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Abstract

Metformin, the most commonly prescribed anti-diabetes medication, has multiple
reported health benefits, including lowering the risks of cardiovascular disease and
cancer, improving cognitive function with age, extending survival in diabetic patients,
and, in several animal models, promoting youthful physiology and lifespan. Due to
its longevity and health effects, metformin is now the focus of the first proposed
clinical trial of an anti-aging drug—the Targeting Aging with Metformin (TAME) pro-
gram. Genetic variation will likely influence outcomes when studying metformin
health effects in human populations. To test for metformin impact in diverse genetic
backgrounds, we measured lifespan and healthspan effects of metformin treatment
in three Caenorhabditis species representing genetic variability greater than that
between mice and humans. We show that metformin increases median survival in
three C. elegans strains, but not in C. briggsae and C. tropicalis strains. In C. briggsae,
metformin either has no impact on survival or decreases lifespan. In C. tropicalis,
metformin decreases median survival in a dose-dependent manner. We show that
metformin prolongs the period of youthful vigor in all C. elegans strains and in two
C. briggsae strains, but that metformin has a negative impact on the locomotion of
C. tropicalis strains. Our data demonstrate that metformin can be a robust promoter
of healthy aging across different genetic backgrounds, but that genetic variation can
determine whether metformin has positive, neutral, or negative lifespan/healthspan
impact. These results underscore the importance of tailoring treatment to individuals

when testing for metformin health benefits in diverse human populations.
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1 | INTRODUCTION

A major goal of current aging research is to identify strategies to
extend youthful physiology without increasing the time spent in
decrepit old age. As the prevalence of diseases associated with
the highest rates of mortality—heart disease, cancer, Alzheimer's
disease, and type 2 diabetes—increases with age, interventions
that confer anti-aging outcomes are anticipated to also lower age-
associated disease incidence. One approach toward enhancing older
age health is to identify small molecule interventions that promote
healthy aging. Still, as with nearly all pharmaceuticals (Dugger et al.,
2018), individual genetic differences might be expected to lead to
differential responses to longevity-enhancing compounds. Indeed,
evaluation of candidate medicines without recognition of the under-
lying diversity in both disease causation and drug response in the
patient population has been suggested as a key contributor to drug
development failures (Ma & Zemmel, 2002).

Metformin, a biguanide derived from the French lilac Galega offi-
cinalis, has received considerable attention as a compound with po-
tential to promote healthy aging (Glossmann & Lutz, 2019; Novelle
et al., 2016). Metformin is the most widely prescribed anti-diabetic
medication, effective in reducing blood sugar levels with minimal
side effects (Glossmann & Lutz, 2019; Novelle et al., 2016). In ad-
dition to its anti-diabetic effects, metformin has also been found
to confer beneficial effects in the treatment of cardiovascular dis-
ease and some forms of cancer, and to improve cognition in older
adults (Novelle et al., 2016; Pryor & Cabreiro, 2015; Valencia et al.,
2017). Adding to the considerable interest in metformin benefits,
there is strong evidence that metformin can extend longevity and
promote healthy aging in multiple model organisms (Barzilai et al.,
2016; Novelle et al., 2016; Pryor & Cabreiro, 2015), and is associated
with extended survival in type 2 diabetic patients compared with
matched healthy controls (Pryor & Cabreiro, 2015; Valencia et al.,
2017). The documented broad benefits of metformin in diabetic
and cancer patients have anchored the premise for the first clinical
trial of a healthspan-promoting compound (the Targeting Aging with
Metformin—TAME) (Barzilai et al., 2016).

Although the anti-hyperglycemic effects of metformin are well
documented, the complex mechanism(s) of metformin action are
not fully understood. Metformin has a significant impact on met-
abolic machinery, with targets including mitochondrial complex
I, the cellular energy sensor AMPK, and mTOR (Pryor & Cabreiro,
2015). Different metformin doses can engage different molecular
processes. Increasing the complexity of metformin's interface with
physiology, interactions of metformin with the microbiome can also
have profound health consequences in the nematode Caenorhabditis
elegans, Drosophila melanogaster and vertebrates, including hu-
mans (Pryor & Cabreiro, 2015). The picture that emerges is that the

multiple levels at which metformin engages physiology may elicit a
range of individual responses within a population.

