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Calorie restriction (CR) has been known for more than 70 years to extend life span and delay disease in rodent models.
Metformin administration in rodent disease models has been shown to delay cancer incidence and progression, reduce
cardiovascular disease and extend life span. To more directly test the potential of metformin supplementation (300 mg/
kg/day) as a CR mimetic, life-span studies were performed in Fischer-344 rats and compared with ad libitum feeding and
CR (30%). The CR group had significantly reduced food intake and body weight throughout the study. Body weight was
significantly reduced in the metformin group compared with control during the middle of the study, despite similar
weekly food intake. Although CR significantly extended early life span (25th quantile), metformin supplementation did
not significantly increase life span at any quantile (25th, 50th, 75th, or 90th), overall or maximum life span (p > .05)

compared with control.
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ROM the nutrition life-span studies of rodents in the

1930s (1,2) to the microarray and high-throughput tech-
niques of the 2000s (3,4), calorie restriction (CR) continues
to be the most robust, nongenetic intervention for extending
life span and delaying the development of disease in model
organisms (5,6). Research from the last 30 years has begun
to enumerate many metabolic and physiological changes
that accompany CR in laboratory organisms, including mice
and rats. As more CR-responsive pathways are identified,
the goal of fully understanding the molecular underpinnings
of these benefits seems closer now than ever. Several prom-
inent theories offer explanations for at least part of the CR
data, but a unified theory is still incomplete.

Preliminary results from ongoing studies in humans are
revealing many similar metabolic benefits as are observed in
laboratory organisms (7,8). Even so, a long-term random-
ized control CR life-span study in humans is highly unlikely.
If CR were shown to be beneficial for health and longevity
in humans, the prevailing environment of energy excess with
increased obesity suggests that humans are unwilling or un-
able to voluntarily undergo the amount and duration of re-
striction normally required to observe benefits in laboratory
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studies (9,10). As such, the feasibility of CR in humans, par-
ticularly on a lifelong scale, is impractical and thus far un-
proven. With these difficulties in mind, a search for calorie
restriction mimetics (CRM), compounds, or conditions that
result in the beneficial effects of CR without the imposed
restriction of food/calorie intake is under way (4,11-17).
Metabolic profiling of specific pathways that are altered
with CR has been used to compare dietary supplementation
with compounds that may mimic the CR response, despite
normal calorie intake. The use of microarray expression
data offers a more global insight into the potential mecha-
nisms of CR and has been utilized during the last decade
(3,4,18-22). By assessing transcriptional changes that oc-
cur in organisms subjected to CR, compared with control ad
libitum (AL) feeding, a metabolic signature (transcriptional
profile) can be identified and used for comparison with
other types of dietary interventions (4,17). Previous research
has demonstrated that short-term CR, 8 weeks in duration,
initiated at 19-20 months of age in rodents shares a similar,
although incomplete, transcriptional response to long-term
CR (4) and similarly extends health and life span in older
mice (22). Using the long-term CR transcriptional profile,
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metformin, glipizide, glipizide plus metformin, rosiglita-
zone, and soy isoflavone supplementation (for 8 weeks)
were found to share a partial response with CR, with the
biguanide metformin demonstrating the most similar tran-
scriptional profile to both short-term and long-term CR (4).
Supporting the potential for metformin and related bigu-
anides (phenformin and buformin) to mimic CR, previous
reports have shown delayed incidence and development of
cancers and other disease conditions, as well as life-span
extension, in a variety of rodent models that are prone to
cancer or other diseases (23-34). Metformin is known to
improve insulin sensitivity and reduce liver production of
glucose (35), phenotypes similar to CR. The role of insulin/
insulin-like growth factor 1 in aging has received much sup-
port from both model organisms and studies with CR in
mammals, including nonhuman primates (29,36,37). Thus,
supplementation of a normal AL-fed condition with met-
formin may mimic the metabolic and physiological benefits
of CR and increase life span. To test the potential of met-
formin supplementation as a CRM and eliminate the con-
founding of early death caused by a specific disease condition
present in previous rodent studies, male Fischer-344 (F344)
rats were studied under AL, 30% CR, and metformin
supplementation to assess metabolic and life-span effects.

