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Abstract 

Calorie restriction has been shown to slow the aging process in numerous organisms including 
primates. Caloric excess states, such as type 2 diabetes, are associated with accelerated aging and the 
incidence and severity of chronic diseases. The nutrient-sensing pathways and intestinal microbiome 
are important systems that affect aging and chronic disease development. This manuscript reviews 
the various pathways involved with aging and chronic disease development and examines the 
pharmacological manipulation of these systems which appear to slow aging and the chronic diseases 
of aging in experimental model organisms and collaborating human data when available. Finally, the 
abundance of experimental and human data suggesting the newer diabetic medications, the sodium-
glucose transport inhibitors, are potent anti-aging agents is provided.

Introduction
Aging is the most common disease affecting mankind 

and ultimately has a 100% mortality rate. Most age-related 
mortality is due to one or more of the chronic diseases aging 
causes and/or the frailty associated with aging. Modern 
theories of aging fall into two main categories: the genetically 
programmed theory and the accumulation of damage-causing 
genetic error theory [1]. The programmed theory suggests aging 
follows a preprogrammed genetically determined biological 
timetable similar to mechanisms dictating childhood growth 
and development. The damaging error theory postulates aging 
results from an accumulation of environmental and chemical 
insults unavoidably occurring from cellular metabolism and 
existing in an oxidizing and hostile environment. Both theories 
ultimately recognize changes in gene expression occur that 
effect the systems responsible for maintenance, repair, and 
defense responses. These changes can be observed and 
characterized on the cellular and molecular level and are now 
recognized as the 9 “Hallmarks of Aging”. These hallmarks 
include genomic instability, epigenetic alterations, telomere 
attrition, and the accumulation of proteotoxins due to loss 
of proteostasis. This leads to deregulated nutrient sensing, 

mitochondrial dysfunction, and cellular senescence causing 
stem cell exhaustion and altered intercellular communication 
ultimately inducing the functional decline and development 
of the chronic diseases associated with aging [2]. Since age is 
the basis for most chronic diseases, therapeutic interventions 
targeting aging could have huge consequences on health 
span and the cost of providing health care. This manuscript 
reviews the pathways that inϐluence aging and chronic disease 
development and highlights some of the pharmacological 
means used to affect these pathways leading to a slowing 
of aging and chronic disease development. Additionally, the 
manuscript makes the case that the newer diabetic agents, 
the sodium-glucose transporters inhibitors, are effective 
antiaging agents with an abundance of human data to support 
that conclusion. 

The eff ect of calorie restriction and calorie excess on 
aging and chronic diseases

In the early 1900s, it was discovered that dietary 
manipulations could affect health and longevity of select 
organisms. Reduction of food intake and dietary changes 
decreased the occurrence of cancers in rodents [3] and 
increased the lifespan in rats [4] and fruit ϐlies [5]. In 1933 
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McKay, et al. [6] demonstrated that the increase in the life span 
of mice by dietary manipulation was due to Calorie Restriction 
(CR). These observations effectively demonstrated that life 
span, health span, and aging were not ϐixed and could be 
modiϐiable by behavior and its epigenetic effects. Subsequent 
studies conϐirmed this observation and extended it to multiple 
other species including primates [7-12]. Epidemiologic data 
strongly suggests that CR also slows aging and prevents 
chronic disease in humans. The inhabitants of Okinawa are a 
good example of this phenomenon. Their low-calorie plant-
based diet is associated with both a long-life span as well as a 
marked reduction in the chronic diseases of aging [13].

In leu of the beneϐits seen with CR, it is not surprising that 
caloric excess states may have the opposite effect on aging 
and the development of chronic diseases. Higher caloric 
diets have been shown to reduce the life span of C. elegans 
[14] and mice [15]. Additionally, human data also suggest a 
strong correlation between obesity, accelerated aging, life 
span, and chronic diseases [16,17]. Type 2 diabetes is a classic 
exam of a caloric excess metabolic state. Type 2 diabetes is 
now recognized as a disease of accelerated aging [18,19]. 
Additionally, the chronic diseases of aging are seen more 
often and occur earlier in type 2 diabetic patients [19,20]. 
Consequently, investigations of interventions that may have 
gero-protective effects might manifest this protection earlier 
and more decisively in the diabetic population. 

The nutrient-sensing pathway and their eff ect on aging

Recent advances have signiϐicantly extended our 
knowledge of the molecular and epigenetic mechanisms that 
mediate lifespan extension by CR. CR works through the key 
nutrient signaling pathways including the Insulin/insulin-
like growth factor (IGF) signaling pathway (IIS), mammalian 
target of rapamycin (mTOR), AMP Kinase, and sirtuins [21]. 
CR downregulates the IIS pathway and mTOR pathway while 
activating AMP kinase and the sirtuin pathways. Direct effects, 
as well as cross-talks between these pathways, lead to a cascade 
of events whereby growth and other anabolic pathways are 
suppressed, and catabolic processes are stimulated (Figure 1).