Simple animal models have been extensively studied to yield
insight into fundamental biological processes, including conserved
responses to pharmacological treatments, although such studies are
frequently conducted using a single strain or genetic background.
The Caenorhabditis Intervention Testing Program (CITP) explicitly
addresses this common limitation within longevity studies by testing
potential lifespan- and healthspan-promoting interventions across
a broad range of genetic backgrounds, exploiting the diversity of
the Caenorhabditis genus by using strains from three species—C. el-
egans, C. briggsae, and C. tropicalis—that represent millions of years
of divergent evolution. In addition, the CITP emphasizes experi-
mental reproducibility by conducting studies at three independent
sites using identical standard operating procedures, striving toward
minimal lab-to-lab variation in results but always evaluating sources
of variation as a critical component of data analysis. In addition
to lifespan evaluation, the CITP makes use of a relatively easy-to-
implement healthspan assay that delivers multi-parameter scores on
nematode locomotory ability with age. These lifespan and mobility
health analyses provide reproducible data on the efficacy of anti-
aging interventions.

How metformin treatment plays out for promoting general
health in a genetically diverse human population is clearly of great
interest in current gerontology. Here we report on the impact of
metformin on longevity and old age mobility measures in a genet-
ically diverse test group of Caenorhabditis species. We find that
metformin increases the median lifespan of all tested C. elegans
strains, but not the median lifespan of strains from C. briggsae or
C. tropicalis. Metformin did not improve C. briggsae survival at any
dose. In C. tropicalis strains, increasing metformin concentrations
decrease lifespan in a dose-dependent manner. Notably, analysis of
locomotory healthspan revealed positive outcomes of metformin
treatment in all C. elegans strains and in two of the three C. briggsae
strains, highlighting a “quality of life” mobility benefit distinct from
life extension outcomes for some strains. For C. tropicalis strains,
locomotion was generally more impaired consequent to metformin
treatment. Our data exhibit low variation in lifespan and healthspan
results across the three CITP test sites, meeting the CITP goal of
generating highly reproducible results.

Overall, we demonstrate that metformin stands out as an effec-
tive pro-healthspan compound in a genetically diverse test set of
Caenorhabditis. At the same time, our findings highlight that some
genetic variants can either be partially refractory to metformin
benefits or can suffer deleterious outcomes of treatment. Our data
therefore raise the potential need for attention to individualized
medicine considerations in the drive toward dissecting, and adminis-

tering, the benefits of metformin in the human population.
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2 | RESULTS

2.1 | Metformin increases median lifespan in three
C. elegans Strains

The Caenorhabditis Intervention Testing Program (CITP) is a collabo-
rative effort conducted at three geographically separated research
labs in which we seek to identify compounds that confer reproduc-
ible longevity extension and health benefits to a genetically diverse
panel of Caenorhabditis strains. The underlying premise of this con-
sortium is that compounds that confer robust outcomes across a
genetically heterogeneous population should have an enhanced
probability of engaging conserved biochemical pathways that pro-
mote healthy aging across phyla. The CITP effort relies on purchase
of common reagents, adherence to highly detailed protocols, and
frequent and regular communication (Lithgow et al., 2017). We used
this rigorous framework to conduct manual survival assays in which
each of the three labs conducted three biological repeats at multi-
ple metformin concentrations. Our work focused on three strains
from C. elegans, three strains from C. briggsae, and three strains from
C. tropicalis, originally selected to maximize genetic and geographic
diversity within each species (Kiontke et al., 2011; Kiontke & Fitch,
2005). Overall, comparisons of genome sequences and specific gene
sequences indicate that the genetic difference in this test set is com-
parable in range to that which results from sampling genomes from
mice to humans (Kiontke et al., 2011; Kiontke & Fitch, 2005).

For C. elegans, we studied the canonical lab wild type strain N2
along with MY16 and JU775 isolates, among which there is an av-
erage per site nucleotide difference of around 0.2% (see Methods),
comparable to that within the human population (C. et al., 2015;
Nam et al., 2017; Sachidanandam et al., 2001). We analyzed ~24,600
total individual survival outcomes at multiple metformin concentra-
tions, including one previously documented to increase C. elegans
N2 lifespan (50 mM) (Pryor & Cabreiro, 2015). Note that the C. ele-
gans collagenous cuticle and the reinforced gut structure often ne-
cessitate use of much higher compound concentrations than might
be required in a culture model (Holden-Dye & Walker, 2014; Rand &
Johnson, 1995) and the high concentrations applied to plate media
likely do not reflect the physiological levels within treated animals.

