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Executive Summary

This white paper explores the potential of metformin as a key agent in longevity research,
highlighting its broad biological effects beyond diabetes management. Drawing on
extensive scientific literature, we analyze metformin's mechanisms of action, including
its influence on mitochondrial function, oxidative stress and systemic inflammation.
These pathways are increasingly recognized as critical for ageing and health span

extension.

Our first experimental study investigates the effects of metformin on age-related
mitochondrial dysfunction using a robust animal model. By assessing markers such as
ATP production, oxidative stress levels and inflammation, the study aims to clarify how
metformin might promote cellular resilience and delay age-related decline. The
methodology prioritizes rigorous scientific practices to ensure reproducibility and

relevance for translational applications.

This research initiative aims to bridge the gap between laboratory findings and clinical
applications, providing insights into how metformin could be repurposed to address age-
related challenges. Through a multidisciplinary approach, this work contributes to the

evolving field of longevity science and promotes strategies for healthier and longer lives.



What is MetforminSOL and what is the aim of the project?

MetforminSOL is a project that created by 0x Rorschach through Pump.fun platform.
Initially launched within the Meme Token category, the project has since evolved into a

Decentralised Science (DeSci).

Building on 0x_Rorschach's expertise as a medical doctor actively researching longevity,
the team decided to integrate scientific research into the core vision of the project.
MetforminSOL now aims to bridge the gap between community-driven tokens and

scientific innovation, particularly in lifespan extension and longevity studies.

The project team currently consists of three Associate Professors of Medicine, reflecting
its strong academic background. MetforminSOL also has an active and engaged

community to support its scientific and collaborative goals.

The team has already prepared its first research study and received ethics
committee approval. This demonstrates the project's commitment to advancing
longevity research while encouraging community involvement in decentralized

science.

1. The Role of Evidence-Based Science in Enhancing Our Understanding

andPractice of Scientific Inquiry

1.1. Evidence and It’s Role for Science

Evidence plays a vital role in science that cannot be ignored or disputed. The more formal

evidence builds on the initial observations raised as potential discoveries.

What counts as "evidence" depends in part on the line of inquiry that evidence is being
used to contribute to. If the investigation is designed ultimately to extend the depth and
scope of our knowledge, then "evidence" will be that data that extends and supports
knowledge pointing to a relation between A and B. Formal evidence will extend existing
knowledge in such a way that E increases our grounds for adding A and B. The rudiment
obviously points to the first step in investigating scientific evidence what do we want

evidence to do for us? Scientific inquiry is regularly held up to be a classic example of



the development of knowledge. Evidence-based practitioners are, in contrast, researchers
and policymakers who produce recommendations for health based on the interpretable

weighing up of what evidence in general suggests will work best for patients.

1.2. The Foundations of Evidence-Based Science

Evidence-based science builds on a number of foundational concepts and principles. At
its heart is an emphasis on the importance and centrality of empirical evidence in
determining outcomes. It is an emphasis so central that the concept may be characterized
as resting on a logical empiricist foundation. Evidence-based science draws upon a
number of conceptual and logical frameworks and foundational principles that are central
to scientific inquiry. First, there is the concept of "evidence relevant weight." Inquiry and
the construction of new knowledge should be driven by an empiricist approach to
evidence and its assessment. This principle draws on the assumption that evidence carries
certain characteristics such that we are able to make judgments and assessments
regarding the content, quality, and reliability of that evidence. This is a central tenet upon

which evidence-based science is founded.

It is central to the richness inherent within the concept that shows it to be reflective of a
complex interrelationship between the historical, philosophical, and sociological
discourses on evidence, science, and the creation of knowledge. The history of the
evolution of evidence-based science reveals various starting points and progressive
historical milestones that would allow one to "map out" the gradual intellectual "path"
and range of "stages" as the salient characteristics of the various evidence-rational
constructs. Conclusively, understanding the foundations of evidence-based science is
crucial for developing an explanatory framework of the most current technological
advances in scientific activity management that have focused specifically on the

integration of evidence.

