency at the cellular level, autophagic activity intimately con-
nects this cellular metabolism to overall systemic metabolism (11)
and longevity (12). Spermidine, an endogenous biological polyamine
(ie, natural part of our body), exhibits broad longevity-extending
activities, mainly via the induction of autophagy in multiple tis-
sues (13), and in species including yeast, flies, worms (14), and mice
(15,16). Spermidine improves cardiovascular and liver function
during aging (15,16), but whether spermidine mediates age- and
diet-related metabolic disorders, or affects adipose tissue, remains
unexplored. Moreover, it has not been determined whether other
pathways mediated by spermidine, such as metabolism, are inter-
related with autophagy (in an additive or synergistic way) (13).
Thus, it will be important to define actionable molecular targets that
explain the beneficial effects of spermidine in diverse pathophysio-
logical settings (13). Given the role of autophagy in systemic metab-
olism, we envisioned a possible role for altered metabolism in life
extension by spermidine.

Method

Mouse Husbandry

Young and old mice (C57BL/6] genetic background) were obtained
from Charles River Laboratory. Fgf21*~ mice (C57BL/6 genetic
background; Lilly Research Laboratories) were crossed to gen-
erate Fgf21 knockout mice (Fgf21~~ mice) as described previously
(17). Homozygous floxed Beclin-1 (Beclin-17*"* The Jackson
Laboratory, stock number 028794) mice were bred with the
Fabp4(aP2)-Cre transgenic mice (The Jackson Laboratory, stock
number 005069) to generate adipose-specific autophagy (Beclin-1)
deficient mice (Beclin-17** Fabp4-Cre mice, C57BL/6] genetic
background). Fabp4-Cre transgenic mice express Cre recombinase
protein in brown and white adipose tissues (WATs) under the control
of adipose-specific Fabp4 promoter (18). The offspring were geno-
typed and screened for the recombinant allele using conventional
polymerase chain reaction analysis of tail genomic DNA. All mice
were housed under temperature- and light-controlled conditions
(72 °F, 12-hour light/12-hour dark cycle) with ad libitum access to
water and food (Harlan Teklad diet number TD.2918 with 6.2%
fat, 44.2% carbohydrate, and 18.6% protein). For the longevity
study, mice were allowed to die naturally and no mice were used
for any other biochemical or metabolic tests. In the high-fat diet
(HFD)-induced obesity study, mice at 2 months of age were ran-
domly placed on either a standard laboratory rodent chow (Harlan
Teklad diet number TD.2918) or a HFD (Research Diets number

D12492 with 34.9% fat, 26.3% carbohydrate, and 26.2 % protein),
and monitored for 6 months. All mice were maintained in a barrier
animal facility and all procedures were approved by the Institutional
Animal Care and Use Committee at the Buck Institute for Research
on Aging.

Injection of Spermidine

Spermidine (S0266-5G, Sigma-Aldrich, St. Louis, MO) was delivered
as previously reported (19). In brief, spermidine was dissolved in
ddH,0 to 1 M aqueous solution. This was titrated to pH 7.2-7.4,
sterile filtered, aliquoted into 1 mL portions, and stored at -80 °C
for long-term storage. Daily injections of 50 mg/kg spermidine were
performed intraperitoneally (i.p.) using 29-gauge, 0.3 cc insulin syr-
inges for a period of 6 months. Control mice were injected with
phosphate-buffered saline (PBS).

Body Composition

Whole-body composition (fat mass, lean mass, and free water) ana-
lysis was conducted using quantitative nuclear magnetic resonance
machine (EchoMRI-2018; Echo Medical Systems, Houston, TX)
without anesthesia.

GlucoseTolerance Test and InsulinTolerance Test
Glucose tolerance test (GTT) was performed on unanesthetized ani-
mals. Mice were fasted with ad libitum access to water for 16 hours
(overnight) before being given a single injection i.p. with 20% glu-
cose at a dose of 2 g/kg of body weight (BW). The tail prick was used
for blood glucose measurement at time points 0, 30, 60, 90, 120,
and 180 minutes with an ACCU-CHEK Aviva glucometer (Roche
Diagnostics, Dallas, TX) and test strips. For the insulin tolerance
test (ITT), the same procedures were made except receiving an i.p.
injection of 0.75 U/kg insulin and blood glucose concentration were
measured at time points 0, 15, 30, 60, 90, and 120 minutes. Insulin
was Humulin R (U-100) from Lilly.

Indirect Calorimetry

Metabolism was measured in a Promethion metabolic cage system
(Sable Systems International) equipped with GA-3 small mammal
gas analyzers. Metabolic cages were used while the mice were awake
to simultaneously measure BW, oxygen consumption (VO,), carbon
dioxide output (VCO,), spontaneous activity, and food intake with
ad libitum access to food and water. Mice were housed individually
in metabolic cages and acclimatized for 24 hours before the begin-
ning of the recording and the analysis. Data were subsequently ana-
lyzed using Sable System ExpeDATA software (v1.4.9).