Our results confirm pro-longevity effects in C. elegans reference
strain N2, with significant increases in median lifespan at two met-
formin concentrations (Figure 1a; 50 mM, a 35% increase; 70 mM,
a 41% increase; p < 0.001 for both; see Figure S1 and Datasets S2
and S3 for summary of all lifespan data). C. elegans strains JU775
and MY16 also exhibit positive effects on median lifespan with
metformin treatment (Figure 1a; JU775 shows a 14% increase for
both 50 mM and 70 mM; MY16 on 50 mM, a 23% increase, and, on
70 mM, a 35% increase; p < 0.001 for both). These median survival
benefits are also reflected in right-shifted survival curves for met-
formin treatment in all three strains (Figure 1b; p < 0.001 for all).
Maximal lifespan is also increased with 50 and 70 mM metformin
treatment in all three strains (calculated as age at 90% population
death; see Figure S2). Together, our results show that metformin

Aging

increases lifespan in a well-characterized test set of genetically di-
verse C. elegans strains that model the diversity found within the
human population, demonstrating the robust capacity for this bigu-

anide to confer adult survival benefits.

2.2 | Thelongevity extension
effects of metformin are not observed in
C. briggsae and C. tropicalis species

To test how broadly within the Caenorhabditis genus metformin im-
pact on longevity could be detected, we conducted survival analy-
ses on C. briggsae strains AF16, ED3092, and HK104. (100 million
years of separation between C. elegans and C. briggsae (Coghlan &
Wolfe, 2002)). Metformin did not significantly increase median lifes-
pan in C. briggsae over a broad range of tested doses (0.1-50.0 mM;
Figure 2a; at the 50 mM dose, metformin significantly decreases
ED3092 median lifespan, p < 0.05), nor did metformin increase sur-
vival of C. briggsae strains at any concentration (Figure 3a; similar
to our median survival results, the 50 mM dose significantly short-
ened the survival curve of ED3092 animals, p < 0.05). Because our
previous studies identified compounds that were efficacious in both
C. elegans and C. briggsae (Lucanic et al., 2017), lack of response ap-
pears compound-specific rather than being attributable to a general
challenge with compound interventions in C. briggsae.

We also treated C. tropicalis strains JU1373, JU1630, and QG834
with metformin and assayed survival. For C. tropicalis strains, we
observed dose-dependent reductions in median lifespan, with the
highest doses conferring clear detrimental effects (Figure 2b; in
JU1373, 10 and 50 mM metformin decrease median lifespan by
12% and 16%, respectively; p < 0.001 for both; in JU1630, 50 mM
metformin decreases median lifespan by 19%, p < 0.001; in QG834,
50 mM metformin decreases median lifespan by 16%, p < 0.001).
Survival curves for the range of tested metformin concentrations on
C. tropicalis parallel the median lifespan data: C. tropicalis survival is
shortened in a dose-dependent manner (Figure 3b). In all, our data
highlight a dramatic range of metformin responses among repre-
sentative members of three Caenorhabditis species: metformin can
increase lifespan across C. elegans strains, is neutral in C. briggsae

strains, and is deleterious in C. tropicalis strains.

2.3 | Metformin promotes locomotory
maintenance in an expanded genetic diversity test set

Mobility decline is a nearly universal feature of aging, and mobility
measures are widely used to assess the physiological age of older
patients (Soubra et al., 2019). In C. elegans, a progressive decline in
swim vigor is an often-measured indicator of aging, and thus we ana-
lyzed features of swimming as a measure of locomotory ability likely
to reflect neuromuscular health (Laranjeiro et al.,, 2017, 2019). We
used CeleST (C. elegans Swim Test) computer vision analysis soft-
ware for collection and analysis (Restif et al., 2014). CeleST scores
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eight different parameters of locomotion and body posture (see the
Supplementary Information for details on the CeleST parameters).
We weighted the eight measurement values to generate a com-
posite swimming score meant to reflect overall vigor (https://doi.
org/10.6084/m9.figshare.c.5126579) which we use, reminiscent of the
human frailty index (Palliyaguru et al., 2019), as a biomarker of health
and aging quality. Although locomotory decline occurs during adult
life for all Caenorhabditis strains, timing of maximal decline rate differs
somewhat among C. elegans, C. briggsae and C. tropicalis; therefore, we
scored on adult day 6 and 12 for C. elegans and C. tropicalis and adult
day 8 and 16 for C. briggsae in an effort to analyze at timepoints re-
flecting similar features on the decline slope (C. briggsae strains tend to
be longer lived than C. elegans and C. tropicalis strains; steepest decline
tends to be more evident in chronologically older C. briggsae animals).