1.3. Definition and Principles

Evidence-based science (EBS) is a movement that aims to bring a closer relationship
between the best available evidence and scientific inquiry. In advancing this aim, the

EBS movement has led to significant developments in understanding evidence,



particularly in explorations around standards of evidence and the scientific methods
needed based on the use of credible evidence. The understanding of evidence and
assembled evidence has led our team to clarify the following definition of evidence in
addition to presenting principles for the theories, methodologies, and practices
underpinning EBS. Based on this definition and the principles, this paper clarifies the
status and quantum of evidence by operationalizing evidence into various types
depending on its nature and quality, including the different standards necessary for their
attainment. As a result of this operationalization and the principles, we employ evidence
to systematically address a range of evidence-based practices to guide scientists in their

research and its use.

The main principles of EBS for inquiry are rigor, transparency, and reproducibility. Rigor
implies the scholarly ethical values, which include the intellectual humility to critically
and open-mindedly pursue what is likely to be true, regardless of the source or conclusion
of tentative investigations. It implies attentiveness to the wider array of viable methods,
evidence, and levels of partiality. Transparency implies sharing the collected data, the
reasoning, and the methodologies so that results can be scrutinized and independently
repeated with parallel, modified, or different data. Every assumption, methodological
detail, and criterion used to categorize, analyze, and evaluate the evidence should be
identified and disclosed in the research paper, irrespective of how challenging. The
purpose of such disclosures is to connect readers with the frontline empirical content of

the inquiry.

1.4. Historical Development

While recent literature has elaborated on evidence-based practices, an "evidence-based
approach" has a deep and rich history. Developments of evidence-based science can be
traced back to specific locations and individuals that have significantly contributed to
historical milestones and have established the methodological norms in embracing an

evidence-based approach in the later development of science. Although traditional, "pre-



allopathic" medicine either relied on a single case study or on authorities known from
translated texts, some physicians rejected authority and evidence in favor of their
individual direct or vicarious experience. Approximately 2500 years ago, a system of care
was launched that is not based on a corporeal nature but designed to reinforce the
constitution of patients so that the disease defied the substances that exceed the body.
Treatment was mostly observational. It was intended to embellish nature and make it as
practical as possible. A detailed individual clinical trial was believed to be necessary for
understanding the natural story of the outcome of patient care. Indigenous tribal doctors
have appreciated the importance of evidence-based methods to evaluate the effectiveness

of therapy in individual cases.

Two distinct periods of history also manifested evidence-based approaches. The
stagnation of the Roman medical period hindered the advancement of clinical practices,
the significance of which evidence produced a decreased demand. It wasn't until the 19th
century that evidence-based clinical practices made a resurgence, which aligned with the
modern definition of evidence-based research. Involved descriptions of best practices
were based on the exposure of large patient populations, efforts to quantify the
effectiveness of novel therapies in a clinical setting, and the use of randomized controlled
trials in case descriptions. Different descriptors with similar definitions have momentarily
existed on the ethereal evidence of a previous era, which manages to shape much of the

randomized control and evidence-based research methodology that exists today.

These examples have provided prototypical evidence-based methodologies that were later
further developed by collaborators in the late 1950s. Today, there are many experimental
articles on anthropological evidence. Since the beginning of the 19th century until the
early part of this century, four main factors have led to the rise of the evidence-needing
period in biomedicine. One, there were no effective drugs and only remedies were
needed. Two relatively few doctors were the results of barbers, surgeons, and diets, not
authorized medical schools. Three, the causes of most diseases were still unknown,
leading to an elusive understanding of natural processes. Four, no diagnostic tests were
available, so all diseases were not subject to physical evidence. An important question

now is to what extent the concept of evidence-based practice should be used. The



historian of science suggested, "Remembering that the next time doctors recognize the

importance of the evidence, the chance is that the present fashion will change again."

