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Testing drug combinations to slow aging

Aging is a complex multifactorial process, meaning
that multiple pathways need to be targeted to effec-
tively prevent or slow aging [1]. A number of mole-
cular pathways are well known for influencing aging,
but only a few have been successfully targeted with
individual drugs, and these drugs do not individually
target all aging pathways. However, combinations of
these drugs might have the potential of effectively
broadening the scope of aging targets. There are a
number of drug combinations that could be com-
bined based on different but overlapping pharmaco-
logical activities. Since the number one criterion for
selecting drugs should be based on known anti-aging
effects, for example, in preclinical mouse studies, the
number of drugs available to consider is markedly
reduced. Three drugs with well-validated anti-aging
effects in laboratory animals, rapamycin [2,3], acar-
bose [4], and SS31 [5,6], are well suited to therapeutic
multiplexing as a way to enhance healthy aging and
stop the development of lesions associated with aging
and physiological dysfunction based on interactive
cellular mechanisms of each drug.

The inter-drug relationship of these three drugs
can easily be perceived by explicitly defining the
mechanism of action of each drug and how it over-
laps and extends the mechanism of action of each of
the other drugs in the complex. A plausible explana-
tion then of how they could act as a multiplex in
targeting molecular pathways in aged mice is as
follows:

(1) Acarbose given orally blocks intestinal alpha
glucosidase so that carbohydrates are not bro-
ken down and absorbed. This results in lower
blood glucose levels and prevents postprandial
insulin spikes. The lower blood glucose and
decreased need for insulin activate adenosine
monophosphate-activated protein kinase,
which tends to block mtorc1, the drug target
for rapamycin. The lowered blood glucose
provides less available substrate for mitochon-
drial metabolism thereby sensitizing mito-
chondria to increased electron transport
chain (ETC) efficiency induced by SS31-
bound cardiolipin. The decreased need for
insulin helps alleviate insulin resistance
induced by rapamycin-suppressed mtorc2.

(2) Rapamycin blocks mtorc1 resulting in sup-
pression of protein synthesis, suppression of

mitochondrial metabolism, and activation of
autophagy. The suppressed mitochondrial
metabolic activity enhances the binding of
SS31 peptide to cardiolipin thereby increasing
ETC efficiency for vital ATP production, and
decreases the generation of mitochondrial
reactive oxygen species thought to play a role
in progressive aging and age-related diseases.
The suppression of protein synthesis helps
conserve valuable cellular resources.
Activation of autophagy helps eliminate dys-
functional and senescent cells thereby prevent-
ing additional cellular burden.

(3) SS31 peptide binds to the phospholipase car-
diolipin exclusively at the inner mitochondrial
membrane [7]. This binding increases the
hydrophobic interaction between cardiolipin
and cytochrome c, thereby enhancing the
function of cytochrome c as an electron carrier
from complex III to complex IV on the ETC.
This also results in a decrease in the peroxi-
dase activities of cytochrome c. Thus, cardio-
lipin serves as a base for SS31 to optimize
oxidative phosphorylation. Activation of
autophagy helps eliminate dysfunctional and
senescent cells thereby preventing additional
cellular burden. The decreased substrate con-
ditions triggered by acarbose and the down-
regulation of mitochondrial proteasome by
rapamycin provide a highly sensitive environ-
ment in the mitochondria for the efficiency-
enhancing effects of SS31 peptide.

The concept of drug multiplexing to slow aging looks
good on paper, but drug combinations have yet to be
tested in any meaningful way. Historically, testing
single drugs in mouse lifespan studies has provided
useful information, but it is costly and time consum-
ing. More importantly, lifespan studies are difficult to
recapitulate in humans, making translation of the
preclinical information challenging. And especially
relevant is the fact that lifespan studies in mice are
not well-suited to testing drug combinations that
could more effectively target multiple factors involved
in aging. Thus, new paradigms for testing therapeu-
tics aimed at slowing aging are needed. The
Geropathology Grading Platform (GGP) was devel-
oped by the Geropathology Research Network to
provide a grading system for lesions associated with
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aging [8]. One of the advantages of the GGP as a drug
testing paradigm is that middle-age mice can be trea-
ted for as little as two months and see differences in
lesion scores. For example, the platform was used to
compare lesion grades in 26-month-old C57BL/6
mice treated with rapamycin for two months, starting
at 24 months. Rapamycin-treated mice had signifi-
cantly lower lesion scores compared to placebo trea-
ted mice [9].