METHODS

Animals

Male F344 rats (Charles River Laboratories, Raleigh, NC)
were individually housed in stainless steel cages with AL
access to a standard chow diet (Teklad NTP-2000; Harlan
Teklad, Madison, WI) (38) provided weekly in clean feeders
and AL tap water until 6 months of age. Food and water
were routinely analyzed for composition, contamination,
and specific microbes. The room was maintained at 21 £ 3°C
with 30%—70% relative humidity and a 12:12 hour light:dark
cycle. At 6 months of age, the animals were randomized to
one of four diet groups: (a) control (CON; n = 45), (b) calo-
rie restricted (CR; n = 45), (c) metformin (300 mg/kg/day;
MET; n = 45), and (d) pair fed to metformin (PF-MET; n =
45). Metformin supplementation was accomplished by in-
corporation into the diet, and all diet formulations were pre-
pared weekly. CON and MET groups were provided AL
food throughout the study. CR rats were provided 70% of
the CON group’s AL intake daily at 16:00 hours. PF-MET
rats were provided with food equivalent to the MET groups
mean intake to better separate any effect of metformin
supplementation on life span from potential reductions in
calorie intake. Body weight and food intake were measured
weekly during weeks 1-14 and every 3—4 weeks thereafter.

Glucose and Insulin
Approximately 1 mL of blood was collected by orbital
sinus puncture under CO,/O, anesthesia for all surviving

rats in each group at age 27, 39, 52, and 65 weeks (1, 13, 26,
and 39 weeks following group randomization) at 06:00
hours (£1:00 hour). Blood glucose levels were determined
at all four time points for CON: n = 44, 45, 45, and 44; CR:
n =44, 43, 43, and 43; MET: n = 44, 45, 43, and 43; and
PE-MET: n = 45, 44, 44, and 43. Insulin was assessed in
selected samples (n = 12) of rats from each group at each
time point (with the exception of 11 rats in the CR group at
age 39 weeks).

Core Body Temperature

Core body temperature (CBT) was measured by thermis-
tor probe (at 27 and 39 weeks of age) or subcutaneous im-
plant (52 and 65 weeks of age; BioMedic Data System, Inc.,
Monitoring System, Seaford, DE) at 06:00 hours (£1:00
hour) to the nearest 0.1°C. The total numbers of rats mea-
sured at each point were CON: n = 44, 45, 45, and 44; CR:
n =45, 43, 43, and 43; MET: n = 44, 45, 43, and 43; and
PF-MET: n =45, 44, 44, and 43.

Survival

Animals were inspected daily for health status and sur-
vival status. Moribund animals were euthanized and day of
death was recorded. Animals removed at interim points dur-
ing the study for other experimental end points were not
included in survival analysis (CON: n= 14, CR: n=5, MET:
n =5, and PF-MET: n = 5). The total number of deaths for
survival analysis, both euthanized (moribund animals) and
natural deaths, for the groups was CON: n =31; CR: n = 40;
MET: n = 40; and PF-MET: n = 40. Gross necroscopic
examinations were performed following death.

Statistical Analysis

Data were analyzed with SAS 9.1 statistical software
(SAS Institute, Cary, NC). Food intake, body weight, glu-
cose, insulin, and CBT were analyzed with a group by time
repeated measures analysis of variance (ANOVA), with a
post hoc Bonferroni correction for repeated comparisons
between groups. Results were considered significant when
p < .05 (two tailed). To assess life span, Cox proportional
hazards regression, quantile regression, and a test for maxi-
mum life span were performed (39—41). Overall mean life
span and the mean life span of the last 10% of survivors of
each group were analyzed by ANOVA. Parameters of the
Gompertz model (o and mortality rate doubling time) were
calculated as described (42) and analyzed by analysis of
covariance (ANCOVA).

The Cox proportional hazards regression is used to
model survival time by group. There were no covariates
used in the model because all the F344 rats are male and of
the same age. However, a model with a time-dependent co-
variate is used to test the proportional hazards assumption.
A possible issue regarding censoring arose as there were
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Figure 1. Food intake and body weight. (A) Food intake (mean £ SD in
grams/rat/week) for CON, CR, MET, and PF-MET groups recorded every 3—4
weeks following group randomization. (B) Body weight (mean + SD in
grams/rat) for CON, CR, MET, and PF-MET groups every 4 weeks following
group randomization. Note: CON = control; CR = calorie restriction; MET =
metformin; PF-MET = pair fed to metformin.

approximately 80 moribund kills during the study period,
and thus the time to the event of natural death could not be
determined with specificity. Despite this, the results ob-
tained from a regression model including the moribund
kills as censored data did not differ to any significant de-
gree from the regression model not including censored
data. The results of the regression model using noncen-
sored data are reported.