Aging C. elegans strains treated with 50 mM metformin exhibit in-
creased mean composite swimming scores (Figure 4a; in N2, metformin
significantly increases the mean composite swimming score on adult
day 6 and 12 of adulthood; p < 0.01 and p < 0.0001, respectively; in
JU775 and MY16, metformin increases the composite swimming score
on adult day 12; p < 0.0001 for both). Thus, metformin treatment ex-
tends both longevity and swim vigor in aging C. elegans strains.

Although metformin treatment had no positive impact on the
longevity of any tested C. briggsae strain (Figures 2a and 3a), we re-
corded significant increases in locomotory ability with 50 mM met-
formin treatment in C. briggsae strains AF16 and ED3092 (Figure 4b;
both strains show increased mean composite swim scores on adult
day 16 of life; p < 0.0001). C. briggsae strain HK104 appears to be
refractory to metformin as assessed by swim measures. Still, the im-
portant point is that although metformin does not extend longevity
in C. briggsae strains AF16 and ED3092 (and actually decreases lifes-
pan at 50 mM in ED3092; Figures 2a and 3a), benefits to locomotory
capacity in these strains are clear. We conclude that, in some genetic
backgrounds, metformin can confer older age health benefits in the
absence of impacts on longevity, and we note a beneficial impact
on movement vigor across species that diverged approximately
100 million years ago (Coghlan & Wolfe, 2002).

By contrast, 50 mM metformin conferred detrimental effects in
two of three C. tropicalis strains. Metformin-treated strain JU1630
exhibits decreased swimming ability on adult days 6 and 12 (p < 0.05
and p < 0.0001, respectively); likewise metformin-treated strain
QG834 exhibits decreased swim ability on adult day 6 (p < 0.001)
compared to untreated controls (Figure 4c; we note that there is a
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significant interaction effect present in QG834 (p < 0.01), with a
diminished slope between the day 6 and day 12 timepoints vs. con-
trols). C. tropicalis strain JU1373 did not exhibit a change in swimming
ability with metformin treatment on either day of measurement, al-
though we note that JU1373 is generally a more vigorous swimmer
than the other tested C. tropicalis strains such that detrimental ef-
fects with metformin might be evident in older JU1373 nematodes
when swimming ability declines to typical JU1630 and QG834 lev-
els. We conclude that metformin can have a negative impact on some
C. tropicalis strains. We also note that the three C. tropicalis strains
and C. briggsae HK104 show the slowest rates of locomotory decline
of all tested strains (Figure 4); it is possible that additional metformin
health effects could be revealed by performing the CeleST assay in
older animals (for technical and practical reasons, we did not include

late-life timepoints in this study).

2.4 | Metformin stands out as an anti-diabetic
compound that promotes healthy aging

As metformin demonstrates a striking ability to promote healthy
aging across a range of genetic backgrounds, we asked whether
other anti-diabetic compounds might have the capacity to confer

10 50 0.1 1 5 10 50
Concentration (mM)

similar outcomes. We tested six type 2 diabetes medications (bro-
mocriptine, dapagliflozin, sitagliptin, nateglinide, pioglitazone, and
glipizide) that lower blood sugar levels via a variety of mechanisms
for longevity effects in representatives of the three Caenorhabditis
species (Figure S3). Of the six compounds, only one, bromocriptine,
a dopamine agonist thought to act as an anti-diabetic by inhibiting
increased plasma glucose levels associated with abnormally elevated
hypothalamic activity, had a substantial longevity impact (details
in Figure S3A). Although this mini screen was limited in scope and
depth, we can conclude that only particular anti-diabetes interven-
tions confer longevity and health benefits in Caenorhabditis test
models.

2.5 | Little or no variability in longevity and
locomotory data among labs

Our previous longevity studies of 22 natural isolates in C. elegans,
C. briggsae, and C. tropicalis species indicated high reproducibility of
data across the three CITP labs (Lucanic et al., 2017), a key objective
of our initiative. Tables S1 and S2 show longevity and locomotory
data from our metformin analyses partitioned into different poten-
tial sources of variation using a general linearized model. Our results
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are reproducible: for the 50 mM metformin longevity studies, there
was little variation among labs (5.1%), and the among-lab variation
for our CeleST locomotory data was similarly low (4.5%). These
percentages are even lower than what we found previously, where
the variation for longevity data among labs was 7.5% (Lucanic et al.,
2017). Overall, our data demonstrate reproducibility in metformin
outcomes among tightly matched studies.

