~
&
S
=
<

Aging Pathobiology and Therapeutics 2019; 1
DOI: 10.31491/APT.xxxx

&NONT

PUBLISHNG

Creative Commons 4.0

The rationale for testing drug combinations in
aging intervention studies

Kavita Sharma®, Juan Wang **, Zhou Jiang °, Jenna Klug °, Martin Darvas ", Denise M. Imai ,
Timothy Snider 4 Laura Niedernhofer ¢, Warren Ladiges **

“ Department of Comparative Medicine, School of Medicine, University of Washington, Seattle, WA 98195.

" Department of Pathology, School of Medicine, University of Washington, Seattle, WA 98195.

“ Comparative Pathology Laboratory, University of California, Davis, CA, USA.

“ Department of Veterinary Pathobiology, Oklahoma State University, Stillwater, OK, USA.

¢ Institute on the Biology of Aging and Metabolism and Department of Biochemistry Molecular Biology and Biophysics, University of
Minnesota, Minneapolis, MN 55455,

Abstract

Aging is a complex process driven by seven intertwined pillars that functionally decline with increasing
chronologic age. These pillars of aging include stem cell function, mitochondrial function, proteostasis,
autophagy, nutrient sensing, metabolism, epigenetic control, and adaptation to stress, macromolecular damage
and inflammation. All of the pillars appear to be interconnected such that a change in one, impinges upon others.
With so many pillars of aging, it makes drug development to target aging processes equally complex. This leads
to the notion that multiple pathways or biological processes need to be targeted to effectively prevent, delay or
attenuate aging. The concept of drug combinations as a powerful anti-aging platform is intriguing but has yet
to be tested systematically. Insulin function, mTOR (mammalian target of rapamycin) signaling and epigenetic
regulation are well-established molecular pathways involved in the pathobiology of aging. Existing drugs that
target these pathways include acarbose, rapamycin, and phenylbutyrate, respectively. Acarbose and rapamycin,
used as single agents, extend the lifespan of mice. Thus, a cocktail of these drugs with different mechanisms of
action would be expected to complement one another and robustly enhance a delay of aging and age-related
disease not achievable with mono-therapeutic approaches. Studies to test this concept will be helpful in the
development of clinical trials to enhance healthy aging.
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Aging processes can be targeted with
repurposed drugs

Aging is a complex multifactorial process involving
multiple pathways that may need to be targeted to
effectively prevent or slow aging [1]. A number of
molecular pathways are well known for regulating
lifespan, including insulin signaling, mTOR (mammalian
target of rapamycin) signaling, and epigenetic regulation
by histone deacetylation (HDAC). Selection of these
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specific pathways for a multiplex approach is based on
their well-established roles in aging and age-related
diseases, the fact that they can be targeted by existing,
well-characterized and clinically efficacious drugs, and
their distinct roles in aging and age-related diseases
leading to the potential for additive or synergistic effects
when simultaneously therapeutically targeted (Figure 1).

Insulin signaling is influenced by a number of factors in
an age-related manner. For example, age-related insulin
resistance is due in part to increased adiposity and
decreased efficiency of clearing misfolded proteins in the
endoplasmic reticulum vital for proper function of insulin
[2, 3]. The mTOR pathway is sensitive to nutrient intake
[4], and in an age-related manner enhances cell growth
and proliferation [5], while suppressing vital autophagy
and proteasome-mediated turn-over activities [6].
Epigenetic dysregulation is implicated in a wide variety
of age-related diseases [7]. The two major epigenetic
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Figure 1. A drug combination that targets multiple pathways of aging has much more potential of
suppressing aging than a single drug that only targets a single pathway.

mechanisms that influence gene expression during aging
are DNA methylation and modification of histones that
package DNA. Among the known histone modifications,
acetylation has the greatest potential to induce
chromatin unfolding and allow increased transcription.
Deacetylases on the other hand, cause a more condensed,
transcriptionally repressed chromatin conformation and
become more active with increasing age [8]. Each of the
three systems has been targeted with individual drugs, but
only a few of these drugs have anti-aging affects, and no
single drug has been shown to target all three pathways.
Therefore, combinations of these drugs and the approach
of simultaneously targeting multiple pillars of aging is
anticipated to impact health span and lifespan greater than
any single agent [9].

Selection of drug combinations is based on
physiological and molecular effects of each
individual drug

The criteria for selecting which drugs to target these
pathways as a combination approach in mouse studies
must be based on well-validated preclinical evidence of
anti-aging effects of individual drugs either by lifespan
extension, for example by the NIA-supported Intervention
Testing Program, or health span enhancement, or both. A
relatively small number of drugs fit these criteria and three
drugs can be identified to form the basis of a prototype
cocktail: acarbose (Acb) [10], rapamycin (Rap) [11-13]
and phenylbutyrate (Pba) [14]. All three are clinically
approved drugs with extensive biological, clinical, and
safety data.