Quantile regression analysis is performed to determine
whether there are differences in the group’s survival rates at
the 25th, 50th, 75th, and 90th quantiles. The maximum life-
span test is used to detect differences in group life span with
the groups consisting of animals who survived at or beyond
a specified upper quantile. In this analysis, the approximate
90th quantile of the control group is used as the specified
upper quantile. In this study, the approximate 90th quantile
of the control equates to study Day 821 (1,001 days old).

Also, Kaplan—Meier survival curves are used to graphi-
cally illustrate differences and similarities in various group
survival patterns. The analyses were conducted using the
following SAS procedures: PROC PHREG, PROC REG,
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Figure 2. Glucose and insulin response. (A) Glucose levels (milligrams per
deciliter) obtained at 06:00 hours during the indicated week (age 27, 39, 52, and
65 weeks) for CON, CR, MET, and PF-MET (mean * SD for all surviving rats).
(B) Insulin levels (nanograms per milliliter) obtained at 06:00 hours during
the indicated week (age 27, 39, 52, and 65 weeks; mean + SD for 12 rats per
study group). *p < .05. Note: CON = control; CR = calorie restriction; MET =
metformin; PF-MET = pair fed to metformin.

PROC ANOVA, PROC ANCOVA, PROC GLM, PROC
QUANTREG, PROC NPAR1WAY, and PROC LIFETEST.

RESULTS

Food Intake and Body Weight

As designed, the CR group had a significantly lower food
intake compared with CON for the duration of the study
(Figure 1A). Additionally, the MET group consumed simi-
lar amounts of food as the CON (after Bonferroni correc-
tion) but significantly more than the CR group (Figure 1A).
Mean body weight increased for all groups following ran-
domization and subsequently declined with advanced age
(Figure 1B). Mean body weight of the CR group was sig-
nificantly reduced compared with CON from the second
week postrandomization until near the end of the study (p <
.05; Figure 1B), whereas both MET and PF-MET groups
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were significantly heavier than the CR group and signifi-
cantly lighter than CON from approximately 48—74 weeks
of age (Figure 1B).

Glucose, Insulin, and CBT

A significant time and group effect was observed for
measured glucose levels (p < .01); however, glucose levels
were statistically similar between groups at 27, 39, 52, and
65 weeks of age (Figure 2A). Additionally, there was a sig-
nificant time and group effect for insulin measures (p < .01)
with a reduction in insulin levels in the CR group during
Week 39 (p < .01; Figure 2B). Insulin levels were similar
between CON, MET, and PF-MET for the duration of the
study (Figure 2B). Although there was a significant time
effect (p < .01) and group by time interaction (p < .01) on
CBTs across the four measures, there was no significant
main effect for group in measured mean CBT or in pairwise
comparisons with CON at any given week (Figure 3).

Survival

To assess differences in life span across the survival
curve, multiple analyses were performed. Cox regression
analysis of life span showed no significant differences in the
CR, MET, or PE-MET group compared with CON (Figure 4;
Table 1). There were no significant differences in overall
mean life span or the mean of the last surviving 10% of each
group (Table 2). However, the aging rate estimate (o—
slope, rate of increase of mortality) of the Gompertz model
of the CON group alone was significantly different from the
CR, MET, and PF-MET groups (Table 2), reflecting the
early deaths in the CR, MET, and PF-MET groups. Addi-
tionally, CR significantly increased life span in the 25th
quantile but not the 50th, 75th, or 90th quantile (Table 3).
MET and PF-MET groups were not significantly different
from CON at any quantile (Figure 4; Table 3). Maximum
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Figure 4. Kaplan—-Meier survival plots for CON, CR, MET, and PF-MET
(CON: n =31; CR: n=40; MET; n = 40; and PF-MET: n = 40). Note: CON =
control; CR = calorie restriction; MET = metformin; PE-MET = pair fed to
metformin.

life span was not significantly different from CON for any
group (CR, MET, or PF-MET; Figure 4; Table 4).