3 | DISCUSSION

The anti-diabetes drug metformin is under intensive study as a
general health-promoting treatment, with human trials planned to
investigate potential benefits to health maintenance in the elderly
(Barzilai et al., 2016). Critical for determining benefits across the di-
verse human population is an assessment of metformin outcomes
in a genetically rich population, which is the key question that we
address here in Caenorhabditis models. We examined the efficacy
of metformin in promoting lifespan and locomotory health in large
populations from diverse Caenorhabditis genetic backgrounds. Our
data confirm that metformin can increase lifespan of the canonical
lab C. elegans reference strain N2 (Pryor & Cabreiro, 2015), and show
that metformin can confer pro-longevity and mobility maintenance
effects in two additional C. elegans strains. Data thus demonstrate a
remarkable capacity for metformin to increase lifespan and improve

physical maintenance across diverse genetic backgrounds within the
elegans species. At the same time, analysis of metformin impact in
closely related species revealed that genetic background can play a
significant role in outcome. Regarding longevity, we saw no change in
C. briggsae lifespan with metformin exposure, with the exception of
a single strain that showed decreased survival on the highest tested
dose of metformin, while C. tropicalis strains show decreased me-
dian lifespan with increasing metformin concentrations. We found
that metformin improved locomotory healthspan in two out of the
three tested C. briggsae strains but in C. tropicalis strains, metformin
decreases mobility outcomes, similar to C. tropicalis lifespan results.

We discuss details, caveats and implications below.

3.1 | The Caenorhabditis intervention testing
program as a focal point for advancing testing of
interventions for mammalian anti-aging therapeutics

The goal of the CITP effort is to use rigorous protocols (identical
techniques/materials across test sites; please see Lithgow et al.
(2017) for details) to provide high-quality, reproducible data on small
molecule/plant extract effects on lifespan and healthspan in a ge-
netically diverse test set from the Caenorhabditis genus. A core un-
derlying hypothesis is that interventions that are bioactive against
a diverse population most likely target conserved longevity/health
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FIGURE 4 Metformin slows the
age-related decline in swimming ability
in multiple, but not all, Caenorhabditis
species and strains. The mean adjusted
swimming score is shown for (a) three

C. elegans strains (N2, JU775, MY16), (b)
three C. briggsae strains (AF16, ED3092,
HK104), and (c) three C. tropicalis strains
(JU1373, JU1630, QG834) tested at two
ages (adult days 6 and 12 for C. elegans
and C. tropicalis, adult days 8 and 16 for
C. briggsae). Each point represents the
mean from one trial, the bars represent
the mean +/- the standard error of the
mean, and the colors correspond to the
treatment conditions starting at day 1
of adulthood (gray control, teal 50 mM
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o

@

from the linear mixed model such that D8
****p < 0.0001, ***p < 0.001, **p < 0.01, (c) C. tropicalis
and *p < 0.05 (Details in Dataset S1)

JU1373

D16 D8 D16 D8 D16

JU1630

* XXX el

D6

pathways, and therefore may have an enhanced chance for success
in mammalian testing.

The three different Caenorhabditis species used by CITP—C. el-
egans, C. briggsae, and C. tropicalis—were selected in part because
these are hermaphroditic species, facilitating ease of culture in
the lab. The features/special considerations of the hermaphroditic
Caenorhabditis genomes have been documented (Hill et al., 2006;
Woodruff et al., 2010), and sequences for many wild Caenorhabditis
strains are available (Stevens et al., 2019) (CITP is in the process of
publishing details of the strain genome comparisons for the strains
we used here (MicroPublication Biology, in prep)). In general, the
0.2% per site nucleotide difference among the three C. elegans
strains is similar to genetic variation between mice and humans
(Kiontke et al., 2011; Kiontke & Fitch, 2005) and the nine represen-
tative strains selected can be considered a plausible genetic diver-
sity representation.

Our previous work using CITP protocols to test potential pro-
longevity compounds showed that 6 out of 12 tested candidate
longevity interventions conferred reproducible lifespan-promoting

D12 D6 D12 D6 D12
Adult age (days)

effects, with one, Thioflavin-T, impacting all three species (Lucanic
et al.,, 2017). Our current results testing metformin demonstrate
strong reproducibility—lifespan and healthspan exhibited low lab-to-

lab variation (Table S1), similar to what we found in previous studies.