Insulin and insulin-like growth factors (IGFs) are the ϐirst 
line of defense against nutrient deprivation. Insulin responds 
predominately to circulating glucose levels but also responds 
to amino acid and fatty acid levels [22]. IGFs also respond 
to nutrient levels, predominately protein consumption [23]. 
Insulin and IGF are strong anabolic hormones that mediate 
much of their effect by activating the mTOR pathway [24]. 
Low insulin and IGF-1 levels are associated with longevity 
as are loss of function mutations of the IGF pathway [25,26]. 
High levels are associated with accelerated aging and more 
rapid development of chronic diseases [27].

mTOR serves as a master controller of numerous metabolic 
processes and responds both directly to nutrient signals, such 
as amino acid levels, as well as interacting with other nutrient 

sensing systems; the insulin signaling pathways and AMP 
Kinase [24,28,29]. mTOR is a protein kinase that forms the 
catalytic subunit of two distinct protein complexes, known as 
mTOR Complex 1 (mTORC1) and 2 (mTORC2) [28]. In order to 
grow and divide, cells must increase anabolic pathways which 
include the production of complex carbohydrates, proteins, 
lipids, and nucleotides while at the same time suppressing 
catabolic pathways, such as autophagy and apoptosis. 
mTORC1 plays a major role in regulating these processes 
and therefore controls the balance between anabolism and 
catabolism in response to nutrient availability. mTORC2 is 
intimately involved in cellular proliferation, the production 
of the microtubules forming the cellular cytoskeleton, and the 
regulation of apoptosis [29]. While mTORC1 is particularly 
sensitive to energy substrate availability; such as amino 
acids, mTORC2 is particularly simulated by hormonal growth 
factors; such as insulin and IGFs [29]. A reduction in the activity 
of mTOR pathways is strongly implicated as a major cause of 
the effect of CR on the aging of diverse organisms including 
yeast, worms, ϐlies, and mammals by decreasing inϐlammation 
and oxidative stress, the accumulation of proteotoxins, altered 
immunity and increasing in the cellular repair mechanisms 
[30]. 

AMP kinase responds to AMP and ATP levels and is 
activated in response to relative energy deϐicits brought about 
by CR or exercise [28]. AMP kinase activation inhibits mTOR 
and thus favors activation of the cellular protective response 
pathways while down-regulating the anabolic growth and 
proliferative pathways [31]. AMP kinase also facilitates the 
sirtuin pathways [32].

The mammalian sirtuins (SIRT1–SIRT7) are an energy-
sensing system controlling numerous cellular protective 
mechanisms including DNA repair and genome stability, 
mitochondrial biogenesis, autophagy, and inϐlammation 
[33,34]. This is primarily a histone deacetylation system 
that works via epigenetic regulation and uses NAD+ as a 
cofactor. CR increases NAD+ levels and activates sirtuins. 
Certain sirtuins have ADP-ribosyltransferase activity and are 
particularly important for genomic stability [35]. SIRT1 is 
found in most organisms, and its ortholog SIR2 found in yeast 
has been the most studied thus far. Genetic manipulation 
leading to overexpression of SIR2 in yeast [36] or SIRT1 
in C. elegans [37] increases the life span of these organisms 
while deletion of SIRT 1 has the opposite effect [37]. These 
observations pave the way for pharmacologic manipulation of 
these pathways as a possible means to slow aging. 

The role of beta hydroxybutyrate

The decrease in the insulin-to-glucagon ratio, the activation 
of AMP kinase, and the decrease in mTOR activity associated 
with CR leads to a catabolic state with enhanced lipolysis, 
fatty acid utilization, and ketogenesis. β-hydroxybutyrate (β-
HB) is the most abundant ketone and in addition to serving 
as an efϐicient energy source plays an important role in the 
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consisting of about 20–22 nucleotides formed during the 
processing of longer RNA transcripts. MicroRNA exerts 
epigenetic effects by binding to target messenger RNA to 
control their translation into proteins [48]. A ketogenic diet 
has been shown to inϐluence microRNA activity involved 
in cytokine signaling pathways, and antioxidant and anti-
inϐlammatory signaling pathways reducing the damaging 
effects of these pathways [49]. Taken together, it is clear that 
β-HB can both up-regulate and down-regulate transcription 
depending upon when and where it intervenes.

Just as β-HB can bind to lysine and modify histone proteins 
to effect transcription, it can also bind to lysine in some non-
histone proteins modifying their function by changing the 
physical and spatial conϐiguration of the protein. This in turn 
affects its chemical properties and activity; a process called 
protein Kbhb [50-52]. Although the study of protein Kbhb 
is relatively new, and the totality of its effect is still to be 
determined, it is now clear that hundreds of different proteins 
have been identiϐied undergoing modiϐication by Kbhb [52]. 

Finally, in addition to its genomic and proteomic effects, 
β-HB is also a ligand for at least two cell-surface G-protein-
coupled receptors, the hydroxycarboxylic acid receptor 2 
(HCAR2) and the free fatty acid receptor 3 (FFAR3). The 
binding of β-HB to HCAR2 reduces atherosclerosis and 
inϐlammation while FFAR3 binding effects both inϐlammation 
and lipid metabolism [46,51]. 

anti-aging effects of CR. Dietary β-HB supplementation, 
or a non-CR ketogenic diet, has been shown to extend life 
and health span and promote the anti-aging phenotype in 
numerous organisms [38-41]. A non-CR ketogenic diet has 
also been shown to positively affect several chronic diseases 
of aging including cancer, cardiovascular disease, and 
neurodegenerative diseases [38,41]. It is now clear that β-HB 
is far more than an alternative energy source. β-HB exerts 
a multitude of biological effects by serving as a signaling 
molecule via several different pathways summarized in 
Figure 2. β-HB can activate AMP kinase independent of the 
effects due to CR [40,42] and thus mimics the biological 
consequences of CR depicted in Figure 1. As an energy 
substrate, the metabolism of β-HB is relatively NAD+ sparing, 
making more of this cofactor available to activate the sirtuin 
system [43]. β-HB also produces several direct epigenetic 
effects via DNA methylation and histone modiϐication. β-HB 
interferes with DNA methylation lessening the oppressive 
effects of DNA methylation on transcription [44,45]. β-HB 
is an endogenous inhibitor of histone deacetylation (HDAC) 
[45-47]. Since HDAC generally leads to gene silencing, the 
inhibition of HDAC increases gene expression. Finally, a unique 
form of histone modiϐication occurs when β-HB binds to 
lysine in some histones (lysine β-hydroxybutyrylation usually 
abbreviated as Kbhb) promoting active gene transcription 
[45-47]. 

