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Abstract

SRT1720, a sirtuin1-activator, and metformin (MET), an antidiabetic drug, confer health and life-span benefits when administered individually.
It is unclear whether combination of the two compounds could lead to additional benefits. Groups of 56-week-old C57BL/6] male mice were
fed a high-fat diet (HFD) alone or supplemented with either SRT1720 (2 g/kg food), a high dose of MET (1% wt/wt food), or a combination
of both. Animals were monitored for survival, body weight, food consumption, body composition, and rotarod performance. Mice treated
with MET alone did not have improved longevity, and life span was dramatically reduced by combination of MET with SRT1720. Although
all groups of animals were consuming similar amounts of food, mice on MET or MET + SRT1720 showed a sharp reduction in body weight.
SRT1720 + MET mice also had lower percent body fat combined with better performance on the rotarod compared to controls. These data
suggest that co-treatment of SRT1720 with MET is detrimental to survival at the doses used and, therefore, risk-benefits of combining life-
span-extending drugs especially in older populations needs to be systematically evaluated.
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Pharmacological stimulation of sirtuins (a family of NAD*-dependent in model organisms (2,3). Small molecules such as resveratrol acti-
deacetylases) elicits several benefits for life-span and health exten- vate SIRT1 and trigger cellular signaling leading to improved mito-
sion (1). Sirtuin 1 (SIRT1) activation extends life span and health chondrial biogenesis (4) and reduced inflammation (5). Studies have

Published by Oxford University Press on behalf of The Gerontological Society of America 2020.

2037
This work is written by (a) US Government employee(s) and is in the public domain in the US.

m
Q.
;.
o
q\
)
o
>
=3
)
®



mailto:deCaboRa@mail.nih.gov?subject=

2038 Journals of Gerontology: BIOLOGICAL SCIENCES, 2020, Vol. 75, No. 11

shown that SRT2104, an allosteric SIRT1 activator, preserves bone
and muscle mass and extends survival of male mice on standard diet
(SD) (6). SRT1720, another SIRT1 activator, improves healthspan
and increases survival of middle-aged mice on SD (7) and on high-
fat diet (HFD) (8). SRT1720 also improves glucose homeostasis and
insulin sensitivity in mouse and rat models of type 2 diabetes (T2D)
(3). Some of these SIRT1 activators have also been tested in clin-
ical trials, mostly for metabolic conditions such as T2D, with some
encouraging results (9), making the use of SIRT1 activators clinically
relevant.

Metformin (MET) is a biguanide commonly used as the first
line of treatment for T2D, as it reduces hepatic gluconeogenesis
and increases insulin sensitivity and glycolysis. MET has also
been proposed for weight loss in people that are overweight who
do not have T2D (10). We previously showed that daily treat-
ment of aged mice fed SD with 0.1% MET elicited a small but
significant extension in longevity, whereas 1% MET (high dose,
~500 mg/kg body weight) resulted in a marked reduction in sur-
vival (11). We also showed that intermittent consumption of 1%
MET improved metabolic parameters in SD-fed middle-aged
mice without reduction in life span, although the MET-treated
mice still exhibited some kidney issues (12). Within the inter-
ventions testing program, 0.1% MET lead to a nonsignificant
7% increase in median life span in only male mice when data
from multiple study sites were combined (13). Other reports
have shown that 100 mg MET/kg body weight (~0.2% MET)
mediates beneficial geroprotective effects in female mice (14).
Even though 1% MET resulted in life-span reduction, it strongly
mimics transcriptomic changes elicited by caloric restriction
(CR) (11,15), which prompted the investigation of alternative
strategies to circumvent adverse effects of high dose MET.

Combining small molecules has been a successful strategy to ob-
tain better efficacy, decreased toxicity, and reduced drug resistance
(16). Mixtures and combinations of two or more compounds have
been proposed as anti-aging interventions (17). Based on this, we
tested the hypothesis that the combination of SRT1720 with MET
may alleviate some of the adverse outcomes of 1% MET, while con-
ferring synergistic benefits on health and survival in a cohort of aged
mice fed HFD.

