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Abstract Genetically heterogeneous UM-HET3
mice born in 2020 were used to test possible lifespan
effects of alpha-ketoglutarate (AKG), 2,4-dinitrophe-
nol (DNP), hydralazine (HYD), nebivolol (NEBI),
16a-hydroxyestriol (OH_Est), and sodium thiosulfate
(THIO), and to evaluate the effects of canagliflozin
(Cana) when started at 16 months of age. OH_Est
produced a 15% increase (p=0.0001) in median lifes-
pan in males but led to a significant (7%) decline in
female lifespan. Cana, started at 16 months, also led
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to a significant increase (14%, p=0.004) in males
and a significant decline (6%, p=0.03) in females.
Cana given to mice at 6 months led, as in our pre-
vious study, to an increase in male lifespan without
any change in female lifespan, suggesting that this
agent may lead to female-specific late-life harm. We
found that blood levels of Cana were approximately
20-fold higher in aged females than in young males,
suggesting a possible mechanism for the sex-specific
disparities in its effects. NEBI was also found to pro-
duce a female-specific decline (4%, p=0.03) in lifes-
pan. None of the other tested drugs provided a lifes-
pan benefit in either sex. These data bring to 7 the list
of ITP-tested drugs that induce at least a 10% lifes-
pan increase in one or both sexes, add a fourth drug
with demonstrated mid-life benefits on lifespan, and
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provide a testable hypothesis that might explain the
sexual dimorphism in lifespan effects of the SGLT2
inhibitor Cana.

Keywords Alpha-ketoglutarate - SGLT?2 inhibitor
Canagliflozin - Lifespan

Introduction

Each year the Interventions Testing Program (ITP)
tests candidate geroprotector drugs, suggested by
members of the scientific community, to see if drugs
can extend the lifespan of genetically heterogeneous
male or female mice [1]. In the 19 years from 2004
to 2023, the ITP initiated 107 full lifespan studies,
of which 67 involved a single agent given in food at
a single concentration, 36 involved drugs at varying
concentrations and starting at different ages, and 4
involved pairs of drugs used together. Of these 107
lifespan studies, 84 had been completed (i.e., all mice
had died) as of December 2023, and 77 had been
published in peer-reviewed journals. The most recent
publication reported on studies initiated in 2018 and
2019 showed a significant extension of male lifespan
by meclizine and astaxanthin and an absence of ben-
efit from fisetin, SG1002 (a hydrogen sulfide donor),
dimethyl fumarate, mycophenolic acid, and 4-phe-
nylbutyrate [2].

The current paper now reports lifespan results for
mice born in 2020 (“C2020 mice”). One of the newly
tested agents, 16-hydroxyestriol (OH_Est), was found
to produce significant lifespan extension in male, but
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not female, mice, with a 15% increase in median lifes-
pan. A second agent, sodium thiosulfate (THIO), a
sulfur donor, was found to increase male lifespan by
5%, which just failed to meet the traditional signifi-
cance criterion at p=0.06 by the log-rank test. THIO
did not affect the lifespan of female mice. In addition,
the SGLT?2 inhibitor Canagliflozin (Cana), previously
shown to extend male lifespan [3] and diminish mul-
tiple forms of mid-life pathology [4] if initiated at
age 7 months, produced a substantial (14%) increase
in male lifespan if started at 16 months. Four other
tested drugs, i.e., alpha-ketoglutarate (AKG, started
at 18 months), 2,4-dinitrophenol (DNP), hydrala-
zine (HYD, started at 6 or 16 months), and nebivolol
(NEBI), were found not to extend lifespan in either
sex.

OH_Est was included in the C2020 test group to
pursue a hypothesis about the sex-specific lifespan
benefit induced by 17-a-estradiol (17aE2), which
increases median survival by 20% in males only [5,
6], and leads to male-specific improvements in some
tests of physical fitness [7]. A metabolomic screen of
hepatic responses to 17aE2 [8] showed that estriol-
3-sulfate and 16-oxoestradiol 3-sulfate were increased
approximately 100-fold in the livers of 17aE2-treated
male mice but were minimally changed in females.
Estriol-3-sulfate and 16-oxoestradiol 3-sulfate are
both products of the conversion of 17aE2 to estriol
[9], of which estriol-3-sulfate is the main sulfated
form [10]. This indicates that 17-a-estradiol under-
goes sex-specific metabolism to other estrogens in
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mice and suggests that estriol might be involved
in some of the male-specific anti-aging benefits of
17aE2 treatment. We, therefore, speculated that treat-
ing mice directly with estriol might produce a lifes-
pan benefit similar to that seen in 17aE2-treated
males, but do so in both sexes.