MicroRNAs (miRNAs) are small non-coding RNAs 

Figure 1: Summarizes many of the biological effects occurring during calorie restriction. The down regulation of mTOR due to falling insulin and IGF levels as well as the inhibitory 
effects of AMP kinase activation leads to a switch from anabolic to catabolic processes. Sirtuin activation occurs and the net effect is a marked decrease in oxidative damage, 
inϐlammation, proteotoxins, and activation of the cellular clean-up mechanisms including genomic repair, apoptosis, and autophagy. These cellular repair and preservation 
measures are felt to be instrumental in the slowing of aging and the occurrence of chronic disease processes observed with CR. See text for details. AA: amino acids, IGFs: insulin-
like growth factors, NF-κB: nuclear factor kappa B.
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In summary, it is now increasingly clear that β-HB exerts a 
multitude of biologic effects via numerous mechanisms leading 
to a beneϐicial effect on several of the “Hallmarks of Aging” [53]. 
These effects most likely explain the gero-protective affects 
observed with β-HB supplementation and the ketogenic diet 
in the experimental setting. Pharmacological manipulation of 
β-HB levels could prove to be a useful method to effect health 
span and life span in humans. However, at this time, the data 
to support this remains limited. 

The role of the microbiome on chronic diseases and 
aging

The intestinal microbiome refers to the trillions of 
microorganisms that colonize the GI tract and includes 
bacteria, fungi, archaea, viruses, and protozoans [54,55]. 
It is enormously diverse with over 1000 taxa typically 
present though the phyla Firmicutes, Actinobacteria, and 
Bacteroidetes constitute the vast majority of the biomass 
[55]. The diversity protects the overgrowth of pathogenic 
organisms. For the most part these organisms as a whole form 
a symbiotic relationship with the host and help regulate the 
immune system, protect against other pathogenic bacteria 
that cause disease, and produce vitamins including vitamin 
K and several B vitamins [55]. The microbiome is especially 
useful to help break down complex carbohydrates and 
dietary ϐibers producing short-chain fatty acids (SCFA) such 

as acetate, propionate, and butyrate [56]. These SCFAs feed 
the gut lining cells, decrease inϐlammation and help keep our 
overall gut environment healthy [5 6,57]. SCFA production 
also inhibits the growth of pathogenic organisms by reducing 
luminal pH. The lower pH decreases the production of 
phenolic compounds, and ammonia and decreases the activity 
of undesirable bacterial enzymes [56,57].

Genetic sequencing studies, (metagenomics) has greatly 
increased our understanding of the microbiome. Metagenomics 
has revealed the diversity of the microbiome is much larger 
than that revealed by cultures and is highly variable from 
individual to individual depending upon environmental 
factors, such as diet, use of alcohol, activity level, geographical 
location, medications, as well as host genetic factors and age 
[54,58,59].

Interest in the biome greatly accelerated when it was 
discovered the microbiome was different in patients with a 
range of disorders compared with healthy individuals [ 54,60-
63]. A change in the makeup of the microbiota composition, 
such that it becomes deleterious to host health, is termed 
“dysbiosis”. Dysbiosis has been implicated in numerous 
disorders, ranging from luminal disorders, such as colon-
rectal cancers and inϐlammatory bowel diseases, to disorders 
resulting from more systemic effects such as coronary artery 
disease, diabetes, obesity, hypertension, neural degenerative 

Figure 2: There are multiple pathways in which β-HB effects cellular metabolic processes. Several epigenetic effects via multiple different mechanisms exist (right side of ϐigure). 
β-HB can directly activate AMP kinase which in turn facilitates the sirtuin system and inhibits mTOR affecting the biological processes depicted in Figure 1. β-HB can both activate 
genetic transcription in some pathways and decrease activity in others ultimately effecting hundreds of genes and the proteins they code for. In addition to epigenetic effects, 
β-HB is also a ligand for at least two cell-surface G-protein-coupled receptors HCAR2 and  FFAR3. Finally,  -HB can modify histone and non-histone proteins by a process called 
Lysine β-hydroxybutyrylation (Kbhb) which can affect the activity of the proteins. Ultimately these effects lead to profound metabolic changes promoting an antiaging effect. See 
text for details. AA: amino acid, AC: Acetylation, β-HB: beta hydroxybutyrate, DNAMT: DNA methyl transferase, FFAR3: free fatty acid receptor 3, HCAR2: hydroxycarboxylic acid 
receptor 2, HDAC: histone de-acetylation, Kbhb: Lysine β-hydroxybutyrylation, L: lysine, MET: Methylation, MiRNA: micro-RNA, mTOR: mammalian target of rapamycin, SGLT2I: 
sodium-glucose transport inhibitor.
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diseases, arthritis, chronic kidney disease, respiratory 
illnesses and to immune-mediated inϐlammation [54,60-64]. 