Tissue Harvesting and Immunoblotting

Liver and 2 WATSs (subcutaneous fat and visceral fat) were
harvested from mice after 6 months of treatment and imme-
diately frozen in liquid nitrogen for Western blotting ana-
lysis. Tissue sections were homogenized on ice using the Omni
TH homogenizer (Omni International, Kennesaw, GA) in
radioimmunoprecipitation assay buffer (300 mM NaCl, 1.0%
NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate, 50 mM Tris [pH 8.0], protease inhibitor cocktail [Roche],
phosphatase inhibitor 2, 3 [Sigma]) and then centrifuged at
13,200 rpm for 10 minutes at 4 °C. The supernatants were col-
lected and protein concentrations were determined using the DC
protein assay (Bio-Rad). Equal amounts of protein were resolved
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by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(4%-12% Bis-Tris gradient gel, Invitrogen), transferred to mem-
branes, and analyzed by western blotting with protein-specific
antibodies. The antibodies against the phosphorylated rsS65240/24
(5364), S6 (2217), adipose triglyceride lipase (ATGL; 2439), the
phosphorylated HSL%¢* (4139), hormone-sensitive lipase (HSL;
4107), Beclin-1 (3495), p62 (5114), and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH; 2118) were purchased from Cell
Signaling Technology (Danvers, MA). Fibroblast growth factor
21 (FGF21; ab171941) and monoacylglycerol lipase (MGL;
ab24701) were purchased from Abcam (Boston, MA). Protein
bands were revealed using the Amersham ECL detection system
(GE Healthcare) and quantified by densitometry using Image]
software (http://rsb.info.nih.gov/ij/).

Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 8
(GraphPad). The survival curves were completed using a Kaplan—
Meier curve. We used a log-rank (Mantel-Cox) test to perform
the statistical analyses of the survival curves. All the other data are
shown as mean + SEM. Where measurements were taken longitu-
dinally, such as BW and adiposity, a mixed-effects model (restricted
maximum likelihood) or 2-way repeated measures analysis of vari-
ance was used. The statistical significance of differences between 2
groups (or the indicated groups) was determined using unpaired,
2-tailed Student’s # test.

Results

A prior study showed that spermidine improves survival of mice,
whether initiated at young or old age, and provides cardioprotection
(15). Spermidine has been touted as a mTOR-independent inducer
of autophagy, which also plays a major role in life-span regulation
and systemic metabolism. Given this, it is intriguing to note that
spermidine extends life span in mice with minimal effects on the me-
tabolism (15). Here, we revisited spermidine’s effects on metabolism
in mice of 2 different ages (young and old), including a study of
spermidine’s effects on young mice treated with a HFD (60% of cal-
ories from fat). Specifically, we examined the effects of spermidine on
mice at young (started at 2 months), old (started at 19-21 months),
and young mice under HFD. All groups included both male and fe-
male mice and were treated and monitored for up to 6 months.

Survival of Aged Mice Treated With Daily Injection of
Spermidine

While the purpose of our study was not to study the effects of
spermidine on life span, we did maintain a small cohort, with in-
ception of treatment from 19 to 21 months, until death to assess
whether our study would generate consistent results with previous
reports. Instead of supplying spermidine in the drinking water, we
delivered the spermidine by daily i.p. injection of 50 mg/kg (19). We
found the trend toward life extension by i.p. injection of spermidine
with 6% and 13% increase of mean life span in females and males
(848.4 vs 898.8 days and 934.6 vs 1059.3 days), respectively, al-
though the data did not reach the statistical significance, likely due to
the small sample size (Supplementary Figure S1A and B). There was
also a trend that did not reach significance when genders were com-
bined (8.8% increase; 891.8 vs 970.1 days; Supplementary Figure
S1C). Our results with a limited number of old mice are consistent
with the life-span extension observed when spermidine was added to

the drinking water (15,16), supporting the conclusion that late-life
treatment with spermidine extends murine life span (15).

Spermidine on Metabolism in Mice

BW gradually increases as young male mice age, and this is not al-
tered by spermidine (Figure 1A); BW almost completely overlapped
between PBS- and spermidine-treated young mice, both males
(Figure 1A) and females (Supplementary Figure S2A). This effect was
not observed in old mice, where there is a peak weight gain with a
drop off toward the end of life. Interestingly, we noticed a slightly re-
duction of BW by spermidine in both males (Figure 1A) and females
(Supplementary Figure S2A). To determine whether weight gain cor-
responded to adiposity, mice were subjected to magnetic resonance
imaging (MRI) analysis. In line with BW data, adiposity was similar
in mice treated with spermidine, except after long-term spermidine
treatment in young males (Figure 1B) and early stage of treatment in
old females (Supplementary Figure S2B).