The strategy of repurposing FDA-approved drugs
has significantly contributed to new therapy develop-
ment. Hydralazine, first synthesized in the 1940s, was
initially recognized as a potent vasodilator for treating
hypertension. In the 1980s, hydralazine was repur-
posed for heart failure treatment, and, in the 2000s,
found application in cancer epigenetic therapy [11].
Consideration of hydralazine as a possible anti-aging
drug has been stimulated by data showing effects on
molecular pathways associated with longevity. In C.
elegans, hydralazine has been shown to extend lifes-
pan by activating NRF2/SKN-1 signaling and by
enhancing mitochondrial function via sirtuin activa-
tion [12, 13].

Leakage of protons (H*) across the mitochondria,
bypassing ATP synthase, is thought to convert as
much as 25% of caloric intake to heat and could con-
tribute to slower aging by reducing free radical pro-
duction [14]. 2, 4,-dinitrophenol (DNP) may mimic
the potential benefit of proton leak at low doses [15].
DNP was used early in the twentieth century as a
treatment for obesity but was found to produce toxic
effects, sometimes fatal, at the high doses employed
[16]. More recently, low doses of DNP were found to
produce a small but significant increase in mean lifes-
pan when administered, in drinking water, to female
outbred Swiss-Webster mice [17]. The dose used was
estimated to provide between 30 and 105 pg/kg body
weight per day, equivalent to approximately 0.18 to
0.63 ppm if given in food. The authors of this ear-
lier study attributed the beneficial effects of DNP to
enhanced cellular respiration and noted potentially
beneficial changes in serum glucose and triglycerides,
along with lower body weight in their treated mice.
Mitochondrial uncoupling, indicated by elevation of
the mitochondrial uncoupling protein UCP1, has been
demonstrated in many varieties of slow-aging mice,
including both genetic mutants and those treated with
anti-aging drugs [18-20], and transgenic augmenta-
tion of UCP1I in skeletal muscle can lead to increased
mouse lifespan [21], suggesting potential benefits
from oral administration of uncoupling agents like
DNP.

Rapamycin has the strongest effects on lifes-
pan of all ITP-tested drugs and extends a healthy
lifespan in both sexes of mice but may have side
effects that complicate long-term use in healthy
people. This creates a good rationale for testing
other inhibitors of mTORCI1 that may differ in their
mechanism of action, target specificity, and side
effect profile. Meclizine, for example, emerged from
a screen of 1600 clinically used drugs for inhibition
of mTORCI1 activity [22] and subsequently proved
to be able to extend the lifespan of male UM-HET?3
mice to a significant extent [2]. NEBI emerged
from a parallel screen and has been found to bind
to mTOR at a site different from that modulated by
rapamycin, inhibiting mTORC1 by displacement
of the raptor component of the mTORC1 complex
(Cortopassi et al., unpublished). NEBI seems to
inhibit mTORCI, in arterial tissue, without inhibi-
tion of mTORC?2 [23]. NEBI has an established pro-
file of safety in clinical use as an antihypertensive
agent in elderly humans and was included in the
C2020 protocol as a candidate anti-mTOR geropro-
tective agent.

The Krebs cycle metabolite a-ketoglutarate (AKG)
has been reported to extend lifespan when adminis-
tered to C. elegans [24]. The authors of this C. ele-
gans study suggested that AKG acted via increased
production of NAD, and thence through sirtuin-
mediated enhancement of peroxisome biogenesis and
function, including increased beta-oxidation of fatty
acids. Analyses of tissues from multiple models of
slowed aging have implicated shifts in fatty-acid beta-
oxidation and peroxisomal pathways as a potential
shared mechanism for lifespan benefits in both mutant
and drug-treated mice [25, 26], and both Snell dwarf
and GHR-knockout mice have elevations of both
mRNA and protein for many enzymes involved in
mitochondrial and peroxisomal beta-oxidation [27].
In a separate study [28], AKG was administered in
food to C57BL/6 mice at a dose of 2% w/v (20,000
ppm) from the age of 540 days (18 months) and led
to small increases in median lifespan that reached sta-
tistical significance in female but not in male mice.
In two independent female cohorts, the median lifes-
pan, calculated from birth, was increased by 6.3%
or by 3.3% (p<0.05 in each case), and in males, the
median lifespan was increased by 4.2% or by 3.7% in
two distinct cohorts (not significant). These promis-
ing results with inbred mice prompted the ITP to
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evaluate AKG using UM-HET3 mice, in the C2020
protocol, starting at 18 months of age, and to study
AKG from a younger age in the C2021 mice (to be
reported separately).