Much research has been undertaken to understand how 
dysbiosis produces widespread systemic effects on health. 
Dysbiosis is not a single speciϐic entity but exists in multiple 
forms with different species involved. In its most severe 
forms, dysbiosis can be its own clinical entity. Cholera and 
toxigenic diarrheas serve as examples [65]. More commonly 
dysbiosis exists as a subclinical condition characterized by a 
decrease in overall diversity of the microbiome, an increase 
in pro-inϐlammatory species, and a decrease in helpful anti-
inϐlammatory species [60-64]. Several beneϐicial metabolites 
produced by a healthy microbiome are produced less robustly. 
SCFAs for instance are less abundant [62-64]. SCFAs not 
only exert local beneϐicial mucosal effects but also enter the 
circulation and exert beneϐicial anti-inϐlammatory effects on 
numerous other organs via interaction with G protein-coupled 
receptors as well as by epigenetic mechanisms due to inhibition 
of histone deacetylase [64,66]. Net proinϐlammatory effects on 
the intestinal mucosa and toxic microbial metabolites damage 
the mucosa cells and this damage along with altered mucus 
production impairs gut barrier function causing a “leaky gut” 
[63,67]. The migration of bacteria and endotoxin into the 
submucosal region activates the immune system [63,66,67]. 
The leakage of toxic microbial metabolites and endotoxins 
into the circulation exports inϐlammation systemically via 
various inϐlammatory cytokines and interleukins [63,66,67]. 
This chronic low-grade inϐlammation is felt to be instrumental 
in how dysbiosis contributes to the multiple chronic diseases 
of aging previously mentioned [54,60-64] (Figure 3). 

The ϐinding that dysbiosis is linked to many of the chronic 
diseases associated with aging raises the intriguing possibility 
that it may also be involved with aging itself. The biome 
typically undergoes dramatic changes with age which are 
typical of dysbiosis [68-71]. The changes are so common 
with age that dysbiosis and the associated low levels of 
inϐlammation which it produces, termed “inϐlammaging”, are 
now recognized as additional “Hallmarks of Aging” [71]. In 
support of a biome effect upon aging, healthy very old people 
(centenarians) typically do not demonstrate dysbiosis and 
have one with a greater potential for SCFA production and less 
pathogenic taxa [68-70]. 

Further support for the microbiome affecting aging comes 
from elegant heterochronic Fecal Microbiota Transplantation 
(FMT) studies using various experimental model organisms 
[72-75]. Using mice, standardized techniques were used to 
perform metagenomic sequencing and assess proteomics 
while cognitive effects were assessed using a battery of 
cognitive and behavioral tests. FMT from aged mice into 
young mice caused CNS changes resulting in impaired spatial 
learning and memory disorders in young adult recipients 
similar to that present in non-transplanted elderly mice 
[71,72]. Aged donor microbiota transferred into young mice 

drove inϐlammation and loss of integrity in the intestinal 
mucosal barrier resulting in elevated systemic and tissue 
markers of inϐlammation and upregulated inϐlammation in 
the retina and brain [72]. Equally fascinating was FMT from 
young donors into elderly recipients. This process reversed 
the effects normal aging had on cognition and markers of 
inϐlammation in elderly mice [73]. Not only has FMT effected 
the aging phenotype but various experimental models have 
shown the ability of heterochronic FMT to slow aging and 
prolong life span. The African turquoise killiϐish is a short-
lived ϐish whose microbiota changes signiϐicantly as it ages 
[74]. While young ϐish harbor highly diverse microbial 
communities, older ϐish have less diverse microbiota and 
more microbes associated with disease. FMT from young ϐish 
into middle age ϐish signiϐicantly increased their life span 
and improved the diversity of their microbiome [74]. Finally 
using an accelerated aging progeroid mouse model, which 
like human progeroids develops dysbiosis, FMT from healthy 
wild-type mice enhanced health span and lifespan [75].

The enormous amount of data associating dysbiosis 
with health span, chronic diseases, and aging has stimulated 
extensive research into ways to modify the microbiome and 
reverse the effects of dysbiosis. Probiotics are living microbes 
that when ingested effect the microbiome either by colonizing 
it with favorable microbes or exerting positive effects by 
inϐluencing the existing microbiome (non-colonizing effects). 
As far back as the early 1900’s it was observed that modifying 
the gut microbiome by replacing harmful bacteria with more 
favorable ones by consuming fermented products containing 
Lactobacillus bulgaricus was associated with longevity 
and health [76]. These early observations of the value of 
probiotics have been greatly expanded upon in recent years. 
Probiotics have been shown to have signiϐicant effects on 
gut permeability by increasing mucin production, enhancing 
β-defensin expression and secretion into the mucus by 
epithelial cells, promoting secretion of antibacterial IgA into 
the luminal mucous layer, and some probiotics can directly 
kill or inhibit the growth of pathogenic bacteria via expression 
of antimicrobial bacteriocins [77]. 

Experimental studies on the beneϐits of various probiotics 
on aging have yielded promising results in several models. 
The probiotic Bacillus subtilis produced a signiϐicant extension 
of lifespan in Caenorhabditis elegans [78]. A species of gut 
bacteria called Bi idobacterium adolescentis decreases with 
age in humans [79]. Dietary supplementation of B. adolescentis 
improved osteoporosis and neurodegeneration in a mouse 
model of premature aging, and increased health span and 
lifespan in Drosophila melanogaster and C. elegans [79]. 

Although human studies of the effect of probiotics on aging 
and life span are limited there is intriguing data that such effects 
could well exist. In a recent metanalysis of 42 randomized 
clinical trials using various cocktails of microorganisms, 
probiotic supplementation in humans signiϐicantly reduced 
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serum concentrations of several of the pro-inϐlammatory 
cytokines; hs-CRP, TNF-a, IL-6, IL-12, and IL-4, but it did not 
inϐluence IL-1B, IL-8, IFN-g, and IL-17 [80]. The same study 
found a signiϐicant increase in serum concentrations of IL-10, 
an anti-inϐlammatory cytokine [80]. Since “inϐlammaging” is 
considered one of the hallmarks of aging [71], these beneϐicial 
effects could very likely slow aging. 