3.2 | Metformin efficacy exhibits strain-specific
differences

We found species-specific lifespan/healthspan impact with met-
formin treatment. Metformin has beneficial effects in all three C. el-
egans strains (increased median survival and locomotory ability) and
in two C. briggsae strains (increased locomotory ability only), but is
toxic in C. tropicalis strains. What might account for these differ-
ential effects? There are two means for a small molecule to enter
nematode tissues—either via ingestion, or through absorption across
the cuticle. The efficiency of absorption depends on the lipophilicity
of the compound, but it is estimated that, in C. elegans N2, drug dose
should be 1000x greater than the target concentration in tissues
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(Holden-Dye & Walker, 2014; Rand & Johnson, 1995). Relatively high

metformin doses (50 and 70 mM) are required for beneficial effects

in C. elegans strains, suggesting that metformin, a highly polar mol-
ecule, may not readily cross the cuticle. We note that if the 1000x
rule is applied, metformin concentrations in nematode tissues in our
studies would approximate 50-70 uM, similar to pharmacologic con-
centrations reported for metformin in mammals (40-70 uM (He &
Wondisford, 2015)). That metformin has no effect on the lifespan
of any tested C. briggsae strain at a range of concentrations from
100 pM to 50 mM may reflect differences in cuticle or epitheial
boundary makeup between the two species. Since 50 mM met-
formin improves locomotory ability in two strains, it is evident that
C. briggsae is able to absorb metformin (or its bacterially generated
metabolites) at high concentrations, but this healthspan-promoting
dose is not sufficient to increase median lifespan in this species.

Metformin has multiple cell targets and details of drug intersec-
tion with these is likely related to uptake capacity, bioactive dose,
metabolites, turnover rate, and genetically specified pathway flux
levels. In C. elegans N2, metformin has been shown to disrupt mito-
chondrial complex | function, increasing ROS levels and leading to
decreased mTORC1 kinase activity via the Rag family of GTPases
(Pryor & Cabreiro, 2015; Wu et al., 2016). Metformin also activates the
AMP-activated protein kinase (AMPK) energy sensor, and both TOR
inhibition and AMPK activation require signaling via the v-ATPase-
Ragulator lysosomal pathway (Chen et al., 2017). mTORC1 inhibition
leads to activation of the SKN-1/Nrf2 transcription factor and induc-
tion of expression of the ACAD10 protein that regulates growth and
longevity (Wu et al., 2016). In addition, metformin has been shown
to increase lifespan, at least in part, by altering folate and methionine
metabolism of the E. coli food source for nematodes (Pryor & Cabreiro,
2015). Metformin has also been shown to alter the microbiota of hu-
mans and flies in a conserved fashion (Pryor et al., 2019), suggesting
that metformin may similarly impact microbiomes across species to
promote healthy aging, and highlighting the relevance of considering
the microbiome when tailoring individual metformin treatment.

Differences in C. briggsae and C. tropicalis sensitivity to met-
formin treatment that we observe may reflect differential regulation
of any of the elements in the complex metformin response path-
ways. During development, gene expression patterns appear to be
conserved in C. elegans and C. briggsae (Grun et al., 2014; Lu et al.,
2020); probing adult transcriptomes and metabolomes for changes
with metformin treatment might likely shed light on the differential
effects of metformin in the three tested species. We also note that
we use FUdR (floxuridine) in our studies to prevent progeny produc-
tion—it is possible that FUdR treatment in C. briggsae and C. tropicalis
contributes some of the species-specific differences we observe with
metformin treatment (there appears to be no synthetic interaction
between FUdR and metformin, however; see Methods for details).

It is also important to note that, although metformin is far less
toxic than other biguanides, high doses of metformin have negative
lifespan and healthspan effects in flies, mice, and multiple C. elegans
N2 assays (Pryor & Cabreiro, 2015). AMPK, SKN-1/Nrf2, and the
peroxiredoxin hydrogen peroxide scavenger PRDX-2 are thought

to mediate protective mechanisms for metformin-induced stresses
(Pryor & Cabreiro, 2015). Our data show that metformin has a dose-
dependent detrimental effect on lifespan in C. tropicalis, and that
50 mM metformin decreases locomotory ability in two C. tropicalis
strains. These results indicate that C. tropicalis strains can absorb
metformin or the E. coli metabolites associated with metformin, but
clearly the consequences of uptake do not activate benefits. While
the nature of this toxicity is unknown, one possibility is that the
AMPK/SKN-1 defensive mechanism is less responsive to metformin
exposure in C. tropicalis versus C. elegans. Genetic differences to
be identified in the future likely underlie the different responses to
metformin between C. elegans and C. tropicalis.