Work from the group of the late James Mitch-
ell implicated the internal production of hydrogen
sulfide, H,S, as a potential mediator of lifespan exten-
sion and stress resistance in several mouse models
of calorie and amino acid restriction [29, 30]. H,S
can also extend the lifespan of C. elegans [31]. The
mechanism of action is unclear but might involve
post-translational modification of protein cysteine
residues, i.e., persulfidation, also called sulfthydra-
tion. In animal models, exogenous H,S has shown
some protective effects against myocardial injury and
impairment of glucose homeostasis [32, 33]. Sodium
thiosulfate (THIO) was proposed as a water-soluble,
inexpensive, orally available source of elemental
sulfur that had been shown to increase the persulfi-
dation of aortic proteins when given intravenously
to mice (Mitchell, unpublished). THIO is used clini-
cally, in humans, to treat cyanide toxicity, to treat cal-
cium stones in the urinary tract [34], and to reduce
the toxicity of the chemotherapy drug cisplatin [35].
This established safety profile, both in rodents and in
humans, suggested that THIO might lead to lifespan
benefits, perhaps via supplementation of endogenous
levels of H,S, if given to ITP mice.

The C2020 study also included an evaluation of
the SGLT2 inhibitor, Cana, started at 16 months of
age. Prior work had noted significant lifespan benefits
when rapamycin, acarbose, or 17aE2 was initiated in
mice 16 to 20 months of age [5, 36, 37]. Considered
as a percentage extension of the median, treatment
with rapamycin or 17aE2 was as effective started later

in life as in groups given the drugs starting in young
adulthood, while the effect of acarbose was dimin-
ished by approximately half. The practical and theo-
retical importance of evaluating agents for efficacy
when started in middle age prompted us to include a
late-start Cana group in the C2020 protocol.

This report presents the results of ITP lifespan
experiments initiated on this set of agents using mice
in C2020.

Methods
Mice and husbandry

These have been described in detail previously [3, 38]
and will be summarized only briefly. The study used
UM-HET3 mice, the progeny of CByB6F1 mothers
(JAX stock 100009), and C3D2F1 fathers (JAX stock
100004). Mice from second and subsequent litters,
produced over a 6-month interval at each site, were
weaned into cages containing 3 males or 4 females.
Approximately equal numbers of mice were weaned
at each of the three test sites: the Jackson Laboratory
(TJL), the University of Michigan (UM), and the Uni-
versity of Texas Health Science Center at San Anto-
nio (UT). Table 1 shows the doses and starting ages
of drugs tested using mice born in 2020, the “C2020
cohort.”

Each site used the same supplier for bedding, and
food was prepared centrally and shipped simulta-
neously to all three sites, but each site used its own
local water supply. Cages were inspected daily, and
mice were weighed at 6, 12, 18, and 24 months of
age. Mice found dead were noted, and mice judged

Table 1 Doses,

. Abbreviation Agent Nominal dose Start age Note
abbreviations, and start . (ppm) (months)
ages of agents evaluated in
€2020 mice AKG_18 Alpha-ketoglutarate 20,000 18
Cana_16 Canagliflozin 180 16 UM, UT only
Cana_6 Canagliflozin 180 6 TIL only
DNP 2,4-Dinitrophenol 3 6
HYD Hydralazine 30 6
HYD_16 Hydralazine 30 16
NEBI Nebivolol 60 6
OH_Est 16-a-hydroxyestriol 5 12
THIO Sodium thiosulfate 10,000 6

@ Springer
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to be near death, using a checklist, were euthanized
for humane reasons and considered for statistical pur-
poses as having died on the date of euthanasia. Mice
that were removed from the study because of fight-
ing or for reasons unrelated to aging and disease
(examples: chip failure, water bottle leakage, escape)
were considered alive at the time of removal and lost
to follow-up thereafter. These “removed” mice are
included in the Kaplan—-Meier survival statistics but
not in estimates of median or 90th percentile survival.
“Removed” mice made up 4% of all males and 0.7%
of females. Specific pathogen-free status was assessed
quarterly at each site using a mixture of serologic and
molecular methods—all such tests were negative
at each site through the course of the study. All the
experiments were approved by the respective animal
care committees at each of the three sites.