Another approach to a healthier microbiome is to use 
prebiotics which are carbohydrate compounds, primarily 
oligosaccharides, known to resist digestion in the human 
small intestine and reach the colon where they are fermented 
by the gut microϐlora [81,82]. The fermentation of these 
carbohydrates represents a major source of energy for 
epithelial cells with the production of SCFAs. Prebiotics 
provide a beneϐicial physiological effect by stimulating the 
growth and/or activity of beneϐicial bacterial species in the 
gut [81,82]. Lactobacilli and biϐidobacteria are the usual target 
genera for prebiotics. These prebiotics are commonly referred 
to as ϐiber, the health beneϐits of which are well establish 
[83]. High-ϐiber vegetables, legumes, whole grains, and fruits 
are examples of natural prebiotics. Commercially prepared 
prebiotics generally contain ϐiber from various sources 
including inulin, oligofructose, fructo-oligosaccharides, 

galactose-containing and xylose-containing oligosaccharides, 
lactulose, and polydextrose [84]. Short-term human studies 
have shown that the microbiome can be favorably altered 
by prebiotic supplementation [85,86]. Whether this will 
ultimately lead to health beneϐits will require longer-term 
studies which have yet to be completed.

In summary, the discovery of the importance of the 
microbiome’s contribution to our health challenges the 
very concept of what we are as humans. We are symbiotes 
dependent on trillions of primitive organisms in order to 
survive. With better delineation and cost-effective ways 
to assess the presence of dysbiosis using metagenomic 
sequencing, and improved capabilities to favorably alter the 
microbiome, it is possible that assessment of the microbiome 
will become a regular part of health maintenance, just as other 
periodic measurements are routinely preformed to monitor 
health. 

Pharmacological manipulation of the pathways 
involved in aging

Although CR has been shown to prolong life and health 
span, applying it to humans has been challenging. The 
CALERIE 2 Study attempted to impose a 25% calorie 

Figure 3: The healthy intestinal biome consists of a large diversity of organisms and an abundance of healthy bacteria illustrated here as multiple colors and shapes within the 
lumen. These healthy bacteria secrete various metabolic substances (SCFAs, polyamines, and many others) which help keep pathogens in check and contribute to the health of 
the mucosal lining. The mucus membrane also helps deter bacterial invasion as do antibacterial IgA antibodies and β-defensins. With dysbiosis, there is a signiϐicant decrease 
in diversity and a relative increase in pathogens. Fewer SCFAs and other protective metabolites are produced. An increase in toxic bacterial metabolites may lead to damaged 
luminal epithelia cells and decreased production of mucus. This can lead to a “leaky gut” allowing bacteria to cross the luminal membrane releasing toxic metabolites and causing 
low-grade endotoxemia. This incites an innate immune response with the production of proinϐlammatory cytokines. This inϐlammation, along with toxic metabolites produced 
by pathogens, can cause damage locally but also leads to accelerated damage in numerous other organs and ultimately accelerated aging. See text for additional details. IgA: 
Immunoglobulin A, IL: interleukin, SCFA: Short chain fatty acids, TNFα: tumor necrosis factor alpha.
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restriction on participants [87]. Unfortunately, compliance 
was not as planned. The average CR during the ϐirst 6 months 
was 19.5 ± 0.8% and 9.1 ± 0.7% over the next 18 months of the 
study. Never-the-less, even this smaller reduction in calories 
is associated with improved cardiometabolic risk factors. 
Whether this would be sufϐicient to slow aging in humans 
remains unknown.

The recognition that CR slows aging and improves the 
health span has sparked enormous interest in attempting to 
reproduce the health beneϐits of CR by pharmacologic means. 
Biohacking the nutrient-sensing pathways and microbiome 
has proven to be a useful means to accomplish this goal in a 
variety of species. The following is a brief review of some of the 
research demonstrating the potential beneϐits of biohacking 
the nutrient-sensing pathways by mimicking the effects of CR. 

The IIS pathway: Acarbose is a complex oligosaccharide 
used in the treatment of type 2 diabetes that acts as a 
competitive inhibitor of intestinal alpha-glucosidase. By 
delaying the digestion of carbohydrates, acarbose slows 
glucose absorption, resulting in a reduction of postprandial 
glucose and insulin levels in patients with and without 
diabetes [88]. In the experimental heterogenous mouse 
model, acarbose suppressed IGF-1 and insulin and increased 
the health span and life span of aging mice [89]. The 
decrease in IGF-1 and insulin levels with acarbose would in 
turn downregulate the IIS pathway and its effect on mTOR 
(Figure1). Human studies with acarbose have demonstrated a 
marked decrease in inϐlammatory cytokines (IL-6, TNF-α, IL-
1β) with chronic administration in diabetic patients [90]. In 
the Beijing Community Diabetes Study where urban Chinese 
diabetic patients were followed over 10 years, acarbose was 
associated with a signiϐicant reduction in cardiovascular death 
and all-cause mortality [91]. Finally, in addition to its effect on 
the IIS/mTOR pathways, acarbose has been shown to alter the 
microbiome in humans [92] and mice [93], with an increase in 
the production of SCFAs.