Remarkably, a HFD exacerbated the difference of body compos-
ition between control and spermidine treatment at early stages in
both males (Figure 1A and B) and females (Supplementary Figure
S2A and B). The HFD accentuated weight gain as well as adiposity,
while spermidine dramatically offset these changes. Collectively, our
data are consistent with a previous report (15), showing no major
difference by spermidine in terms of metabolism in normal chow-fed
mice, either young or old mice. Interestingly, however, spermidine
dramatically attenuates HFD-induced obesity.

Accumulation of adiposity and BW is usually concomitant with
glucose intolerance and/or insulin resistance. We set out to evaluate
the role of spermidine in peripheral glucose metabolism by systemic
GTT and ITT. In line with the effect of spermidine on BW and adi-
posity, we did not observe significant improvement of glucose tol-
erance by spermidine in young and old male mice, although we
detected modest trend toward improved glucose tolerance (Figure
1C). Interestingly, spermidine significantly improved glucose toler-
ance in young mice under HFD (Figure 1C). We observed the same
results for females—no significant differences unless mice were on
HFD (Supplementary Figure S2C). For ITT, spermidine improved
the insulin sensitivity in both young males (Figure 1D) and females
on a normal diet (Supplementary Figure S2D). Interestingly, spermi-
dine increased the insulin resistance in both old males (Figure 1D;
although not significant) and females (Supplementary Figure S2D).
Under HED, spermidine only improved insulin sensitivity in male
mice (Figure 1D), but not female mice (Supplementary Figure S2D).

The reduced BW and adiposity by spermidine, especially in
mice under HFD (Figure 1), led us to speculate that this potentially
negative energy balance was due to reduced food intake. We then
employed indirect calorimetry to characterize the metabolic pro-
files of mice treated with spermidine at different ages to decipher
the cause(s) of the lean phenotype. Interestingly, no statistically sig-
nificant reduction of food intake was observed by spermidine treat-
ment across these 3 groups; young, old, and young mice under HFD
(Supplementary Figure S3A), although old mice of both sexes had
less food intake in general (Supplementary Figures S3A and 4A).
These results suggest that spermidine did not directly affect the
amount of food intake, seemingly eliminating appetite suppression
as a mechanism underlying differential weight gain on a HFD.

In the same setting, we also employed indirect calorimetry to
characterize the metabolic profiles of the young, old, and young
mice under HFD treated with spermidine to decipher the cause(s)
of the lean phenotype. Specifically, we measured energy expenditure
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Figure 1. Effects of spermidine on metabolism in male mice. (A) Serial BW of young mice (started at 2-month old; PBS, n = 6; spermidine, n = 6), old mice
(started at 21-month old; PBS, started with n=9; spermidine, started with n = 11), and young mice under HFD (started at 2-month old; PBS, n = 7; spermidine,
n=7). (B) Adiposity [(percent body fat = (fat mass/BW) x 100)] was measured in young mice (PBS, n = 6; spermidine, n = 6), old mice (PBS, started with n=7;
spermidine, started with n = 7), and young mice under HFD (PBS, n = 7; spermidine, n = 7). (A, B) Statistics for the overall effects of age, treatment, and the
interaction represent the p value from a mixed-effects model (restricted maximum likelihood) or 2-way analysis of variance. (C) GTT in young mice (PBS, n=6;
spermidine, n=6), old mice (PBS, n=7; spermidine, n=6), and young mice under HFD (PBS, n=7; spermidine, n=7).The AUC for GTT is shown on right panel.
(D) ITT in young mice (PBS, n = 6; spermidine, n = 6), old mice (PBS, n = 3; spermidine, n = 4), and young mice under HFD (PBS, n = 7; spermidine, n=7).The
AUC for ITT is shown on right panel. Each symbol in the AUC panels represents a single mouse. PBS, black; spermidine, red. All bars represent mean + SEM.
Significant differences were taken when p <.05. *p < .05; **p < .01. AUC = area under the curve; BW = body weight; GTT = glucose tolerance test; HFD = high-fat
diet; ITT = insulin tolerance test; PBS = phosphate-buffered saline.
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(EE) and spontaneous activity. While spermidine did not affect EE
in young mice, increased expenditure was detected both in old fe-
male mice and in mice of both sexes on a HFD (Supplementary
Figures S3B and 4B). Spermidine also increased spontaneous activity
(Supplementary Figure S3C) and running distance (Supplementary
Figure S3D), as assessed by wheel meter running in young male
mice under HFD (Supplementary Figure S3C). Furthermore, the
running distance is correlated with wheel speed in old females
(Supplementary Figure S4C and D). In summary, the leanness in-
duced by spermidine, especially in HFD-treated mice, maybe due to
the increased spontaneous activity-associated EE.