Assessment of drug concentrations in food and tissue
These are given in the Supplementary Information.
Statistical analyses

These are unchanged from previous ITP papers. The
primary hypothesis of drug effectiveness was tested
by a log-rank test stratified by site and tested sepa-
rately for each sex. P-values presented are nominal,
i.e., they are not adjusted for multiple comparisons,
and readers should evaluate the evidence for our con-
clusions with this in mind. An important secondary
hypothesis for each drug is that the drug increases
the proportion of mice still alive at the 90th percen-
tile age of the joint survival distribution combining
control mice and those treated with the tested drug.
This is the Wang-Allison (“WA”) test [39], using
the Fisher Exact test version, and is taken as a sur-
rogate for drug effects on maximum lifespan or, more
accurately, on survival to exceptionally old ages. Sta-
tistical tables show median and p90 (90th percentile
age), as well as p-values for log-rank and WA tests.
We also show survival curves for each drug at each
site for each sex to provide insights into site-specific
variation, although the low statistical power for each
of these subsets of the C2020 cohort is too small to
avoid Type II errors.

Analysis of drug effects on body weight was done
by one-way ANOVA, separately for each sex at each
age. When the ANOVA F-test statistic implied (at

p <0.05) that not all groups were the same in weight,
a Sidak post-hoc test was used to evaluate all pair-
wise tests among groups, and the graphic shows only
differences between a drug and the sex-matched con-
trol group at the same age. Differences between males
and females in levels of Canagliflozin in various tis-
sues were tested using Student’s z-test.

Data sharing

All data in the paper will be made available, at the
time of publication, within the Mouse Phenome Data
Base, https://phenome.jax.org/projects/ITP1.

Results

Extended lifespan in male mice exposed to Cana
from 16 months to OH_Est or to THIO

Table 1 lists the nine cohorts of mice that were evalu-
ated, along with a double-size simultaneous control
group (“Cont_20"), in mice born in 2020. The origi-
nal plan had been to test mice receiving Cana from
age 16 months, but because of a technical error, this
group of mice was placed on Cana at 6 months at
TIL. Thus, the Cana_6 group consists only of mice
housed at TJL, and the Cana_16 group consists of
mice housed at UM or UT. Hydralazine (HYD) was
evaluated in two independent cohorts, one of which
got HYD from 6 months, and the other from 16
months of age.

Table 2 shows survival statistics for mice in each
group, including controls, separately for each sex
and pooled across sites (except for Cana_6, from
TIL only). The “Count” column shows the num-
ber of mice initially entered into each group. The
“% Change in Median” column shows a change in
median survival for the pooled mice; it is similar, but
not identical, to the median survival averaged across
sites (not shown). The log-rank p-value column rep-
resents the result of the log-rank test, stratified by
site, so that expected and observed deaths are com-
pared to those of the control group at the same site.
The “p90” column is the age reached by the longest-
lived 10% of the mice. The column for “WA p-value”
shows the result of the Wang-Allison statistic [39],
using the Fisher Exact test variation, and stratified
by site, so that expected and observed numbers of
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Table 2 Survival statistics for C2020 ITP mice

Rx Count Live Median % Change in Log-rank Note p90 % change in WA p-value
median p-value p90

Females
AKG_Late 132 0 914 0.9 0.59 1058 -4.38 0.16
Cana_16 92 0 851 —6.1 0.03 A,B 1020 -8.2 0.23
Cana_6 44 0 894 -13 0.90 C 1155 4.0 0.79
Cont_20 272 2 906 1111
DNP 132 4 874 -35 0.89 1107 -0.4 0.99
HYD 132 1 891 -1.7 0.19 1043 —-6.1 0.16
HYD_16 132 1 889 -19 0.48 1117 0.5 0.60
NEBI 132 1 868 —-4.2 0.03 A 1059 -4.7 0.16
OH_Est 136 0 847 -6.5 0.002 A 1061 —4.5 0.16
THIO 132 1 898 -09 0.76 1111 0.0 0.99