DiScUSSION

The search for compounds that mimic the health and
longevity benefits of CR without requiring actual calorie
reduction is an attractive proposition in current nutrition re-
search. Although previous studies have suggested that met-
formin supplementation provides a transcriptional response
highly consistent with actual CR (4), the results from this
study do not support the proposition that metformin is a
CRM, at least at the one dose investigated. Previous studies
published over the past three decades have shown that met-
formin and other related biguanides can extend life span in
rodent models of disease, including cancer, hypertension,
and Huntington’s (23-34). However, the use of a normal,
highly researched rodent model for basic life-span assess-
ment was indicated. The previous reports of life-span exten-
sion with biguanide supplementation may be related to a
reduction of early mortality associated with the disease con-
dition in strains heavily prone to disease, especially cancer,
a situation resulting in relative life-span extension compared
with untreated controls. A recent study suggests that this
may not be the sole explanation as life span was extended in
female outbred Swiss-derived SHR mice, even without a
reduction in tumor onset or incidence in the treated mice,

Table 1. Cox Proportional Hazard Regression of Life Span

Lower 95%  Upper 95%

Parameter Hazard Confidence  Confidence
Group Estimate Ratio Limit Limit
CR vs CON -0.399 (0.241)  0.671 0418 1.076
MET vs CON —0.017 (0.040)  0.983 0.908 1.065
PF-MET vs CON  -0.010 (0.035)  0.990 0.926 1.060

Note: CON = control; CR = calorie restriction; MET = metformin;
PF-MET = pair fed to metformin.
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Table 2. Effect of CR and Metformin on Life Span of Fischer-344 Male Rats

Group Mean Life Span*: Range (Minimum-Maximum)* Mean Life Span of Last 10%*-* Gompertz Aging Rate (o)’ MRDT
CON 796.4 +169.7 406-1,065 1,039.3 £29.6 2.19 (2.04; 2.34) 0.32
CR 866.5 + 189.8 200-1,065 1,057.0 £ 8.4 1.92 (1.70; 2.13) 0.36
MET 814.5+185.8 266-1,062 1,060.8 £ 2.5 2.04 (1.91; 2.16) 0.34
PF-MET 803.3 +178.0 196-1,065 1,0583+11.6 2.07 (1.88; 2.27) 0.33

Notes: CON = control; CR = calorie restriction; MET = metformin; MRDT = mortality rate doubling time (years); PE-MET = pair fed to metformin.

*Days.

“Mean + SD.

#Last 10% survivors in each group.
§Constant o in years; 95% confidence limits are given in parentheses.

hinting at the possibility of metformin altering aging path-
ways independent of disease states (24). Even so, the use of
this particular rodent strain (male F344 rats) may have con-
tributed to the lack of an observed benefit. However, no
other reports are available that conclusively demonstrate
life-span extension in a “normal” rodent model with met-
formin supplementation. Importantly, the dose of metformin
used in the present study was efficacious for disease preven-
tion and life-span extension in previous rodent studies, al-
though it should be noted that this dose is ~10-fold higher
than the maximum daily dose used in human treatment
(milligrams per kilogram body weight) (33). Recently,
metformin supplementation (50 mM dose) was shown
to increase the median life span (but not maximum) of
Caenorhabditis elegans, although 10 or 100 mM doses
showed no significant life-span benefits (43).

One limitation of the current study is the lack of a robust
CR response for extension of maximum life span (Figure 4;
Tables 2 and 3). CR initiated at 6 months of age in male
F344 rats was previously reported to increase life span (44).
Therefore, the possibility that the strain of rodent used does
not possess the ability to respond to CR seems unlikely.
Rather, the reduced CR response could arise from a sam-
pling artifact resulting in a reduced significance of the life-
span effect for this particular set of rats. As such, the reduced
efficacy of CR in the current study might provide a partial
explanation for the lack of a significant increase in life span
with MET treatment. Additionally, the type of diet used in
the current study (NTP-2000) was optimized for health and
longevity benefits when used in AL feeding but has not yet
been reported for life-span extension during CR. Compar-
ing the observed life-span measures with previous studies,
the mean and maximum life span of the AL CON group is
longer, whereas the mean and maximum life span of the CR

Table 3. Quantile Regression Analysis of Life Span (p value)

group is shorter than was previously reported (Table 2)
(45,46). Although these were male F344 rats, a different
supplier and diet were used in the previous report compared
with the current study. Thus, there is some question as to
whether the reduced protein concentration of the diet would
be adequate for long-term studies in a restricted state (38).