Spermidine on mTORC1 Signaling and Autophagy
Activity

Suppressing mTORC1 signaling, either by nutritional or genetic
manipulation, is a conserved mechanism of life-span extension of
mice (5). We thus set out to determine whether spermidine medi-
ates mTORCI1 signaling, focusing on rpS6 phosphorylation and
autophagic activity. Unexpectedly, spermidine significantly in-
creases mTORC1 activity, as indicated by phosphorylation of
rpS6 (p-S6 S240/244), in subcutaneous fat (WAT) of young mice
(Supplementary Figure S5A), while mTORCI1 is inhibited in old
mice (Supplementary Figure S5B) and especially in mice under HFD
(Supplementary Figure S5C). Intriguingly, similar patterns were ob-
served with Beclin-1 protein expression (Supplementary Figure S5),
a key protein in the regulation of the initiation of autophagosome
formation. On the other hand, the reduction of p62/SQSTM1
(sequestosome 1; hereafter referred to as p62) did not reach the
statistical significance unless mice were on a HFD (Supplementary
Figure S5). The significant reduction of p62 protein levels likely indi-
cates an increase in autophagic flux because p62, a protein that binds
ubiquitinated proteins targeted for autophagic degradation, is itself
degraded during the autophagic process (20).

In the liver, phosphorylation of rpSé was indistinguishable be-
tween PBS- and spermidine-treated mice, across young, old, and
young mice under HFD (Supplementary Figure SSD-F). Interestingly,
spermidine increased autophagic Beclin-1 in both young and old
mice, but not young mice under HFD (Supplementary Figure S5D—
F). However, spermidine only reduced p62 protein in young mice
under HFD (Supplementary Figure SSF). Collectively, these results
suggest spermidine regulates mTORC1 and autophagy activity in
tissue-, age-, and diet-dependent manner.

Spermidine Increases Lipolysis in WATs, Especially
in Visceral Fat of HFD-Treated Mice
To follow the change in BW and adiposity by spermidine, especially
in mice under HFD, lipolysis was analyzed in 2 main metabolic tis-
sues: liver and adipose tissue (WAT). Three key proteins were as-
sessed that act in sequence in lipolysis: ATGL, HSL, and MGL. In
subcutaneous fat, spermidine did not mediate lipolysis, evaluated by
ATGL, phosphorylation of HSL S563 (p-HSL), and MGL protein
expressions, in young mice (Figure 2A), but there was a trend to-
ward increased ATGL and p-HSL in old mice (Figure 2B). However,
the lipolysis activity is mixed in young mice under HFD, given that
p-HSL is significantly increased by spermidine but MGL is dramat-
ically suppressed (Figure 2C). Thus, in subcutaneous fat, spermi-
dine has no consistent effect on expression of enzymes involved in
lipolysis.

In visceral fat, spermidine did not alter level of lipolysis en-
zymes in young and old mice (Figure 2D and E, respectively), except

in young mice where ATGL expression was reduced (Figure 2D).
Unlike in subcutaneous fat, spermidine drastically and significantly
increased ATGL, p-HSL, and MGL expressions in visceral fat of
HFD-fed mice (Figure 2F). Taken together, these data suggest that
while spermidine minimally affects lipolysis under normal nutrition,
it is dramatically increased under HFD, especially in visceral fat. This
increased lipolysis in visceral fat by spermidine may contribute to
the reduced BW and adiposity in HFD-fed mice (Figure 1A and B).

Spermidine Manifests Tissue-Specific Expression
of FGF21

Given that the starvation hormone FGF21 regulates glucose and
insulin sensitivity and lipid metabolism, we set out to examine the
FGF21 protein expression by Western blot in major tissues where
it is known to be secreted, namely liver and WAT. In liver, FGF21
protein expression was significantly elevated by spermidine in young
mice (Figure 3A) and young mice under HFD (Figure 3C), and a
similar (although not significant) trend was observed in old mice
(Figure 3B). We also observed a similar pattern of FGF21 protein
expression in subcutaneous fat across these 3 groups of mice (Figure
3). Intriguingly, this expression pattern was opposite in visceral fat,
where FGF21 protein expression was significantly reduced in young
mice and young mice under HFD (Figure 3). Given that we did not
observe any perceivable reduction of food intake by spermidine
treatment (Supplementary Figures S3A and S4A), these results sug-
gest FGF21 modulation by spermidine is not due to reduced food
intake, but rather a more direct metabolic effect of spermidine.