Males
AKG_Late 153 3 851 3.0 0.58 1069 =33 0.50
Cana_16 102 4 940 13.8 0.004 B 1153 4.2 0.04
Cana_6 60 1 899 8.8 0.02 C 1156 4.5 0.09
Cont_20 302 3 826 1106
DNP 150 1 862 44 0.80 1099 -0.6 0.86
HYD 153 2 867 5.0 0.26 1113 0.6 0.62
HYD_16 153 2 862 4.4 0.81 1076 -2.7 0.19
NEBI 150 1 798 -34 0.62 1096 -0.9 0.50
OH_Est 156 3 951 15.1 0.0001 1157 4.6 0.03
THIO 153 2 867 5.0 0.06 1148 3.8 0.41

Notes: A: decline in lifespan; B: UM and UT only; C: TIL only. Count: number of mice initially enrolled in lifespan study.
Live =number of mice alive when the table was compiled (February 9, 2024)

mice reaching the 90th percentile of the joint survival
table are calculated separately for each site and then
combined for the p-value calculation. Mice that were
removed from the survival table because of fighting
or accidental death are included for the log-rank test
but not for any of the other statistics tabulated.

Two of the tested agents, Cana_16 and OH_Est,
led to a significant p-value in the log-rank test, our
pre-specified primary outcome test, but did so in
male mice only. A third, THIO, led to an increase
in male lifespan (p =0.06) that was close to the tra-
ditional significance criterion. Figure 1 shows sur-
vival curves, for males and for females separately,
for each of these interventions. The increase in
median survival was 14%, 15%, and 5%, respec-
tively, in male mice. Cana_16 and OH_Est also led
to a significant increase in the proportion of male
mice alive at the 90th percentile, with p=0.04 and
p=0.03, respectively, by the WA test. Interest-
ingly, Cana_16 and OH_Est produced a statistically

@ Springer

significant decline in lifespan (i.e., an increase in
hazard rate) in female mice, consistent with the sup-
position that these agents might lead to a mixture
of beneficial and harmful effects in female animals.
In addition, NEBI was found to have a significantly
harmful effect on lifespan in female mice (p =0.03
by log-rank test). Supplemental Fig. 1 shows sur-
vival curves for males at each site, for the Cana_16,
OH_Est, and THIO treatment groups. Each of these
site-specific subsets of the data has much lower sta-
tistical power than the data set pooled across sites,
as shown in Table 2.

Canagliflozin started at 6 months of age was tested
only at TJL and can be seen as a replication of our
previous study of Cana [3]. Figure 2 shows the sur-
vival curves. Confirming our earlier study, Cana
started at this early age led to a significant lifespan
benefit in males (9% increase in median, log-rank
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Fig. 2 Survival plots for
males (left) and females
(right) exposed to Cana
from 6 months of age

(TJL only). Table 2 shows
counts, medians, and p90
values, and p-values for
log-rank and Wang-Allison
statistical tests

Fig. 3 Survival plots for
males (left) and females
(right) exposed to agents
that did not significantly
alter survival in either

sex. Table 2 shows counts,
medians, and p90 values,
and p-values for log-rank
and Wang-Allison statistical
tests

Fig. 4 Mean body weights
for treated mice in C2020.
Asterisks indicate values
that differed significantly
from untreated control mice
of the same sex at the same
age by Sidak post-hoc test,
following one-way ANOVA
done separately for each
sex. Note that the Y-axis
scale differs between the
two panels
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p=0.02, WA p=0.09) and produced neither benefi-
cial nor harmful effect in treated female mice.

None of the other agents tested led to a significant
increase in lifespan by the log-rank test or by the WA
statistic. Figure 3 shows the survival curves for each
of these ineffective agents.

Effects on body weight

Figure 4 shows the mean levels of body weight for
each treatment group, for each sex, at ages 6, 12, 18,
and 24 months. Cana, started at 16 months, leads to
a decline in weight in each sex when measured at 18
months. This effect is noted at 24 months as well,
although variance is increased at 24 months and the
drug effect on weight is no longer significant (Sidak
test after one-way ANOVA) at that age. Mice given
OH_Est from 12 months of age are also significantly
lighter than controls at ages 18 and 24 months, for
both sexes. None of the other drugs led to a signifi-
cant alteration in body weight at any age tested.