1.5. Applications of Evidence-Based Science in Scientific Inquiry

One of the most important ways that evidence-based science is integrated into our
understanding and practice of scientific inquiry is through the collection and application
of data within an experiment. In this section, we present ways in which evidence-based
practices are useful when dealing with investigators and questions in the laboratory. We
introduce specific strategies that enable the incorporation of evidence-based science into
research design, methodology, and statistical power, highlighting evidence-based insights
that can aid in data collection and statistical analyses. This will allow researchers to
change more than just their questioning: the evidence-based science used to pursue the

answers to our questions will be altered as well.

First and foremost, the design and methodology of an experiment should aid in answering
the questions being posed. Evidence-based guidelines for treatment comparisons can be
used to aid in the design, development, and conduct of laboratory-based experiments and
support the knowledge base upon which we can base interpretations and conclusions.
These decision frameworks help facilitate greater understanding of the questions being
asked, as well as the results that can be anticipated. This, in turn, enhances the ability of
investigators to deduce whether interventions or treatment groups differ or whether these
differences are by chance. Crafting an experiment that results in reliable conclusions with
the greatest certainty based upon valid, well-established evidence is favorable, and

adhering to evidence-based principles for the conduct of an experiment is crucial.

1.6. Research Design and Methodology

Application of evidence-based principles can substantially improve the quality of
scientific inquiry. Evidence-based clinical practice guideline developers acknowledge
that powerful evidence comes from one or more reliable studies. Hence, they utilize

systematic review as a central determinant in making evidence-based recommendations.



Systematic approaches to the planning and execution of research are emphasized in
different research frameworks, such as Thyer’s outcome research model, Coutons’
contribution-based community research framework, and Guba and Lincoln’s naturalistic
inquiry. Different research texts have summarized criteria that specify what should be
demonstrated to be valid to judge that a study’s outcomes are credible and meaningful.
These criteria address how the studies are designed in a way that will produce practically
significant and scientifically valid results. Criteria for the quality of studies can be seen as
a systematic way of classifying methodologies that have been developed to incorporate
evidence-based principles and improve research reliability and validity. These criteria for
evidence-based designs are built, in essence, to ensure that the studies would provide
reliable and valid data.

Despite some differences, well-established sampling techniques can increase the
generalizability of research findings. Researchers design research by sampling either
individuals from a general population or a specific population for certain symptoms or
disorders. Sampling procedures must be meticulously documented in order to
demonstrate that they are appropriate to the research question, the research’s goals, and
what is required for subsequent inductive inference. Control Group: Examination of the
independent variable provides the least biased association between the independent and
dependent variables. To draw causal inferences, individuals exposed to an independent
variable must differ from individuals not exposed, except for that exposure. A good
research design systematically indicates the use of a control group, if possible, or at least
rules out other possible causes of between-group differences. Other Methodological
Elements to Be Accounted For: While they may not always be obvious, a study can be
made more or less methodologically sound or valid based on these design and
methodology features. Often, what is the “best design” is a matter of judgment and
depends on the specific research question being asked. Random Assignment to Treatment
Conditions: Impact of uniform reduction in speed limit on urban street accidents of
different severity. Historical evidence suggested that higher speed limit environments
were associated with a greater proportion of crashes that resulted in serious injury or

death. Therefore, evidence from post-implementation accident data needs to be



interpreted cautiously, as lower-severity accidents could be artificially increased by road

design that aimed to slow traffic.

Data analysis typically involves asking what the evidence is saying about the association
between the independent variable (IV) and the dependent variable (DV). A significant
question is whether the IV actually has an effect on the DV. When evaluating analysis
results, it is important to maintain objectivity, avoiding prematurely jumping to
conclusions about the findings. Use statistical tools and models that conform with
evidence-based principles. 'Best practice' reporting of results adopts an evidence-based
framework in which information about methods, results, and the data itself is obtained

and interpreted through an understanding of the basic concepts of statistical inference.