Genetic Fgf21 Knockdown Did Not Ablate the
Metabolic Improvements by Spermidine

Since FGF21 protein expression is enhanced, especially in HFD mice
(Figure 3), we determined whether it was required for the protective
effects of spermidine. Two-month-old Fgf21-- mice (kindly supplied
by Lilly) were fed a HFD and treated with spermidine by i.p. in-
jection for 6 months (Figure 4A) with BW and body composition
monitored (Figure 4B and C). Contrary to our hypothesis, we ob-
served reduced BW and adiposity by spermidine in Fgf21~- mice
under HFD (Figure 4B and C). Moreover, spermidine still improved
glucose sensitivity, while insulin sensitivity was unaltered in Fgf21--
mice (Figure 4D and E). Consistently, spermidine enhanced the EE
(Figure 4F) and led to a trend toward increased wheel meter distance
and speed at night, although the data in this case did not reach sig-
nificance (Figure 4G and H). We generally observed the same results
from female Fgf21~- mice (Supplementary Figure S6A, B, and D),
although spermidine’s effect on glucose sensitivity (Supplementary
Figure S6C) and EE (Supplementary Figure S6E) did not reach sig-
nificance, while behavioral activity (wheel meter distance at night
and wheel speed at day) was significantly increased (Supplementary
Figure S6F and G). At the molecular level, lipolysis enzymes showed
variable changes in subcutaneous fat of Fgf21~ mice, with a signifi-
cant elevation by spermidine both in ATGL and p-HSL but a sup-
pression in MGL protein (Figure 4I). In visceral fat (Figure 4]), the
pattern of lipolysis mediated by spermidine in Fgf21-"-
a HFD mirrors that of wild-type mice (Figure 2F), showing that re-

mice under

ducing BW by spermidine is likely linked to enhanced lipolysis in
visceral fat and does not require FGF21. In summary, ablation of
FGF21 does not abolish spermidine-mediated protection in the con-
text of overnutrition, suggesting that other mechanisms underlie the
phenotype, or at least that there are other redundant pathways that
are also regulated.
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Figure 2. Spd on lipolysis of white adipose tissues. Western blots for the activity of lipolysis, indicated by ATGL, phosphorylation of HSL S563 (p-HSL), and
MGL, in subcutaneous fat of (A) young mice, (B) old mice, and (C) young mice under HFD after 6 mo of Spd treatment. Relative ATGL levels (normalized
to GAPDH), p-HSL levels (normalized to HSL), and MGL levels (normalized to GAPDH) were quantified underneath. Activity of lipolysis in the other white
adipose tissue, visceral fat, of (D) young mice, (E) old mice, and (F) young mice under HFD. All bars represent mean + SEM. Significant differences were taken
when p <.05. ATGL = adipose triglyceride lipase; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; HFD = high-fat diet; HSL = hormone-sensitive lipase;
MGL = monoacylglycerol lipase; PBS = phosphate-buffered saline; Spd = spermidine.

Genetic Ablation of Autophagy Specifically in
AdiposeTissue Does Not Abrogate the Beneficial
Effects of Spermidine on Metabolism

Given that autophagy is modulated by spermidine (Supplementary
Figure S5) and that adipose is one of the main target tissues of spermi-
dine (Figure 2), we further tested the hypothesis that autophagy
in adipose tissue is required for spermidine’s action in mice under
HFD. To test this, we employed an adipose-specific Beclin-1-deficient
mouse model by crossing Beclin-11¥* mice with the Fabp4-cre
mice, in which CRE (causes recombination) expression is under the
control of an adipose tissue-specific aP2 (fatty acid-binding protein
4 [FABP4]) promoter. Two-month-old adipose-specific autophagy-
deficient mice (therein referred to Beclin-17"* Fabp4-cre) were sub-
jected to HFD and treated with either PBS or spermidine by i.p.

injection for 6 months (Figure 5A). Again and contrary to our hy-
pothesis, Beclin-11" Fabp4-cre mice under a HFD remain sensitive
to spermidine treatment, with reduced BW and adiposity (Figure 5B

and C) and improved glucose sensitivity (Figure 5D), but not in-
sulin sensitivity (Figure SE), while the control PBS-treated Beclin-
1o+ Fabp4-cre mice recapitulated many of the characteristics of
HFD-treated WT mice (Figure 1). However, spermidine did not af-
fect the EE, wheel meters, and wheel speed in Beclin-1"*" Fabp4-
cre mice under HFD (Figure SF-H). We observed the same results
from female Beclin-1"" Fabp4-cre mice (Supplementary Figure
S7A-E), although spermidine did enhance EE and behavioral activity
(Supplementary Figure S7F-H).

At the molecular level, lipolysis activity is mixed in subcuta-
neous fat, with a trend toward increased p-HSL, but a significant
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Figure 3. Spd modulates FGF21 protein expression in liver and white adipose tissues. FGF21 protein levels were determined by Western blots from liver,
sub. fat, and vis. fat of (A) young mice, (B) old mice, and (C) young mice under HFD after 6 mo of Spd treatment. Relative FGF21 levels (normalized to
GAPDH) were quantified underneath. All bars represent mean + SEM. Significant differences were taken when p <.05. FGF21 = fibroblast growth factor 21;
GAPDH = glyceraldehyde 3-phosphate dehydrogenase; HFD = high-fat diet; PBS = phosphate-buffered saline; Spd = spermidine; sub. fat = subcutaneous fat;

vis. fat = visceral fat.

suppression in MGL (Figure 5I). While in visceral fat, ATGL and
p-HSL, but not MGL, were statistically elevated by spermidine
(Figure 5J). These patterns of lipolysis in WAT mediated by spermi-
dine in Beclin-17** Fabp4-cre mice under HFD mirror that from
wild-type mice (Figure 2C and F). Furthermore, FGF21 protein ex-
pression patterns in Beclin-17" Fabp4-cre mice recapitulated the
same patterns in wild-type mice (Figure 3C), with higher FGF21
protein expression in liver and subcutaneous fat, but lower levels in
visceral fat (Supplementary Figure S7I). Taken together, results de-
rived from Beclin-1"*" Fabp4-cre mice indicate that spermidine also
mediates general metabolism in a manner that does not depend on
autophagic activity in fat.