Increased Cana levels in female and in older mice
Because Cana started at 16 months was beneficial

to males but harmful to females, we measured lev-
els of Cana in the plasma, brain, and kidney of male
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Fig. 5 Cana levels in plasma and tissues. Each symbol rep-
resents an individual mouse. Plasma values of young and old
mice are shown as pug/ml, and kidney and brain tissue values
of old mice are shown as ng/mg tissue. In each case, the effect
of sex is significant at p <0.001. Numbers of mice in the 8 col-

and female mice euthanized at 22 months, in which
Cana had been initiated at 16 months. For compari-
son, we also evaluated plasma from young adult (4
months) mice that had received Cana for a 17-week
pilot study and were thus approximately 8 months old
at the time of euthanasia. The results are shown in
Fig. 5. There are several points of note. In the plasma
of young mice, and in the plasma and tissue of
22-month-old mice, levels of Cana are approximately
threefold higher in females than in males, significant
by t-test at p <0.001 in each case. In addition, levels
in plasma rise, in both sexes, approximately fivefold,
between 8 and 22 months of age. Thus plasma levels
in 22-month-old females are 19.7-fold higher than in
8-month-old male mice. It seems plausible to suspect
that these high levels seen in older females might lead
to toxic effects that could mask hypothetical benefits
of Cana in female mice.

Tests for levels of other drugs in the plasma of treated
mice

Levels of test drugs were evaluated in the plasma of
young adult mice given each agent for a period of 8
weeks. Plasma was taken from ad libitum-fed mice
between 8 and 10 am, just prior to euthanasia, fro-
zen, and then sent to the ITP Pharmacology group

Kidney, 22 mon Brain, 22 mon
60 - :
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°
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umns are as follows: 3, 4, 8, 5, 8, 5, 8, and 5. Minimum detect-
able levels were 0.1 pg/ml for plasma and 0.11 ng/ml for tis-
sue. Note differences in the Y-axis scale among the panels. The
data for 22-month-old mice were previously shown, in another
format, in (3)
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for assessment. DNP was present in the plasma of
both male (169+47 ng/ml; mean+SD) and female
(194 £53) mice; there was no significant difference
between the sexes. NEBI was also detected in both
sexes: males at 88 +4 and females at 41 +26 ng/ml;
for NEBI, the difference between males and females
was significant by z-test at p<0.001. Measurements
of THIO were inconsistent: with a minimal detection
limit of 0.5 pg/ml, THIO was detected in only 1 of 6
male and 2 of 8 female mice. HYD was detected in
each of 8 female mice (6.2+1.5 ng/ml), but only 2
of 6 tested males had measurable HYD, with a detec-
tion limit of 5 ng/ml. Our efforts to devise a reliable
method to quantify AKG in plasma were unsuccessful.

Discussion

This report adds another agent to the list of those
shown by the ITP to increase mouse lifespan to a
significant degree, i.e., 16-hydroxyestriol. Our data
also suggest that THIO may also provide lifespan
benefits for males, although the results (at p=0.06)
just failed to reach the traditional significance level.
We also report that Cana extends mouse lifespan dra-
matically, in males, even when started at 16 months
of age (at UM and UT), and we replicate (at TIL) the
prior observation that Cana extends male lifespan
when started in young adults. The Wang-Allison cal-
culation shows that all three of these interventions—
Cana at 16 months, Cana at 6 months, and OH_Est at
12 months—increase the fraction of mice still alive
at the 90th percentile age. Each of these beneficial
effects is seen in male mice only, for reasons we do
not understand. The C2020 data also provide the first
examples, in the ITP experience, of statistically sig-
nificant harmful effects on lifespan, including effects
of NEBI, OH-Est, and late-start Cana in female mice.

The observation that plasma Cana levels in older
females are nearly 20 times higher than those seen
in young males suggests a potential explanation for
the male-specific benefit of this agent: levels in aged
females could potentially lead to harmful effects that
counterbalance hypothetical benefits in female mice.
Sex-specific differences in plasma Cana levels were
also noted in [40]. Cana initiated at 6 months is nei-
ther harmful nor beneficial to female HET3 mice [3],
but in the current study, Cana initiated at 16 months
led to a 6% decline in the median lifespan of females,