It is clear that deciphering the mechanistic basis of different strain
responses to metformin could inform on biology of high relevance to
understanding outcome efficacy in higher organisms. The mandate of
the CITP, however, is highly focused on the testing and identification
of pharmacological interventions that reproducibly promote lifespan
and healthspan benefits across a genetically diverse test set. Thus
while mechanistic studies (even by a single lab within the CITP) would
likely reveal important details on how metformin impacts the dif-
ferent Caenorhabditis strains, the CITP effort focuses on reasonable
throughput testing of compounds through a reproducible longevity/
mobility test protocol. The intended integration of CITP outcome in
the field is that robust CITP findings should inspire outside mecha-
nistic studies on uptake, transcription, metabolism, and pathway bio-
chemistry that extend medically relevant understanding of different

metformin treatment outcomes in genetically diverse populations.

3.3 | Metformin treatment can decouple
longevity and mobility health

Our data show a strong correlation between metformin impact on
longevity and locomotory prowess in different C. elegans strains, con-
sistent with previous reports on the beneficial effects of metformin
on both lifespan and healthspan in C. elegans N2 (Pryor & Cabreiro,
2015). In two of three tested C. briggsae strains, metformin can pro-
mote locomotory health benefits without impacting either median
survival or maximal lifespan. These observations speak to the fun-
damental question as to whether interventions can be identified that
extend the period of healthy functionality without a major impact
on longevity (Bansal et al., 2015). That metformin may increase the
maintenance of locomotory health without extending longevity has
been suggested for C. elegans (Onken & Driscoll, 2010) and is demon-
strated here for C. briggsae. A maintenance-promoting intervention

outcome should be a sought after outcome in human trials.

3.4 | Implications for human metformin studies

Our data confirm previous reports that metformin promotes lifes-
pan and healthspan in C. elegans N2 (Pryor & Cabreiro, 2015) and
show that these benefits can extend to a representative, genetically
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diverse set of C. elegans strains. At the same time, outcomes do not
fully extend to closely related Caenorhabditis species. Metformin in-
creases lifespan in crickets, but not in the fruit fly model Drosophila,
and metformin's lifespan/healthspan effects in rodents are mixed
(Pryor & Cabreiro, 2015). The Strong et al. report, in which no lifes-
pan benefits were seen with metformin treatment in a population of
genetically heterogeneous mice, is particularly notable, as this study
was performed by the NIA Intervention Testing Program using fun-
damental assay design principles upon which the CITP is based (par-
allel testing of compounds at three independent sites) (Strong et al.,
2016). In humans, clinical trials in populations with type 2 diabetes
show that metformin increases overall survival, lowers incidence of
cancer and cardiovascular disease, and improves cognitive function
(Novelle et al., 2016; Pryor & Cabreiro, 2015; Valencia et al., 2017),
although there is of yet no evidence that metformin can promote
health or increase lifespan in healthy populations. In a recent per-
spective focused on the TAME proposal in which metformin would
be the first anti-aging intervention to be studied in a clinical trial
(Barzilai et al., 2016), Konopka and Miller point out that since the
trial would look to see if metformin can delay the onset of new age-
related conditions in individuals already beset with chronic disease,
the study design would not constitute a test of metformin capac-
ity to extend the amount of time a healthy individual maintains a
healthy state (“healthspan”, per se (Kaeberlein, 2018; Konopka &
Miller, 2019)). Our data highlight the value of locomotory healthspan
as an indicator of metformin efficacy—while locomotory capacity
tracks well with lifespan in C. elegans strains, we see only health ben-
efits with metformin treatment in C. briggsae, suggesting that met-
formin impact on the quality of locomotory aging might be greater,
or at least more apparent, than metformin longevity effects across
diverse genetic backgrounds. We suggest that measuring healthspan
metrics in healthy populations in metformin trials is essential, and
that these data may reveal metformin benefits that might otherwise
be overlooked.