Discussion

The objective of this study was to explore the potential role of spermi-
dine in systemic metabolism during aging and in an elevated nutri-
tional environment. We hypothesized that spermidine extends life
span in mice by rescuing age-related metabolic dysregulation. Our
foremost results showing spermidine protects against diet-induced
obesity echoed that of a previous study showing spermine, another
polyamine synthesized from spermidine by spermine synthase, re-
duces BW and improves glucose challenge in HFD-induced obese
mice (21). Consistently, Fernandez et al. reported that autophagy
induction by spermidine protects from the HFD-induced metabolic
deficit in wild-type (C57BL/6]) mice (22). Our results further dem-
onstrated that spermidine prevents this early-onset HFD-induced
obesity and modulates autophagy, FGF21 protein expression,
and lipolysis in a tissue-specific manner. Interestingly, spermidine

continued to protect against a HFD and stimulated lipolysis in
FGF21- and adipose-specific autophagy-deficient mice. Therefore,
we can conclude that while enhanced FGF21 and adipose-specific
autophagy may contribute to the beneficial effects of spermidine in
this context, that neither alone are required.

In our experimental setting, spermidine has minimal metabolic
effects on young mice (and to some extent on old mice), with no
changes in BW, glucose sensitivity, EE, and behavioral activity, des-
pite the induction of autophagy in multiple tissues, as indicated by
Beclin-1 protein expression. These metabolic responses to spermi-
dine treatment (administered 50 mg/kg spermidine daily injection)
are consistent with the original life-span study showing spermidine
(given orally in drinking water, 0.3 and 3 mM) extends life span
in mice with no major effect on the metabolism (15). Nonetheless,
spermidine administrated late in life still extends life span (late-life
treatment) (15) (and a similar trend in this study), and produces a
marginal reduction in BW in old mice in this study. Spermidine also
ameliorates the HFD-induced obesity and glucose intolerance, pre-
sumably by enhancing EE and behavioral activity. These results sug-
gest that spermidine mediates age- and diet-dependent metabolism.
It will be of interest to determine whether spermidine can more ro-
bustly extend the life span of genetic- or diet-induced obese mice.

Spermidine bears similarity to CR and rapamycin, which ex-
tend life span, delay cardiovascular aging, and regulate autophagy
(15,23). Life extension by CR and rapamycin in mice may also
be due to the activation of autophagy in the other metabolic
tissues, such as liver (6). Unlike CR or rapamycin, however,
spermidine has been shown to induce autophagy by means of a
mTORC1-independent pathway, as spermidine did not alter the
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Figure 4. Effects of Spd on Fgf21-deficient male mice under HFD. (A) Image of Fgf2i-deficient male mice (Fgf21~-) under HFD after 2.5 mo of Spd or PBS
treatment (started at 2-month old). (B) Body weight (PBS, black, n=8; Spd, red, n=8). (C) Adiposity (PBS, n=6; Spd, n=7). (B, C) Statistics for the overall effects
of age, treatment, and the interaction represent the p value from a mixed-effects model (restricted maximum likelihood) or 2-way analysis of variance. (D) GTT
(PBS, n=8; Spd, n=8). (E) ITT (PBS, n=38; Spd, n=8).The AUC for GTT or ITT is shown on right panel and each symbol represents a single mouse. (F) EE (kcal/
h/g). (G) Wheel meters (m/d). (H) Wheel speed (m/s). n = 4 for PBS and Spd groups from indirect calorimetry (F, G, H). Western blots for the activity of lipolysis,
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phosphorylation status of mTOR or its downstream substrate,
ribosomal protein S6 kinase (19). Interestingly, our results showed
spermidine modulates mTORC1 activity, a conserved regulator
of autophagy, and autophagy activity in age-, diet-, and tissue-
dependent fashion. For instance, spermidine increased mTORC1
activity, indicated by phosphorylation of rpSé (p-S6 S240/244), as
well as Beclin-1 protein levels in subcutaneous fat of young mice,
whereas these effects were reversed in mice fed a HFD. Since a HFD
is reported to induce adipose-specific autophagy, it is possible that
spermidine directly counteracts this response (24). In liver, HFD
suppresses autophagy (24), which was not reversed by spermi-
dine. This age- and tissue-dependent autophagic response was also
observed (which was not limited to spermidine) in cardiac tissue
where CR suppressed autophagy, indicated by Beclin-1 protein, in
young mice, while it accelerated autophagy in middle-aged and old
mice (25). As a catabolic process, it is worth noting that autophagy
levels have to be tightly regulated and dynamic in response to aging
and energetic demands (26). Furthermore, although mTORC1 ac-
tivity is generally associated with antagonizing the induction of
autophagy, it is interesting to note that induction of autophagy can
occur through both mTORC1-dependent and -independent path-
ways (27).