Method

Animals and Diets

Male C57BL/6] mice at 15 weeks of age were obtained from
The Jackson Laboratory (Bar Harbor, ME). Mice were kept on
a standard mouse diet (cat. #2018SX, Envigo, Frederick, MD)
with ad libitum access to food and water, and group-housed in
conventional micro-isolator cages (Lab Products, Seaford, DE)
on a light:dark 12:12-h schedule and maintained between 20 and
22°C at 30%-70% humidity. At 56 weeks age, mice were ran-
domized into experimental groups: (a) HFD (AIN-93G containing
60% total calories from fat (carbohydrate:protein:fat ratios of
16:23:61 percent of kcal), n = 106; (b) HFD with SRT1720 (2 g/
kg chow or ~100 mg/kg body weight) (HFD + SRT1720), n=
107; (c) HFD with 1% MET (10 g/kg chow or ~500 mg/kg body
weight) (HFD + MET), n = 94; and (d) HFD with the combination
(HFD + SRT1720 + MET), n = 108. Data obtained for HFD and
HFD + SRT1720 mice were previously published in Minor and
colleagues (8), but all experiments were conducted simultaneously
as part of a larger study and divided up only for the purpose of

reporting. The large original study was conducted as a way to
conserve animal numbers in control groups which can be found in
Mitchell and colleagues (7) and Minor and colleagues (8). Diets
were purchased from Dyets, Inc. (Bethlehem, PA). SRT1720 was
provided by Sirtris Pharmaceuticals (Cambridge, MA) and MET
was obtained from Farmhispania (Farmhispania S.A., Barcelona,
Spain). Body weight and food intake were measured every other
week. All animal protocols were approved by the Animal Care
and Use Committee (352-LEG-2012) of the National Institute on
Aging, NIH.

Survival Study

Mice were examined daily for signs of health issues, and deaths and
euthanasia of moribund mice were recorded. Every mouse found
dead or euthanized was necropsied. Criteria for euthanasia were
based on an independent assessment by a veterinarian according to
AAALAC guidelines. Only cases where the condition of mice was
considered incompatible with continued survival are represented as
deaths in the curves. Animals euthanized for reasons not related to
incompatible survival were censored. The number of censored ani-
mals by group is shown in Supplementary Table S1.

Body Composition

Measurements of body fat and lean mass in live mice were ac-
quired by nuclear magnetic resonance (NMR) spectroscopy with
the Minispec LF90 (Burker Optics, Billerica, MA) (7 = 15 mice per
group; 8 weeks on diet; 64 weeks old).

Rotarod

All mice were acclimated for 15 minutes before testing. Mice were
tested at the same time every day after a habituation trial at a
constant speed of 4 rpm for 1 minute before the first trial. On the
same day, mice were given three trials on the accelerating rotarod,
during which the rotarod accelerated from 4 to 40 rpm over a period
of 5 minutes. Each trial was separated by a 30-minute rest period.
The latency to fall was recorded and averaged over the three trials
(7 = 9 mice per group; 12 weeks on diet, 68 weeks of age).

Data Analysis and Statistics

Investigators were not blinded during experiments/assessment. Log-
rank test was used to compare the differences in Kaplan—Meier sur-
vival curves. Maximum life span was defined as 10th percentile of
mice still alive. Number of animals used for this study were based
on our previous experience as well 80% power, a = .05 for 10%
effect size (18). Data are expressed as mean =+ SEM and two-way
analysis of variance with Tukey’s multiple comparison post hoc
test was performed as it allowed to additionally assess the effect of
MET alone, SRT1720 alone, and their interaction. No interaction
between MET and SRT1720 was found. Analyses were performed
using Excel 2010 (Microsoft Corp., Redmond, WA) and Graph Pad
Prism version 8 (San Diego, CA, USA). A p value of less than .05 was
considered statistically significant.