Research articles that report original results typically provide information on the number
of subjects, the mean of the scores, and a measure of statistical variability, usually the
standard deviation of the scores. There are many techniques by which people have used
evidence to guide how they interpret a set of findings. Making sure to carefully attend to
the evidence contained in the data is critical for success in scientific inquiry. Just as bad

is not knowing how to extract evidence from the data.
2.Biological Aging: Mechanisms and Implications
2.1. Introduction to Biological Aging

Aging as a biological phenomenon occurs in all living organisms and is universal. This
concept came into existence when humans showed interest in longevity. As a result,
considerable information regarding the mechanisms that underpin aging is available due
to research in the fields of biology, wherein a large number of resources have been spent
to understand different processes encompassing aging. Understanding aging is important
for health-related purposes. It has been defined as a multifactorial process that results in a
progressive, cumulative, intrinsic, deleterious, dynamical, and heterogeneous
deteriorating phenomenon of most living organisms accompanied by metabolic
disturbances and increased susceptibilities to divergent types of diseases that ultimately
lead to morbidity and mortality. The term biological aging or senescence is generally

used interchangeably to convey the aging process or phenomenon.



Aging is quite interesting and challenging due to its complex nature. Because of its major
consequences on human health and due to the relatively large number of the older
population worldwide, aging research has become an emerging science. In the last five
decades, aging has been considered an interdisciplinary field, which includes research in
all branches of biology. The number of research articles and research laboratories clearly
indicates this. Despite the availability of this vast knowledge and research outputs in
aging, human aging research has not taken off as expected. The expansion and significant
increase of the older population have become a great concern for both developed and
developing countries. For universal aging research purposes, Critical Age Theory might
be more useful than working on human aging alone. The biological sciences are
mechanistic at their core, and biology is the science of dynamical systems. As a result, in
the midst of these myriad ways of looking at aging, the focus of aging research has
slowly shifted away from aging as a disease to aging as a process. In the following

sections, age-related changes at the cellular and molecular levels are explored.
2.2. Cellular and Molecular Changes in Aging

Aging is the progressive decline in the functional capacity of an organism. Several
cellular and molecular alterations in a wide variety of species have been documented,
with major implications for the possible causes of the aging process. Evidence points
towards the critical roles of cellular senescence and apoptosis in aging. At the molecular
level, environmental factors and genetic factors converge upon related signaling
pathways that are significantly involved in aging. Furthermore, aging organisms tend to
accumulate damaged or mutated biomolecules and have diminished repair mechanisms.
The accumulation of mutated DNA, or of damaged proteins, lipids, or carbohydrates is
toxic and can lead to the progression of many adult diseases such as cancer, cataracts,
arthritis, and cardiovascular and cerebrovascular diseases, as well as to aging. By better
understanding the mechanisms implicated in the aging process, we might be able to

develop therapies to prevent or ameliorate degenerative diseases.

The loss of stem cells is especially damaging in tissues with reduced capacity for
regeneration from stem cells and large energy demands, such as the heart, some parts of

the brain, kidney, or liver, leading to many age-related diseases when their function is



lost. Aging is also associated with chronic low-grade inflammation expressed by
increased levels of proinflammatory cytokines. Increased sensitivity to stress and other
adaptive responses, such as the elevation of antioxidants or heat shock proteins, which
are protective against further challenges, characterize the aging strategy in the elderly of
many species. Neurodegenerative diseases and the susceptibility of the brain are perhaps
the most noticeable functional consequences of the aging process. The second section

examines the primary biological theories of aging.
2.3. Theories of Biological Aging

The aging process is due to the interplay of several distinct mechanisms. Aging is widely
recognized as a multifactorial, complex, and dynamic process. This complex and elusive
nature of aging is mirrored by the multitude of theories that have been proposed to
explain why organisms age. These theories can essentially be divided into two
contrasting and mutually exclusive classes: those that claim that aging occurs as a
consequence of biological processes that keep the individual alive, and those that claim
that aging is the result of these very processes. A third class of theories, which can be

considered an offshoot of the latter class, was developed to harmonize the two extremes.