We noticed an age-dependent response in insulin intolerance,
where spermidine increases systemic insulin sensitivity in young mice
while decreases it in old mice (both males and females) (Figure 1 and
Supplementary Figure S2). This is intriguing given that insulin resist-
ance is generally associated with obesity-related diseases and shorter
life span in organisms (28). The reason why spermidine promotes in-
sulin resistance in old mice is as of yet unclear. However, it has been
suggested that insulin resistance can be beneficial in late age by pro-
tecting the animals or particular organ systems from the detrimental
actions of hyperinsulinemia (28), or eliciting a cellular antioxidant
defense mechanisms (29). Indeed, spermidine elicits antioxidant de-
fense mechanisms in some lower organisms (13), and this should
be further evaluated in mammals. Along with some rodent models
that show a lack of association between insulin resistance and lon-
gevity (30), spermidine-induced insulin resistance in old mice fur-
ther fuels the debate regarding the role of insulin resistance in life
span. Furthermore, sex may also complicate the interpretation of the
role of spermidine in response to insulin challenge, since spermidine
increases systemic insulin sensitivity in male mice but not female
mice in the context of a HFD (Figure 1 and Supplementary Figure
S2). The intrinsic differences between males and females, including
endocrine systems and deposition of adipose tissue (more discussion
below) (31), should be further evaluated, given that spermidine ex-
tends mouse life span in both sexes (15,16).

A puzzling result from our study is that spermidine divergently
affects lipolytic protein expression in 2 types of WAT: subcutaneous
and visceral fat. This differential expression in 2 kinds of fat depots
likely speaks to the fundamental differences between subcutaneous
and visceral fat in metabolism (32). For instance, an age-related accu-
mulation of visceral fat, such as epididymal fat, is accompanied by a
decrease in insulin sensitivity (33), while surgical removal of visceral

fat in rats improved insulin sensitivity (34) and, more importantly,
increased life span (35). On the other hand, simple transplantation
of subcutaneous fat into the visceral cavity significantly improved
glucose tolerance in mice (36). In humans, increased amount of sub-
cutaneous fat is considered to be protective against the development
of insulin resistance (37). Our results demonstrate that increased
lipolysis, indicated by elevated ATGL and p-HSL, by spermidine is
more robust in visceral than in subcutaneous fat of mice fed HFD.
Given that the current literature suggests that in lean rodents, ATGL
and HSL are the major lipases for triglycerides and diglyceride, re-
spectively, and account for ~95% of lipase activity in murine WAT
(38), we postulate that visceral fat contributes to the majority of
lipolysis induced by spermidine in wild-type, Fgf21”- and Beclin-
17" Fabp4-Cre mice fed HFD (Figures 2F, 4], and 5]). Although our
measurement technique (MRI) did not distinguish fat depots, the en-
hanced lipolysis in visceral fat is associated with improving glucose
sensitivity in our setting. Therefore, our data suggest that visceral fat
is the major target of spermidine-mediated lipolysis since visceral fat
is more lipotoxic than subcutaneous fat.

Another notable finding is the divergent FGF21 response to
spermidine in 2 kinds of WATs, with higher FGF21 protein levels in
subcutaneous fat and reduced levels in visceral fat of young mice and
HFD-fed mice. This expression pattern is also apparent in Beclin-
1 Fabp4-Cre mice suggesting autophagy activity is dispensable in
spermidine-mediated FGF21 expression in adipose tissues. Although
the reason why subcutaneous fat is more prone to express FGF21
upon spermidine than visceral fat is as of yet unclear, one possible
explanation is the reduced Bklotho levels in visceral fat of HFD-
induced obese mice. Klotho is an auxiliary protein that interacts with
FGFRs (FGF receptors) to confer the FGF21 binding and subsequent
signaling activation (39).