Recognizing the importance of the effects of IGF-1/mTOR 
signaling on aging [25,26] and the fact that large dogs with 
a short lifespan have much higher IGF-1 levels than smaller 
longer living dogs [94,95], Loyal, a clinical-stage veterinary 
medicine company, has developed an RNA antisense agent 
(LOY-001) to inhibit IGF-1 [95]. The FDA has agreed that this 
agent could plausibly increase the lifespan and health span 
of large dogs and is in the process of reviewing this agent for 
veterinarians’ use [95]. This agent may become the ϐirst drug 
approved by the FDA for the sole purpose of slowing aging and 
prolonging the health and life span of a mammalian species.

mTOR pathway: Rapamycin, discovered on the Island or 
Rapa Neu and named after the Island (known to most as Easter 
Island), was found to inhibit a major energy sensing complex 
which was subsequently named after it; the mechanistic target 
of rapamycin or mTOR (Figure1 [96]). Direct inhibition of 

mTOR by rapamycin has proven to be remarkably successful 
in slowing aging. Rapamycin and other mTOR inhibiting 
agents have been shown to prolong lifespan and health span 
in mice [97,98] as well as numerous other species [99-101] by 
switching metabolic processes to favor the cellular protective 
mechanisms. Many other mTOR inhibitors are being explored 
as possible antiaging agents.

AMP kinase: Activation of AMP kinase inhibits mTOR 
and activates the sirtuin system (Figure 1). This favors the 
activation of the cellular protective response pathways. 
Metformin is a medication commonly used to treat type 2 
diabetes. It is a weak inhibitor of ATP production which 
consequently activates AMP kinase and has been shown to 
increase life span and health span in mice [102,103]. In a 
recent proof-of-concept study involving male cynomolgus 
monkeys of 13 to 16 years (approximately equivalent to 40–50 
years in humans), metformin produced a signiϐicant slowing 
of aging indicators, notably a roughly 6-year regression in 
brain aging as measured by slowing cognitive decline and 
brain atrophy [104]. Similar antiaging effects were noted in 
several other organs as well. Finally, there is intriguing human 
data that metformin has gero-protective effects in diabetic 
humans by reducing all-cause mortality and chronic diseases 
of aging, particularly cardiovascular disease, and cancers 
[105]. Additionally, metformin was shown to favorably effect 
the human gut microbiome by favoring the proliferation of 
bacteria associated with anti-inϐlammatory effects and with 
SCFA production [106]. Numerous other direct and indirect 
activators of AMP kinase exist from multiple chemical classes 
[107]. Most have not been investigated with regard to the 
effects of aging. 

Sirtuins: Sirtuins interact with all the major conserved 
longevity pathways; AMP-Kinase, insulin/IGF-1 signaling 
(IIS), and mTOR (Figure 1 [108]). The search for molecules 
that activate sirtuins has yielded several promising results. 
These sirtuin-activating compounds (STACs) are mainly 
divided into two categories; exogenous activators which 
allosterically bind to the sirtuin increasing their activity, such 
as resveratrol [108,109], to compounds that replenish cellular 
NAD+, a necessary cofactor for sirtuin activity [110]. These 
NAD+ precursors include nicotinamide (NAM), nicotinic 
acid (NA), nicotinamide riboside (NR), and nicotinamide 
mononucleotide (NMN) [110].

The ϐirst STACs were discovered in 2003 for sirt1 and its 
yeast ortholog SIR2 [109]. Resveratrol, a polyphenol, proved 
to be the most potent STAC [109]. This agent prolonged 
the lifespan of yeast by 70%. Subsequent studies have 
shown resveratrol given to mice attenuated age-related 
and degenerative changes in multiple organs and reduced 
inϐlammation without an appreciable effect on life span [111]. 
Since these early observations high-throughput screening 
techniques have identiϐied more than 14,000 STACs from 
multiple chemical classes [109].
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NAD + precursor supplementation using NR and NMN 
appears to restore NAD+ levels in both nuclear and 
mitochondrial compartments of multiple cell types [110,112]. 
Numerous murine models have shown attenuation of the aging 
phenotype with various NAD+ precursor supplementation 
protocols [113,114]. As of today, there remains a paucity 
of human data showing the beneϐits of NAD+ precursor 
supplementation or the use of other STACs [115].

Despite the abundance of animal data showing the 
feasibility of prolonging the life and health span in model 
organisms by pharmacologic means, other than metformin 
and acarbose, there is little data yet available in humans to 
support this approach. Studies using life span as the end point 
to gauge success in humans would be lengthy and enormously 
costly to perform. However, since health span and incidence 
of chronic disease are greatly inϐluenced by aging, looking at 
the effects of possible age-slowing agents on the incidence and 
severity of chronic diseases and all-cause mortality in large, 
randomized populations over speciϐic time periods is a feasible 
way to evaluate this possibility. Indeed, it is this type of data 
that suggests metformin and acarbose have gero-protective 
effects as evidenced by a decrease in all-cause mortality and 
chronic diseases of aging in humans [92,106].

The case for SGLT2 inhibitors as gero-protective agents

The gliϐlozins are a group of compounds containing a 
glucose moiety attached to various aromatic rings. These 
agents can occupy, but not effectively transverse, the sodium 
and glucose transport (SGLT) systems in numerous tissues. 
SGLT type 2 is abundant in renal tissue and inhibition of these 
transporters by competitive occupation results in enhanced 
renal sodium and glucose excretion [116]. These glucosuria 
effects are responsible for their usefulness in controlling the 
glucose abnormalities of type 2 diabetes. 