Theories within the first class generally maintain that the aging process is encoded in our
genes. In contrast, theories in the second class tend to focus on the degenerative processes
that take place within the bodies of aging organisms, resulting from the second law of
thermodynamics, which states that the disorder of an isolated system cannot decrease.
These theories postulate that aging results from the accumulation of one or more
abnormalities, such as damage to or in somatic cells caused by stresses that challenge
their metabolic efficiency and/or genetic fidelity throughout the life history of an
organism. Finally, epigenetic theories suggest that aging is an anticipatory and adaptive
genomic response to changes that naturally occur during ontogeny. The programmed
aging theory posits that the aging process is actively regulated by biological clocks that
consist of genes which control aging. One well-known version of this theory is the
antagonistic pleiotropy theory, wherein natural selection favors early life benefits even if
the genes responsible for this decrease the chances of survival later in life, so long as the

benefits of the former are greater than the detriments of the latter. While a plethora of



factual observations support programmed theories, they also face numerous
counterfactual observations, such as individuals that live for a prolonged period of time in
environments poor in resources, largely independent of their genotype. Damage
accumulation theories, on the other hand, do not need to invoke active genic control of
aging, instead suggesting that damage accumulates with time and that such degenerative

changes in a variety of somatic cells determine age.

There is a consensus in the gerontology field that both of these theories hold kernels of
truth. However, a number of observations seem to contradict the possible universal
application of the damage accumulation theory. The view of aging as occurring for
manifested causes of adaptive degeneration rather than random assault is persuasive,
given the energy requirements for DNA, cellular, and body macromolecular repair, and
evidence that lowered dietary and some other stressors increase life and health span in a
variety of model organisms by reducing the total damage load. It is also advocated that
aging is adaptive and occurs in both germ and soma, that aging is localized, and that age-
related stimuli from damaged tissue may be partly responsible for general aging. Any one
and possibly any imaginable type of molecular damage, from cells and tissues to disease,
takes on a minor effect at first age with time due to energy limitations of repair that are
related to the sequence of damage. Although the above view represents merely one of the
possible suppositions of how the theories of aging may interlace, a comprehensive theory

is yet to be developed.

2.4. Impact of Aging on Health and Longevity

Complete ablation of the aging process would have profound physiological, psychosocial,
and ethical consequences and abolish all the genetic and environmental factors that
modulate the rate at which we age. Altering aging would also have a beneficial
downward impact on a variety of disorders, particularly multifactorial age-associated
diseases involving lost or degenerating cells or intracellular components, by increasing
the average proportion of the life in which one is both disease- and disability-free. The
inability of human populations to maintain their health—both physiological and
psychological—combined with the decline in the reparatory capacity of the body over

time increases the susceptibility to and the impact of environmental insults which, in turn,



hasten the aging process and deepen the downward spiral of physical and mental
impairments associated with growing older. In the disadvantaged and frail elderly, the
close interplay with chronic conditions produces a vicious cycle which leads to premature
death, while in those at relatively low risk of multimorbidity the association of
accumulating age-related alterations with chronic conditions contributes to the increased
risk of mortality and the progressive decline in physical and mental function. People can
expect to live for a long time; in 1955, life expectancy was 69 years, by 2015 it was 81,
and the same trend can be seen in most countries where complete individual vital
statistics are available. While not everyone reaches old age due to early mortality, at all
ages, the estimated gains in life expectancy are typically better for women than for men
and, overall, for populations at higher levels of income. However, advances in aging and
lifespan are not universal. Variation in maximum attainable longevity between
genetically identical organisms demonstrates that the environment cannot account for all
differences in longevity of real organisms. Furthermore, the wide range in the age at
death between different mammalian and bird species cannot be explained only by
differences in living conditions. Voluntary lifestyle choices have a significant impact on
aging; for example, heavy tobacco smoking and alcohol consumption, poor diet, physical
inactivity, and obesity are all known to accelerate morbidity and mortality, especially in

the frail and elderly.