Results

Treatment with SRT1720 significantly improved median sur-
vival (103 weeks vs 115 weeks, p < .0001) without maximum
life-span extension, while MET alone had no impact on life-span
in HFD-fed mice (Figure 1A; Supplementary Table S1). Mice on
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Figure 1. Effects of SRT1720 and metformin (MET) supplementation on
survival, bodyweight, and food consumption in high-fat diet (HFD)-fed mice.
(A) Kaplan-Meier survival curves for mice fed HFD alone or supplemented with
SRT1720, MET, or the combination SRT1720 + MET. n = 94-108 mice per group.
See also Supplementary Table 1. ****p < .0001 combination group compared
to MET alone, ****p <.0001 combination group compared to SRT1720 alone,
*¥%%¥p<.0001 combination group compared to control, ****p <.0001 SRT1720
alone compared to control (Mantel-Cox test). (B) Bodyweight trajectories.
**¥¥p < .0001 combination group compared to control and SRT1720 alone;
**%%p < .0001 MET alone compared to control and SRT1720 alone (two-way
analysis of variance withTukey post hoc analysis). (C) Trajectories of daily food
intake per mouse over a period of 12 weeks. Data in (B) and (C) are means =
SEM. Full color version is available within the online issue.

the combination MET + SRT1720 exhibited a dramatic reduction
both in median (84 weeks) and maximum (~100-105 weeks) life
span, with a ~35% reduction in maximum life span compared to
HFD controls (Figure 1A). Glomerulonephrosis (characterized by
enlarged, discolored, and lumpy kidneys) was observed in 24%
of the MET-treated mice during necropsy as per previous reports
about high doses of MET associating with renal problems in mice
(12). Glomerulonephrosis incidence was markedly higher in the
combination group (Supplementary Figure S1), although patho-
logical characterization of these kidneys was not performed.

Compared to controls, mice on SRT1720 exhibited a modest re-
duction in body weight gain in the early phase of the protocol, whereas
MET and MET + SRT1720 mice steadily lost weight (Figure 1B). Body
weight of mice in the combination group at the beginning was slightly
lower than the other groups in the study, an effect we believe to be
random but warrants acknowledgment. No significant differences
in food consumption were observed (Figure 1C). Food consumption
was not measured beyond 70 weeks as mice in the combination group
started to rapidly die and measurements during this time would have
been directly impacted by moribundity.

Several functional measurements were performed to characterize
health status. Testing was done only at 64 and 68 weeks of age to limit
stress imposed on them. Amount of whole-body fat and lean mass were
obtained from NMR spectroscopy in live animals after 8 weeks on diet
(64 weeks old). SRT1720 mice had a similar percent body fat and lean
mass as controls while mice on MET alone or combined with SRT1720
showed a significant reduction in percent body fat (Figure 2A), co-
incident with an increase in percent lean mass (Figure 2B) and lean-
to-fat ratio (Figure 2C). Motor coordination was measured using the
accelerating rotarod at 68 weeks of age, where results indicated that
SRT1720 had no beneficial effects while MET alone and the combin-
ation SRT1720 + MET significantly improved performance versus HFD
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Figure 2. Impact of SRT1720 and metformin (MET) supplementation on
whole-body physiology and performance in high-fat diet (HFD)-fed mice.
(A, B) Estimates of percent body fat and lean mass content as determined
by nuclear magnetic resonance (NMR). (C) Lean-to-fat ratio calculated from
(A) and (B). Measures for (A), (B), and (C) were done at the same time on n
=15 mice per group, 8 weeks on diet (64 weeks old). (D) Time to fall from an
accelerating rotarod in seconds standardized to body weights. n = 9 mice
per group, 12 weeks on diet (68 weeks old). (E) Representative images of
mice after 26 weeks on diet (82 weeks old). Data are represented as box and
whisker plots (A-D) and analyzed using two-way analysis of variance with
Tukey’s post hoc analysis. *p < .05; **p < .01; ***p < .001; ****p < 0.0001.

Full color version is available within the online issue.

controls (Figure 2D). Control and SRT1720-treated mice on HFD be-
came obese in comparison to those maintained on MET alone or com-
bination, with the latter groups of mice remaining lean after 26 weeks
on diet (82 weeks old) (Figures 1B and 2E).