The eff ect of SGLT2 inhibitors on the nutrient-sensing 
pathways, β-HB, and the microbiome

SGLT2 inhibitors (SGLT2Is) affect directly or indirectly all 
the key nutrient-sensing pathways involved with aging [117]. 
The glycosuria induced by this inhibition produces a loss of 
about 200-300 kcal/day consistently causing a mild weight 
loss [118]. Moreover, the loss of glucose as a substrate is 
associated with a shift toward ketogenesis and fat utilization 
due to decreased insulin and increased glucagon levels; like 
what is seen with CR [119,120]. As a consequence, signiϐicant 
increases in β-HB levels are seen in both diabetic and non-
diabetic patients [121,122]. As insulin is one of many activators 
of mTOR, a reduction in insulin levels will have an indirect 
inhibitory effect on mTOR [24]. Additionally, the caloric drag 
produced by SGLT2Is as well as direct effects on mitochondrial 
ATP production activates AMP kinase [117,123] producing 
potent inhibitory effects on mTOR [24,117]. Since AMP kinase 
also activates the sirtuin system, the caloric drag produced by 
SGLT2Is has been shown to activate the sirtuin system even 
in tissue devoid of SGLT2 proteins [117,124]. This combined 

effect on the nutrient-sensing pathways and β-HB thus mimics 
that seen with CR and like CR, the activity of hundreds if not 
thousands of different genes is affected.

Like metformin and acarbose, SGLT2Is has been shown to 
affect the microbiome. In a randomized trial in diabetics with 
risk factors for CVD after a 3-month course of empagliϐlozin 
improved glucose metabolism and reduced CVD-related risks 
and inϐlammatory markers, while it signiϐicantly altered the 
gut microbiota, including an increase in SCFA-producing 
bacteria and a reduction in several harmful bacteria such 
as Escherichia–Shigella, Bilophila, and Hungatella [125]. Other 
studies have also shown similar increases in SCFA-producing 
bacteria as well as an improvement in intestinal permeability 
[126].

The combined effects of SGLT2Is on the nutrient-sensing 
pathways, ketogenesis and β-HB levels, and the microbiome 
likely account for the effects seen on several of the hallmarks 
of aging observed in human and animal models. These effects 
include a reduction in cellular senescence and inϐlammation 
[127,128], reduced mitochondrial dysfunction and oxidative 
stress [129], enhanced autophagy [130], improved nutrient 
sensing [131], improved proteostasis [132], and reduced stem 
cell exhaustion [133]. Though not speciϐically studied yet, due 
to the attenuation of inϐlammation and oxidative stress [127-
129] it is likely these agents would improve genomic stability 
and reduce telomere attrition [134,135]. 

The eff ect of SGLT2 inhibition on chronic diseases of 
aging

Given the effect of SGLT2Is on the nutrient-sensing 
pathways, β-HB, and the microbiome it is interesting to 
examine the human data on the effect of these agents on some 
of the chronic diseases of aging. Among the most common 
diseases of aging causing morbidity and mortality in developed 
countries are cardiovascular disease, hypertension, chronic 
kidney disease, chronic obstructive pulmonary disease, 
neurodegenerative disease, cancer, and type 2 diabetes. 
Evidence is emerging that suggests SGLT2Is may attenuate 
each of these chronic diseases.

Cardiovascular disease

The necessary cardiovascular outcome trials to gain FDA 
approval yielded exciting and unexpected cardiac protective 
effects in diabetic patients with atherosclerotic cardiovascular 
disease (ASCVD) and congestive heart failure (CHF) subjected 
to SGLT2Is. For example, SGLT2I empagliϐlozin produced a 
38% decrease in cardiovascular mortality in diabetic patients 
who had preexisting ASCVD [136]. Similar but somewhat less 
impressive beneϐits were seen with other SGLT2Is [137,138]. 
Subsequent studies conϐirmed these agents also have marked 
protective effects in patients with CHF due to LV dysfunction 
and in those with preserved LV function [139-142]. The 
observed reduction in mortality and hospitalizations was 
seen both in diabetic and non-diabetic patients and was not 
felt to be related to glucose control. 
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The aging heart is characterized by an increase in left 
ventricular mass due to hypertrophy and interstitial ϐibrosis 
resulting in diastolic dysfunction, loss of myocytes due to 
apoptosis and necrosis, and reduced ability to generate energy 
owing to mitochondrial dysfunction [143-145]. These same 
effects occur at a more rapid pace in patients with CHF and 
this adverse cardiac remodeling contributes to the onset and 
progression of heart failure severity [146]. Aging also results 
in stiffening of the great vessels due to increased collagen and 
decreased elastin [145]. The myocardial and vascular changes 
occur in a milieu of increased proinϐlammatory cytokines 
which are instrumental in driving the process [145-148]. 

Several experimental and human studies have 
demonstrated the beneϐicial effects of SGLT2Is on cardiac 
remodeling and vascular physiology. Structural and functional 
changes include attenuation and/or reversal of adverse 
remodeling in animal models of CHF [149] and regression of 
LV mass in human CHF patients with a reduction in cardiac 
ϐibrosis leading to improved diastolic function [150-152]. 
Also, improved energy metabolism with decreased oxidative 
stress occurs [151,152]. These beneϐicial effects extend to 
the great vessels whereby SGLT2Is attenuate ϐibrotic activity 
reducing the stiffness of the great vessels and improving 
endothelial function [153] while signiϐicantly decreasing 
inϐlammatory cytokines [151-153]. These effects contribute 
to the antihypertensive effects consistently observed with 
SGLT2s [153]. 

To summarize, cardiovascular disease is the most common 
chronic disease of aging and the leading cause of mortality in 
developed countries. SGLT2Is attenuate and in some cases 
reverse the adverse changes associated with aging causing a 
dramatic clinical beneϐit in humans.