There were two early deaths in the CR group within 3
weeks of group randomization and CR initiation (Days 20
and 21). The life-span results included these two early
deaths (Tables 1-4). Censoring these two animals had no
effect on the significance of the life-span comparison with
the exceptions of a significant increase in the 50th quantile
of life span in the CR group compared with CON and a
significant increase in the mean life span of the CR group
(901.6 £ 112.9 days after censoring; Table 2). When includ-
ing the two early deaths in the CR group, CR still delayed
early mortality compared with CON (Figure 4; Table 3—
25th quantile), whereas MET did not. Therefore, any MET
life span response is not as robust as CR in the current in-
vestigation. Importantly, although life span was not ex-
tended with chronic metformin supplementation, the MET
group life span was also not reduced compared with CON
(Figure 4; Table 3). Regarding the Gompertz o, parameter, it
is important to note that the small sample size makes the
model susceptible to early deaths observed in the CR, MET,
and PF-MET groups (Table 2). This causes the “aging rate”
to appear elevated in the CON group, despite there being no
significant difference in mean, maximal, or overall life span
among groups (Table 2).

In addition to the dampened CR response, metformin
supplementation did not significantly affect glucose/insulin
levels in the current study. As such, the tested concentration
may have been insufficient to trigger a full CR-like re-
sponse, resulting in altered life span. Despite this, previous

Table 4. Maximum Life-Span Test Results

p Value
Group 25th Quantile 50th Quantile 75th Quantile 90th Quantile Group Sum of Scores Expected Score (one-sided Pr < Z)
CR vs CON 0.020 0.070 0.329 0.228 CR vs CON 1,488 vs 1,068 1,440 vs 1,116 (56.31) 0.1995
MET vs CON 0.219 0.675 0.849 0.268 MET vs CON 1,457 vs 1,099 1,440 vs 1,116 (52.17) 0.3759
PF-MET vs CON 0.169 0.615 0.990 0.369 PF-MET vs CON 1,473 vs 1,084 1,440 vs 1,116 (54.31) 0.2779

Note: CON = control; CR = calorie restriction; MET = metformin;
PF-MET = pair fed to metformin.

Note: CON = control; CR = calorie restriction; MET = metformin;
PF-MET = pair fed to metformin.
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research using similar or lower concentrations of biguanides
has reported beneficial effects (24,26,33), although the
method of administration differed between studies. Addi-
tionally, the metformin concentration utilized in the diet is
approximately 10 times that of the highest dose used in hu-
man treatments (33), implying that any increase necessary
to observe life-span benefits is questionable for a human
application.

Metformin supplementation resulted in reduced body
weight, despite similar food intake, during the middle of the
study (Figure 1A and B). A reduction of adipose tissue is
proposed to contribute to longevity-associated benefits of
CR (47). Body composition measures were not acquired in
the present study, making it impossible to determine if
reduced body fat percentage accompanied the reduction
in weight. Future studies may benefit from the inclusion
of lean and fat mass measures to more fully explore the
relationship between metformin supplementation on body
composition in relationship to longevity.

The four aspects of a CRM were previously outlined (13)
as (i) metabolic, hormonal, and physiological effects similar
to CR, (i) no significant reduction of long-term food intake,
(iii) activated stress response pathways similar to CR, and
(iv) beneficial effects on longevity and reduction of age-re-
lated disease. Using these criteria to assess the effect of
metformin supplementation in this study, there were no sig-
nificant reductions in insulin, glucose, or CBT with met-
formin (Figures 2 and 3). However, the CR group was also
not consistently reduced in these same measures (Figures 2
and 3). Long-term food intake was not significantly reduced
with metformin supplementation, although body weight
was slightly reduced (Figure 1). There were no specific
measures of stress response or protection performed in
the present study, and necroscopic findings were similar
among groups (coded “mass”: CON-8, CR-9, and MET-11).
Finally, with multiple life-span analyses, no significant
life-span extension was observed with metformin supple-
mentation, a critical component for the validation of a CRM.
In contrast with previous reports using disease models in
rodents and transcriptional profiling, these results challenge
the proposition of metformin supplementation at the speci-
fied dosage acting as a bona fide CRM.
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