@ Springer

significant at p=0.03 by the log-rank test. This dis-
parity is consistent with the idea that hypothetical
benefits that might accrue in females at younger ages
are then countered by harmful effects at ages above
16 months, ages at which blood levels of this drug are
particularly high in females. The basis for this dispar-
ity is unknown but is likely to involve age- and sex-
specific differences in drug conjugation and excretion.
We are now testing the hypothesis that high levels
of Cana in aged females conceal potential benefits by
setting up two new lifespan studies, one in which Cana
is administered at a lower dose (60 ppm, one-third of
the 180 ppm used for this and previous work), in the
hopes of avoiding toxic effects in later life, and one
in which Cana will be given to mice as young adults,
but then removed from the diet at 20 months and older
ages. It is noteworthy that Cana inhibits mTORC1
action in the liver, kidney, and muscle taken from
22-month-old male mice that have received Cana (180
ppm) from 6 months of age; this inhibitory effect is
either absent or is significantly lower in female mice at
the same Cana dose [41]. This male-specific effect of
Cana affects both the phosphorylation of one mTORC1
substrate, S6, and the absolute levels of a second sub-
strate, 4EBP1, at both mRNA and protein level. The
protein kinase cascade, through which GH and insu-
lin signals control protein translation via MEKI,
Erk1/2, MNK1/2, and phosphorylation of eIF4E, is
also reduced in aged male mice only [41]. These sex-
specific biochemical changes imply that not all of the
sexual dimorphism in responses to Cana reflect female-
specific toxicity, but more data at earlier ages and at
lower Cana doses will help to sort out beneficial from
harmful responses to this agent. Similarly, multiple
forms of age-sensitive pathological change are blunted
by Cana in male mice only [4], an observation difficult
to explain by models of female-specific drug toxicity.
The extent of lifespan extension seen in males
given OH_Est, a 15% increase in median, is similar
to that produced by 17aE2, 19% at its optimal tested
dose [5, 6, 37]. It is plausible that testing OH_Est
over a wider range of doses might produce increases
in longevity that exceed 15%. The original specula-
tion that 17aE2 would improve male lifespan by mim-
icking hormonal effects present in normal, untreated
females was refuted by the data showing that the
lifespan of 17aE2-treated males exceeded that of
treated or untreated females to a significant degree.
We speculated that estriol, metabolites of which were
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dramatically increased in plasma by 17aE2 in males
only, might be the active metabolite by which 17aE2
altered lifespan and age-sensitive health outcomes,
but the absence of any benefit in OH_Est-treated
females makes this seem unlikely. At this point, we
have no evidence pointing either to a molecular tar-
get, or cellular locus, for the beneficial effects of
either 17aE2 or OH_Est in males, or for the harm-
ful effects documented here for OH_Est in females.
The effects of 17aE2 on glucose tolerance and physi-
cal function in male mice are dependent on the pres-
ence of male gonads [7], and it would be of interest to
determine whether the sex-specific responses to OH_
Est are also dependent on gonadal hormones in one
or both sexes. Male mice treated with 17aE2 do show
a pattern of change in fat browning, fat UCP1, anti-
inflammatory changes in fat-associated macrophage
subsets, muscle production of FNDCS5 and irisin, liver
synthesis of GPLD1 via cap-independent translation,
and increases of brain BDNF and doublecortin that
are characteristic of long-lived mutant mice and of
males and females given rapamycin or acarbose [18,
20, 42-44]. Some of these changes—in mTORCI,
cap-independent translation, Erk1/2 protein kinase
cascade, and GPLDI1 protein in the liver—are trig-
gered by 17aE2 only in males but not seen in 17aE2-
treated females. We speculate that alteration of these
multi-tissue aging rate indicators may also be sex-
specific in responses to OH_Est and are testing this
idea at present. A good deal of additional work will
be needed to formulate and test hypotheses about the
specific cell types and specific steroid receptors that
are sensitive to 17aE2, OH_Est, and their metabolites
in male and female mice, and to work out the balance
between beneficial and harmful effects differentially
produced between the sexes. Expression of estrogen
receptor ERa is required for 17aE2 to elicit meta-
bolic benefits in male mice fed a high-fat diet, and,
therefore, this receptor may also be a good candidate
for involvement in survival and health benefits after
estrogen treatment in male mice [45].