Chronic renal disease

Aging produces a gradual decrease in renal function 
associated with loss of renal mass, afferent arteriolar 
hyalinization, and an increase in the number of sclerotic 
glomeruli and tubulointerstitial ϐibrosis [154]. Inϐlammation 
plays a crucial role in accelerating these changes [155] The 
effect of SGLT2 inhibitors on chronic kidney disease has now 
been studied in numerous placebo-controlled trials in both 
diabetics and non-diabetics and has consistently shown a 
slowing of the progression of renal dysfunction [156-159]. CR, 
with its attendant effect on the nutrient-sensing pathways, 
has been shown to slow the progression of kidney disease 
in multiple rodent models [160]. There is now considerable 
evidence that alteration of these nutrient sensing pathways 
by SGLT2Is plays a crucial role in slowing the progression of 
chronic kidney disease in humans [156-159,161]. 

Other chronic diseases of aging

Although not as systemically studied as they were with 
the cardiovascular and renal systems, there is considerable 
experimental and observational clinical data suggesting 

SGLTIs may beneϐit several other chronic diseases of aging. 
In large retrospective cohort studies of patients with type 
2 diabetes SGLT2Is use was associated with a reduced risk 
of developing chronic obstructive lung disease and a lower 
rate of exacerbations compared with dipeptidyl peptidase 4 
(DPP-4) use [162,163]. There is growing evidence that 
SGLT2Is also have neuroprotective effects. SGLT2Is have 
been shown to protect against cognitive decline and adverse 
histological changes in a murine model of dementia [164] 
and a large retrospective propensity-matched cohort study 
has noted patients with type 2 diabetes who were prescribed 
SGLT2Is had a lower risk of incident dementia compared with 
those not prescribed SGLT2Is in real-world practice [165]. 
Anti-cancer beneϐits have been noted in several experimental 
studies utilizing various cancer cell lines [166] and a large 
meta-analysis of the randomized placebo-controlled SGLT2Is 
clinical trial has demonstrated a markedly lower incidence 
of cancer in those diabetics receiving SGLT2Is [167]. Finally, 
from a meta-analysis of randomized trials prediabetics 
receiving SGLT2Is have a lower risk of developing future type 
2 diabetes [168].

Eff ect of SGLT2I on all-cause mortality

A gero-protective agent used in a large population over time 
should be associated with a reduction in all-cause mortality 
by decreasing mortality from chronic disease states. Several 
studies, including meta-analysis of controlled studies, as well 
as large observational database reviews have now conϐirmed 
that the SGLT2Is are effective in reducing all-cause mortality 
[169-173]. Moreover, this reduction in all-cause mortality 
was observed regardless of diabetic status or the presence 
or absence of CHF [172]. Additionally, when compared to 
DDP4 inhibitors, diabetic patients on SGLT2Is experienced 
signiϐicantly lower risks of all-cause death, cardiovascular 
death, cancer death, and non-cancer, non-vascular death 
[173].

Eff ect of SGLT2Is on life span in experimental models

Despite the abundance of clinical evidence for an antiaging 
effect of SGLT2Is, experimental studies testing that hypothesis 
are few. However, one compelling and conϐirmatory study 
was done by the Interventions Testing Program (ITP). The 
ITP is considered the gold standard for such studies and uses 
an otherwise healthy heterogenous mouse model. The tests 
of potentially gero-protective agents are run simultaneously 
in 3 separate labs. Using this model ITP recently reported 
canagliϐlozin prolonged the lifespan of male mice but had 
no signiϐicant effect on female mice [174]. Subsequent 
histopathological studies on these mice demonstrated a lower 
incidence and later appearance of cardiomyopathy, kidney 
disease, arteriosclerosis, and various neoplasms conϐirming 
both health span and lifespan beneϐits [175]. This slowing of 
the aging phenotype by histological means was conϐirmed in 
middle-aged wild-type mice fed canagliϐlozin beginning at 50 
weeks and continued for another 20 weeks [176]. The same 
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study showed canagliϐlozin also prolonged the life span of 
a progeria-type mouse model of accelerating aging in both 
sexes [176].

In summary, there is an abundance of clinic and 
experimental data to suggest that SGLT2Is have gero-
protective properties. Available human data strongly suggest 
these agents increase health span by decreasing the incidence 
and severity of the chronic diseases of aging and favorably 
affect all-cause mortality. 

Summary and limitations
It has been over 100 years since it was learned that the 

rate of aging could be modiϐied by calorie restriction. Since 
then, medical science has discovered numerous ways to alter 
the nutrient-sensing pathways and microbiome to effect aging 
in model organisms. Since aging is the basis for most chronic 
diseases, targeting aging in humans could have huge beneϐits 
on health span and the economics of providing health care. 
The use of gero-protective agents to accomplish this goal 
in humans is still in its infancy but exciting data attesting to 
this possibility is beginning to emerge. This is particularly 
evident in the diabetic population, a population characterized 
by accelerated aging. There is now compelling evidence in 
humans that several of the anti-diabetic agents have antiaging 
properties working through the nutrient-sensing pathways 
and microbiome. This evidence is particularly impressive with 
the SGLT2Is and I believe represents the strongest evidence 
so far that pharmacological means can alter the rate of aging 
and chronic disease in humans. 

The author recognizes limitations in this assertion. Most of 
the data comes from the diabetic population and it is not clear 
if the same robust antiaging effects of the SGLT2Is would be 
evident in the non-diabetic population. Encouraging data does 
suggest that the beneϐits of SGLT2is on chronic kidney disease 
and congestive heart failure also extend to the non-diabetic 
population as well. Whether other chronic diseases of aging 
would similarly beneϐit is unknown and requires additional 
studies. Finally testing the antiaging properties of SGLT2Is 
in other model organisms needs to be accomplished. If these 
studies are also conϐirmatory, the implications to the health 
care system could be enormous.
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