That the starvation hormone FGF21 was induced by spermidine
in liver may come as a surprise, since food intake was not different
across age and diet. Initially identified as a hepatokine, endogenous
FGF21 regulates lipid and glucose metabolism upon fasting, star-
vation, or overnutrition (such as HFD) (39). No difference in food
intake in our setting not only suggests FGF21 secretion by spermi-
dine is not due to starvation or a CR effect, but instead suggests that
the favorable effects of spermidine are independent of calorie in-
take. Nonetheless, this increased FGF21 protein secreted from liver
could result in the increase of lipolysis in WAT, given adipose tissue
is one of the primary sites of FGF21 action (40), and may further
play a pleiotropic role in systemic metabolism and behavior (41).
Mouse genetic models indicate that FGF21 stimulates lipolysis in
the WAT: the expression of Azgl and Hsl, the 2 predominant lipase
genes of lipolysis in the WAT, was significantly increased in the WAT
of Fgf21 transgenic mice (42), while the expression was decreased
in the subcutaneous WAT of Fgf21- mice (43). Intriguingly, FGF21
protein is dispensable in the context of spermidine, since Fgf21--
mice maintain spermidine responsiveness. Consistently, a study

v

employing the same Fgf21~~ mice demonstrated endogenous FGF21
is not required for the in vivo efficacy of antiobesity actions of the

thiazoladinediones (44). However, we cannot rule out the potential

indicated by ATGL, p-HSL, and MGL, from (I) sub. fat and (J) vis. fat of Fgf27-~ mice under HFD after 6 mo of Spd treatment. Relative ATGL levels (normalized
to GAPDH), p-HSL levels (normalized to HSL), and MGL levels (normalized to GAPDH) were quantified underneath. *Samples were censored for quantifications
in ATGL and p-HSL levels (J). All bars represent mean = SEM. Significant differences were taken when p <.05. *p < .05; **p < .01. ATGL = adipose triglyceride
lipase; AUC = area under the curve; EE = energy expenditure; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; GTT = glucose tolerance test; HFD = high-
fat diet; HSL = hormone-sensitive lipase; ITT = insulin tolerance test; MGL = monoacylglycerol lipase; PBS = phosphate-buffered saline; Spd = spermidine; sub.

fat = subcutaneous fat; vis. fat = visceral fat.
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Figure 5. Effects of Spd on adipose-specific autophagy deficiency male mice under HFD. (A) Image of adipose-specific autophagy-deficient male mice (Beclin-
1%+ Fabp4-cre) under HFD after 3 mo of Spd or PBS treatment (started at 2-month old). (B) Body weight (PBS, black, n=7; Spd, red, n = 6). (C) Adiposity (PBS,
n=17;Spd, n=7). (B, C) Statistics for the overall effects of age, treatment, and the interaction represent the p value from a mixed-effects model (restricted
maximum likelihood) or 2-way analysis of variance. (D) GTT (PBS, n=7; Spd, n=6). (E) ITT (PBS, n=7; Spd, n=6).The AUC for GTT or ITT is shown on right
panel and each symbol represents a single mouse. (F) EE (kcal/h/g). (G) Wheel meters (m/d). (H) Wheel speed (m/s). n = 4 for PBS and Spd groups from indirect
calorimetry (F, G, H). Western blots for the activity of lipolysis, indicated by ATGL, p-HSL, and MGL, from (I) sub. fat and (J) vis. fat of Beclin-1"* Fabp4-cre mice
under HFD after 6 mo of Spd treatment. Relative ATGL levels (normalized to GAPDH), p-HSL levels (normalized to HSL), and MGL levels (normalized to GAPDH)
were quantified underneath. All bars represent mean + SEM. Significant differences were taken when p < .05. *p <.05; **p <.01. ATGL = adipose triglyceride
lipase; AUC = area under the curve; EE = energy expenditure; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; GTT = glucose tolerance test; HFD = high-
fat diet; HSL = hormone-sensitive lipase; ITT = insulin tolerance test; MGL = monoacylglycerol lipase; PBS = phosphate-buffered saline; Spd = spermidine; sub.

fat = subcutaneous fat; vis. fat = visceral fat.
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role of spermidine-induced FGF21 in (i) increasing insulin sensitivity
by promoting the healthy expansion of adipose tissue, especially sub-
cutaneous fat (45), and (ii) regulating systemic metabolism through
adipose-independent mechanisms (46).

Prior to our findings, the prevailing concept for the prolongevity
effects of spermidine was due to improved cardiovascular (15)
and hepatic function (16) through activation of autophagy. Our
study suggests that spermidine also mediates systemic metabolism
for life-span extension possibly by circumventing the induction of
autophagy to mediate FGF21 protein expression in metabolic tissues
and enhance lipolysis in adiposity. Given that spermidine is a natural
metabolite, it is of interest to know whether its levels are correl-
ated with health status in humans. Indeed, the polyamines spermi-
dine and spermine are enriched in whole blood of nonagenarians/
centenarians (47). Furthermore, the nutritional diets rich in spermi-
dine are also linked to improved cognition with age (48) and lower
overall, cardiovascular and cancer-related mortality in humans
(49). Whether endogenous or supplemented spermidine induces
autophagy in humans remains unanswered. Interestingly, the serum
levels of the autophagy biomarker Beclin-1 is increased in centenar-
ians (50). Despite these promising results in humans, deciphering the
molecular mechanism underlying spermidine’s actions still require
further research. Our findings suggest that, in addition to normal
aging, spermidine represents a potential treatment strategy to coun-
teract obesity-associated disorders and may have clinical translata-
bility in this context as a largely safe supplement.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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