Acb has an antihyperglycemic effect resulting from
competitive, reversible inhibition of membrane-bound
intestinal alpha-glucosidase and pancreatic alpha-amylase,
two enzymes needed to digest complex carbohydrates
[15]. In diabetic patients, inhibiting these enzymes
results in delayed glucose absorption and a lowering of
postprandial hyperglycemia. Acb is considered a very
safe and effective drug with only a fraction of patients
experiencing side effects consisting of intestinal gas and

diarrhea. Acb does not inhibit lactase and consequently
does not induce lactose intolerance. Acb does not affect
fasting blood glucose concentrations significantly or affect
insulin secretion, so it does not cause hypoglycemia when
given as monotherapy [16]. However, as a precaution,
blood glucose and glycosylated hemoglobin HbAlc
are usually monitored. It is contraindicated in diabetic
ketoacidosis and inflammatory bowel disease. In the NIA
Intervention Testing Program, acarbose increased medium
and maximal lifespan in HET3 mice when treatment
was started at 4 months of age [1] and at 16 months of
age [17]. Tong et al [18] treated SAMPS mice with Acb
for six months and showed an alleviation of age-related
behavioral and biochemical changes. Acb prevents cardiac
ischemia/reperfusion injury in mice caused by post-
prandial hyperglycemia [19].

Rap primarily targets complex 1 of TOR (TORCI1),
which is regulated by upstream pathways responsive to
nutrient intake such as carbohydrates and amino acids [4].
High nutrients leading to TORC1 activation translates to
rapid cell growth and proliferation, while a rapamycin-
mediated reduction in TORC1 signaling may phenocopy
dietary restriction, which is known to enhance longevity
in numerous model organisms. Downstream effects of
reduced TORCI1 signaling include enhanced autophagy
and proteasome-mediated turnover [20, 21]. Rap and
derivatives are currently being tested in a wide range
of clinical trials for numerous chronic diseases. Long
term rapamycin treatment results in several side effects
including hyperglycemia and dyslipidemia, and testicular
atrophy [12]. Transient short-term treatment may alleviate
these side effects by delivering less drug for a shorter
period of time [22]. A geropathology grading platform [23]
was used to compare lesion scores in C57BL/6 male mice
treated with Rap for two months, starting treatment at 24
months of age. Micro-encapsulated Rap was delivered in
the feed at 42 ppm, and no difference in amount of food
ingested in any of the cohorts was detected over the course
of treatment. Mice treated with Rap had significantly
lower lesion scores compared to control mice [24, 25].
Pba is a broad-spectrum inhibitor of class 1 and class 2
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HDACS (both classes have zinc-driven catalytic sites)
and inhibits histone deacetylation such that expression of
genes associated with an overall slowing of cell growth
and proliferation [7]. It is of interest that class 3 HDACS
include the sirtuins, which have an absolute requirement
for NAD+, and are targeted by activators rather than
inhibitors such as Pba. Pba is also an active endoplasmic
reticulum (ER) stress chaperone that enhances protein
folding and decreases ER stress [26]. Therefore, there is
rationale to consider Pba as part of a treatment strategy
for heart disease, cancer, neurodegeneration, and
inflammation. We have shown that C57BL/6 mice treated
with Pba for 12 months beginning at 4 months of age
did not experience cognitive impairment associated with
aging [26] and had decreased geropathology lesion scores
in multiple organs (unpublished observations).

A drug cocktail is a promising approach to
enhance healthy aging and delay age-related
diseases by complementary interaction

The rationale for combining the three drugs as a cocktail
is based on expected mechanisms of molecular and
cellular interaction [9]. Oral Acb will block intestinal
alpha-glucosidase so that carbohydrates are not broken
down and absorbed. This will lower blood glucose
levels and prevent postprandial insulin spikes. The
lower blood glucose and decreased need for insulin
will activate AMPK, which blocks mTORCI, the drug
target for Rap. The lowered blood glucose provides
less substrate for mitochondrial metabolism thereby
stimulating mitochondria to increase electron transport
chain (ETC) efficiency. The decreased demand for insulin
helps alleviate insulin resistance induced by rapamycin-
suppressed mTORC2. Rap will block mTORCI1 signaling
resulting in suppression of protein synthesis, suppression
of mitochondrial metabolism, and activation of autophagy.
The suppressed metabolic activity will increase ETC
efficiency for ATP production and decrease the generation
of ROS thought to drive macromolecular damage. The
suppression of protein synthesis will conserve valuable
cellular resources. Pba will activate genes involved
in an overall slowing of cell growth and proliferation
and will improve proper insulin maturation and more
efficient insulin signaling. Activation of autophagy will
help eliminate damaged macromolecules and organelles.
The decreased substrate triggered by Acb and the
downregulation of the mitochondrial proteasome by Rap
will provide a cellular environment reminiscent of a more
youthful phenotype.

In conclusion, drug combinations such as rapamycin,
acarbose, and phenylbutyrate are a novel approach
designed to complement mechanisms of action of each
individual molecular target and robustly enhance a delay
of aging and age-related disease not seen with mono-
therapeutic approaches. This type of drug cocktail could
serve as a powerful prototype for developing future

aging intervention strategies, but rigorous preclinical
and clinical studies are still needed to assure efficacy and
safety especially in older populations.
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