The GGP measures biological aging aligned with
mouse lifespan studies and physiological findings,
and helps provide predictive power for antiaging
effects that drug combinations might have in clinical
trials. Thus, the GGP would be a critical tool in
preclinical studies to determine if drug combinations
slow aging (Figure 1). However, just like measuring
lifespan in mice, the GGP is not something directly
used in people because autopsies are not commonly
done in clinical trials. Therefore, aging biomarkers
are needed to determine if fundamental mechanisms
of aging are being targeted. Surrogate aging biomar-
kers offer the potential to predict a subject’s outcome
such as improved function, extended survival, or
arrest of age-related disease. Preliminary observations
suggest that proteins in the serum or peripheral blood
cells correlate with the GGP [10]. The focus is on

blood and serum, because these are readily available
from patients and can be serially sampled with mini-
mal risk. The translational impact emphasizes the
importance of molecular markers as clinical end
points suggesting the feasibility of identifying serum
peptides and other molecular end points that reflect
biological rather than chronological age.

While the future for expanded use of drug combi-
nations in treating various diseases and conditions,
including aging, is highly promising the path toward
eventual regulatory approval can be challenging and
should be considered in any preclinical studies
undertaken. The potential beneficial functional
synergy gained from the logical and judicious use of
rational drug combinations, such as rapamycin, acar-
bose and SS31, is obviously complicated by the fact
that different drugs with different metabolic, pharma-
cokinetic, and toxicity profiles are being superim-
posed on top of one another. This may be of no
consequence, but on the other hand could result in
combinatorial enhancement of negative outcomes
due to such things as imposition of conflicting meta-
bolic pathways, altered absorption profiles, or addi-
tive toxicities. To address these concerns, the Food
and Drug Administration provides a guidance docu-
ment ‘Co-development of two or more new
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Rapamycin and acarbose are given orally in the mouse chow, while SS31 

is given by parenteral injection so the three drugs are concurrently 

delivered on a daily basis to middle age mice for 2 to 4 months.

Geropathology Grading Platform

The expectation is that combo-treated mice will have decreased 

incidence and severity of age-related lesions and lack any unexpected 

lesions associated with toxicity compared to mice treated with placebo 

and individual drugs. Additional molecular and metabolic endpoints will 

be used to correlate with lesions scores for assessing anti-aging effects.

Figure 1. Slowing aging might best be achieved by drug combinations that target multiple interactive molecular pathways.
However, very little testing of drug combinations has been done because of a lack of preclinical screening paradigms. This figure
demonstrates how the interaction of a prototype drug combination, rapamycin, acarbose, and SS31, can be tested for anti-aging
effects in a preclinical setting using the aged mouse and a geropathology grading system.
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investigational drugs for use in combination’ [11].
This document provides an understanding of out-
comes that investigators should be aware of during
the preclinical development process. Focusing not
just on the benefits of combination products but
also the potential liabilities early on can speed the
development process. It is thus reassuring that the
GGP provides an informative system that enhances
the combination drug development process by
empowering concurrent assessment of both positive
and negative effects.

In summary, the concept of drug multiplexing as a
powerful platform to slow aging is promising but has not
yet entered the mainstream of aging research. The com-
bination of rapamycin, acarbose, and ss31 peptide, three
drugs with individually documented anti-aging effects, is
a logical approach designed to complement mechanisms
of action of their molecular targets and robustly enhance
a delay of aging and age-related disease not seen with
mono-therapeutic approaches. Support for the preclini-
cal investigation of this drug combination as well as other
drug combinations is urgently needed to determine
dosages, frequency of administration, and criteria for
when to start administering the drugs, i.e. focus on treat-
ment at older ages, or prevention at younger ages. These
parameters are essential in correlating translationalmole-
cular end points from mouse to humans for drug testing
in clinical trials.
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