We also identify dose as being particularly important in met-
formin studies in heterogeneous genetic backgrounds—50 mM met-
formin, which is beneficial in C. elegans and C. briggsae, is toxic in
C. tropicalis. Previous studies where metformin failed to increase
lifespan/healthspan in flies, mice, and rats (Martin-Montalvo et al.,
2013; Slack et al., 2012; Smith et al., 2010) may reflect toxicity ef-
fects of high metformin doses. Additionally, as lower metformin con-
centrations extend longevity in male inbred mice (Martin-Montalvo
et al., 2013), but not in heterogeneous mouse populations (Strong
et al., 2016), genetic background clearly influences the ability of
metformin to impact lifespan in mammals.

Our data identify metformin as an effective intervention for
increasing lifespan and healthspan in diverse genetic backgrounds
of a Caenorhabditis test set. We highlight locomotory health as a
critical readout of metformin efficacy, and stress the importance
of dose and genetic background in testing for effects. Taken to-
gether, consideration of our findings may help in identifying bene-
fits in future metformin studies in model organisms and in human

populations.

Aging

4 | EXPERIMENTAL PROCEDURES

41 | Strains

To measure the effect of metformin on lifespan, the following natu-
ral isolates were obtained from the Caenorhabditis Genetics Center:
C. elegans N2-PD1073, MY16, JU775; C. briggsae AF16, ED3092,
HK104; and C. tropicalis JU1373, JU1630, QG834. Worms were
maintained at 20°C on NGM agar and fed E. coli strain OP50-1. Test
subjects were age synchronized by timed egg lays and transferred
to media containing FUdR and metformin on day 1 of adulthood.
We note that in C. elegans N2, metformin can increase lifespan re-
gardless of whether or not FUdR is added to the media, suggesting
that no synthetic interaction exists between metformin and FUdR
(Cabreiro et al., 2013; Onken & Driscoll, 2010) (For full methods, see
https://doi.org/10.6084/m9.figshare.9738197.v1).

4.2 | Genetic diversity

Average nucleotide diversity among the three strains N2, MY16,
and JU775 was estimated for diallelic SNPs on regions with 10-500x
coverage using the alignments for each to the C. elegans reference
genome (PRJNA13758, version WS245) from the CeNDR data-
base (release 20200815, https://www.elegansvariation.org). We
used samtools v.1.5 and bcftools v.1.5 (Li, 2011), vcftools v.0.1.15
(Danecek et al., 2011), and bedtools v.2.25.0 (Quinlan & Hall, 2010)
for variant calling, filtering, and masking (script available: https://
github.com/phillips-lab/CITP_C.elegans_pi).

4.3 | Interventions

For all experiments, worms were placed on plates containing met-
formin (1,1-dimethylbiguanide hydrochloride; Sigma-Aldrich) or the
carrier (water) for control plates on the first day of adulthood, trans-
ferred thrice during the first week of adulthood to eliminate progeny
and refresh food, and then once weekly to refresh the compound. For
survival assays, there were 35-50 worms per plate (technical repli-
cate) and they were observed three times weekly until death. Each
lab produced three biological replicates each with three technical
replicates at 50 and 70 mM in C. elegans and two biological replicates
at 50 mM in C. briggsae and C. tropicalis. In an attempt to find an opti-
mal dose of metformin for the six C. briggsae and C. tropicalis strains,
each lab performed one survival assay with three technical replicates
at each of the following concentrations: 0.1, 1, 5, and 10 mM. (For
full methods, see https://doi.org/10.6084/m9.figshare.c.5239976n).

44 | C.elegans swim test

To determine whether metformin impacts health in nematodes, we
utilized the C. elegans Swim Test (CeleST) to estimate age-related
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declines in neuromuscular function (Restif et al., 2014). For these

assays, worms were raised as outlined above and moved four at a
time to 50 pl pools of 0.1% Tween 20 in M9 on welled slides at the
following ages: adult days 6 and 12 in C. elegans and tropicalis, and
adult days 8 and 16 in C. briggsae. Each CeleST recording was per-
formed for 30 s in less than five minutes upon animals entering the
liquid environment. In total, for two ages of each strain at 50 mM
metformin, 48 animals were measured in each of two biological
replicates per lab. (For full methods, see https://doi.org/10.6084/
m9.figshare.13377455). The CeleST assay records eight different
measures of locomotory ability and body form, which we combined
into an adjusted Composite Swimming Score as described (https://
doi.org/10.6084/m9.figshare.c.5126579).
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