The lifespan effects in males treated with THIO
are suggestive, though not statistically significant.
For males, p=0.06 in our primary analysis, i.e.,
pooled across sites. Median survival was increased
by 5% in males. THIO showed no indication of ben-
efits for female mice at the dose used. An earlier pro-
tocol attempted to produce therapeutic levels of H,S
through the use of another sulfur-containing agent,

SG1002, but this agent did not produce lifespan exten-
sion regardless of the age at which it was initiated [2].
Evaluation of THIO effects at higher or lower doses
may be justified because it is unlikely that the dose
used in any initial lifespan study will prove to be opti-
mal when compared to a wider range of doses.

Our data on AKG fail to confirm the published
work in which this agent produced a small but signifi-
cant lifespan benefit in female C57BL/6 mice [28]. In
the study using B6 mice, the increase in median, esti-
mated from birth, ranged from 3.3 to 6.3% across the
two male and two female cohorts studied. Using UM-
HET3 mice, we saw only a 3.0% increase in males and
a 0.9% increase in females; neither effect was signifi-
cant by log-rank test. We used the same dose of AKG
as in the published study and started at the same age
(540 days). Our experiment utilized 132 females and
153 males in the treated group, and a double-sized
control group, and was thus not underpowered com-
pared to the published study of B6 mice, which used
only 45 mice per cohort. It is possible that the differ-
ences in outcome reflect the genetic background of the
tested animals or environmental differences between
the ITP colonies and those used for the previously
published study. The ITP is also testing AKG in the
C2021 cohort, starting at an earlier age. It will be of
interest to see if other groups will or will not be able to
document lifespan benefits in mice given AKG orally,
either in UM-HET3 mice or in other stocks.

We also failed to detect any lifespan benefit from
NEBI, DNP, or HYD. It is possible that one or more of
these agents might have led to increased lifespan using
a different protocol, for example, at a different dose,
starting at a different age, or with treatment restricted
to some age interval, although the most plausible
interpretation is that none of these agents can slow
mouse aging. Both DNP and NEBI were detected in
the plasma of every mouse tested in an initial pilot
experiment; NEBI levels were higher in males than in
females. HYD was detected in each of 8 female mice
in a pilot group, but in only 2 of 6 pilot males; it is
possible that a higher dose might have reached thera-
peutic levels more consistently in both sexes.

To evaluate the potential effects of DNP on mito-
chondrial free radical production, we measured free
and esterified isoprostanes (IsoP) in the plasma,
heart, liver, brain, and muscle of 22-month-old mice
that had been exposed to DNP since 6 months of
age. We expected we might see an increase with age
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in IsoP and that this increase would be blunted in
the DNP-treated mice. The data, however (Supple-
mental Fig. 2), showed no significant effect of age
(4 to 6 months vs 22 months) or of drug treatment.
The absence of a significant age effect of DNP
on isoprostanes may reflect the absence of an age
effect, in UM-HET3 mice, prior to 22 months. It is
possible that ages beyond 22 months might lead to
increased IsoP levels in UM-HET?3 mice, and we do
not know if DNP exposure might mitigate against
increases in IsoP levels in older animals.

Tissues from the mice used in C2020 are avail-
able to researchers through the NIA Collaborative
Interactions Program and can be used to test specific
hypotheses about drug effects on gene expression,
age-sensitive changes in tissue architecture or cel-
lular composition, or related issues. A detailed his-
topathology study of Cana_16 and OH_Est mice is
now underway and may provide additional clues as
to the ability of these agents to retard tissue-specific
aspects of aging, or to the basis of the accelerated
mortality seen in females exposed to either drug.

The current study brings to 9 the number of ITP-
tested agents that have led to a significant increase
in lifespan in mice of one or both sexes and brings
to 7 the number of agents that increase median sur-
vival by 10% or more. For three drugs, rapamycin,
acarbose, and 17aE2, follow-up studies showed that
different doses could produce more dramatic lifes-
pan extension than that reported in the initial study,
and it is possible that higher or lower doses of
Cana, THIO, or OH_Est might also achieve larger
increases in lifespan than those seen in the current
study.

The ITP program has laid to rest the previously
widespread assumption that the aging process is too
complex to be slowed by pharmacologic intervention
and provided strong support for the idea that many
forms of age-dependent disease and disability can be
delayed in parallel by interventions targeting aging
per se. The substantial and growing repertoire of
effective anti-aging interventions provides a founda-
tion for seeking shared, common pathways by which
different drugs, diets, and genes might slow aging
[18]. Success in identifying these hypothetical shared
pathways could provide new targets for develop-
ing more effective anti-aging interventions that may
eventually find a place in human preventive medicine.
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