2.5. Strategies for Anti-Aging and Longevity

Many of the strategies for anti-aging and longevity are based on improved health
throughout life. Regular exercise and a diet rich in natural antioxidants can help preserve
the body's systems, reducing the risk of developing chronic diseases and increasing both
healthspan and lifespan. In recent years, a state of peace of mind has also been linked to
an increase in telomeres and the preservation of the immune system, which in turn has
improved human health parameters. Focused and evidence-based practices such as food
philosophy, exercise philosophy, stress management, art therapy, and relationships to
enhance and integrate both mental and physical components have become the latest
trends to promote the extension of lifespan and anti-aging. Young individuals also look

for foods, medications, and supplements to promote longevity and anti-aging. Increasing



evidence shows that both calorie restriction and dietary interventions based on human
needs have the potential to extend maximum lifespan and independence from chronic
diseases. To improve human health during aging, several drugs and supplements that act
on biochemical pathways are currently being investigated in animals and are candidates

for clinical trials.

Reprogramming aged cells or regenerating damaged or lost cells is also a method for
extending lifespan. In recent years, the approval of the first gene therapy for
immunodeficiency has opened avenues for future genetically modifiable disease vaccines
that will further extend lifespan. The development of brain-machine interfaces and
neuromodulation also holds potential for improving cognitive function and extending
human life. Through the development of artificial intelligence and virtual reality, bio-
psycho-subject models are created to explore the potential of anti-aging and cognitive
impairment in the brain and the equilibrium of key life channels. In the near future,
emerging exosome technology may also play a role in understanding inter-cell
communication in the brain and in exchanging information between cells in the body,

potentially preventing cognitive decline.

Currently, potential areas of basic neuromodulation are being researched to extend
lifespan, mental health, and memory health. It is possible that by the next decade or so,
low-power electromagnetic neuromodulation could be incorporated as a cognitive
enhancement and life-extending neuromodulation within the lifespan strategy, along with
nutrition, senolytic drugs, hormone replacement, fecal transplant, vaginal therapy,
exercise, and relaxation practices. Ethical, philosophical, scientific, business, and medical
hygiene issues are intertwined in neuromodulation that goes beyond social responsibility
and human rights. Anti-aging and lifespan strategies should focus on not only physical

and mental health but also cognitive power, memory health, and emotional health.

Many preceding research associated aging with our living environment, including food.
Some recent work observes aging from the perspective of genes, and scientists have
found that chronic oxidative stress can mediate age-related harmful reactions. In fact,
aging is a natural phenomenon that also occurs in rats. Moreover, the body may not be

able to defend itself in older age. Therefore, old age is considered to be a state of



inability. Lifespan and health span are both extended by the balance of external and
internal factors of the body. In the human body, there are three metabolic pathways: the
immune system, inflammation, and oxidative stress. Infections are partly the result of
increased inflammatory and oxidative stress pathways. Caring for your home and your
body can help us to lead a longer life. According to some reports, the habit of thinking
too much about a trouble triggers the production of cortisol, which contributes to
inflammation and harms the body. In sum, it is clear that a balanced mix of exercise,

nutrition, relaxation, and other techniques will provide anti-aging and longevity.

3. The Potential of Metformin: Beyond Diabetes Management

3.1. Introduction to Metformin

Metformin, a biguanide first isolated from the French lilac plant, has come a long way
since its use, over 1200 years ago, as a traditional remedy for frequent urination. Its
approval as a pharmaceutical over 50 years ago marked it as the first line of treatment for
insulin-sensitive diabetes, which remains the fifth leading cause of death worldwide. Poor
management of this so-called developed-world malady leads, within two decades of
diagnosis, to a twofold higher risk of depression, anxiety, and dementia, five times the
prevalence of hypertension and cardiovascular disease, and a whopping eightfold spike in
the prevalence of neuropathy and chronic kidney disease. Despite its wide clinical appeal,
topical interest in Metformin has surged in the past decade, spurring calls for an exposé
on the breadth of its biological effects. Thus, the time is ripe for a comprehensive review
of Metformin's manifold actions, in order to avoid fruitless off-target drug development
and 'chase a drug in search of a disease,' as well as to understand, at the smallest logical

level, the points of intervention in the network of pathways affected by Metformin.