Discussion

Over the past decades, different pharmacologic agents have shown
to exert prolongevity benefits through a variety of related but distinct
mechanisms. As such, combination of different life-span-extending
compounds is regarded as a promising way to achieve effective anti-
aging. However, we found that mice fed an obesogenic diet sup-
plemented with MET + SRT1720 died prematurely with a severe
drop in body weight without loss of appetite. It is not clear whether
these dramatic differences in body weight are due to changes in
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heat production, ambulatory activity, gut absorption, or a number
of other factors that could be involved in promoting these effects.
No signs of diarrhea, enhanced anxiety, or activity were observed
in these animals during this experiment. Although detrimental to
survival, mice on MET + SRT1720 were leaner and performed sig-
nificantly better on the accelerating rotarod than their age-matched
controls or SRT1720 mice, suggesting that the drug combination,
at the administered doses, were effective at conferring a strong bio-
logical response.

This work was an extension of one of our previous studies testing
SRT1720 in HFD-fed aged mice (8). MET has proven to be benefi-
cial for life-span and health extension in several animal models (19)
and in humans (20), although adverse effects on life span were re-
ported in male C57BL/6] mice fed SD with 1% MET (11). In the
present study, 1% MET in HFD did not alter median life span and
only showed a modest reduction in maximum life span. Therefore,
it is likely that dietary composition (eg, high fat) itself plays a role in
the outcomes observed. Our data clearly show that combining 1%
MET with SRT1720 was detrimental to the survival of HFD-fed
mice. Whether the increased mortality occurred due to exacerbation
of kidney pathology was not examined in depth. Visual inspection of
the kidneys at necropsy revealed high number of glomerulonephrosis
cases in the combination group that suggests widespread kidney
pathogeneses in these mice. A more in-depth quantitation must
be conducted in future studies. The importance of age of onset in
the long-term benefits of MET has been previously reported (14).
Starting treatment at 3 months of age increased mean life span by
14% and maximum life span by 1 month, whereas treatment initi-
ated at 9 and 15 months of age was ineffective. Whether combining
MET with SRT1720 would result in a different outcome in younger
mice is unknown. Given that MET is commonly prescribed to adults
that are metabolically challenged, we explored the effects of the
SRT1720 + MET combination within an obesogenic context.

Gradual changes in body weight and food consumption over
the life course pose a challenge to achieving accurate dosing in
life-span studies, which is further complicated when the treat-
ment itself impacts body weight. Using MET doses that are more
“translational” and reflective of changing body weights and
food consumption patterns should therefore be a focus of future
mouse aging intervention studies using MET. Measuring circu-
lating levels of MET (11) at select points of the study could be
helpful for dose modification. Conducting dose-response experi-
ments with various MET + SRT1720 combinations would allow
to better understand what doses synergize or antagonize. In add-
ition to these considerations, emerging research also shows that
MET plays an important role in gut microbiome composition
(21,22) and epigenetic changes (23). Whether such changes could
contribute to the functional and phenotypic alterations seen here
is unknown.

There are some limitations in the current study. First, the study
was carried out in C57BL/6] male mice only and did not account
for mouse genetic background and sex, two variables that con-
tribute to variance in longevity. This is especially important con-
sidering that sex differences may significantly contribute to the
manifestation of adverse effects of MET in humans (24) and prior
demonstrations of sex- and strain-specific prolongevity effects of
MET (25). Second, lower doses of MET should be tested because
0.1% MET extends life span in some studies and is devoid of
adverse side effects (11). Third, the rapid death rate of the MET
+ SRT1720 mice made it unfeasible to conduct repeated testing
of their physical performance throughout life span but must be

included in follow-up experiments. Yet, significant phenotypic
differences were observed between the groups even as early as 8
weeks on diets. Fourth, as the primary objective of this study was
to assess the outcome on life span, mechanisms leading to the ob-
served phenotypes were not investigated and must be a focus of
future studies. Collectively, studying the effects of combinations
of compounds having geroprotective properties is not straightfor-
ward and requires that randomized preclinical and clinical studies
be performed in order to evaluate the occurrence of unforeseen
adverse events. This work highlights the necessity of these studies
as it demonstrates that drug combinations that may be expected
to work in a synergistic manner can in fact lead to serious adverse
outcomes and must be carefully evaluated.

Supplementary Material

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