At an industrial level, the hype over off-target actions has not gone unnoticed, with
companies targeting Metformin lookalike drugs having attracted funding of up to 1
billion. Thus, it feels particularly poignant to go back-to-back with a pop review which
reiterates the importance of understanding the breadth of action of drugs as a means of

predicting adverse drug reactions and drug repurposing. By providing a comprehensive



and unbiased overview of Metformin, we hope that this primer makes further
investigation of Metformin's molecular mechanism of action as a whole, and those
responsible for its hypoglycemic and anticancer effects in particular, a priority for

research in diabetes and cancer fields.

3.2. Historical Development and Traditional Use

The first descriptions of the medicinal use of the plant Galega officinalis are found in the
work of ancient Greek physicians. It was included in many herbals of the time, used as a
diuretic and to stimulate lactation. There are records from the fourteenth and fifteenth
centuries of its use in Europe for these conditions, both in humans and animals. It was
also recognized as a source of toxicity for grazing animals, particularly when it made up a
significant part of their diet. This recognition of active constituents in the plant was one
of the early steps in the development of understanding of poisons, and the methods and
concepts developed played a significant role in the 20th century in the establishment of
the modern pharmaceutical industry. It also had an important place in the development of

1deas about what causes diabetes.

The active compounds of the plant were isolated at the end of the 19th century, and called
guanidine and galegine. In the sticks of the plant taken during the Second World War in
Canada, insulin was found to be the active component. This collection led to studies in
which two major extensions in understanding occurred. The first was the observation that
it reduced the blood sugar of diabetics, especially when other medications were given at
the same time. The second was that it did not cause hypoglycemia, and hence was not a
fully insulinotropic drug. This indicated that it worked in part by increasing insulin
sensitivity, and so led to the discovery of the mechanism of action of the biguanides. The
discovery led to the launch of metformin in 1957 as a treatment option for diabetes in
Europe. Metformin was used widely in some European countries and was picked up by
Australian endocrinologists. It took longer to be accepted in British diabetes practice,
partly because it was seen as too closely related to another compound, which did cause
hypoglycemia and was withdrawn for this reason. Although some physicians used it
because of its apparent lack of hypoglycemic effect and its weight-reducing ability, it did

not achieve wide acceptance as a treatment option until new facts about the pathological



significance of insulin resistance changed clinical practice in the 1990s. The possibility
that metformin also inhibits cancer in both experimental animals and humans has recently
been suggested. The historical importance of this drug in enabling an understanding of
the basic abnormality underlying Type 2 diabetes is rarely noted, yet it was this
conceptual advance that marked the point at which clinical and laboratory research
complemented one another, resulting in the eventual widespread acceptance of the
concept of insulin resistance. It suggests the importance of listening to traditional
knowledge as an essential partner to emerging potential benefits identified through

contemporary research.

3.3. Mechanism of Action

To understand Metformin’s broad potential, one must first look closer at the very
complex processes at the helm of our metabolism. The pathophysiology of metabolic
disorders lies within the way the body clears blood glucose levels. Following dietary
intake, insulin is secreted by the pancreas and inhibits hepatic glucose production, while
promoting glucose clearance by peripheral tissues like muscle and fat. Patients with
diabetes develop resistance to insulin and have inadequate insulin production. Metformin
addresses the resistance issue and enhances insulin sensitivity. The main sites of
Metformin action in muscles and fat are not yet fully understood, as therapeutic
concentrations are required to be oxidized. What is understood quite well is how

Metformin alters hepatic glucose production through a mitochondrial mechanism.

Metformin has been shown to inhibit hepatic glucose production on a molecular level,
likely due to its inhibitory effect on Complex I of the mitochondrial respiratory chain.
This leads to alterations in the AMP: ATP ratio within the hepatocyte and allows for the
activation of adenosine monophosphate-activated protein kinase. This hormonal effect
subsequently activates the downstream factors involved in glucose and lipid metabolism,
accompanied by a package of biophysical effects and activation of alternative signaling
pathways involved, outside the scope of those routinely derived from AMPK. Although
these biophysical actions of Metformin serve its place in therapy, they seem to be

especially relevant in non-diabetic or so-called normal metabolic circumstances.



3.4. Improving Insulin Sensitivity

When tissues resist insulin, the maintenance of normal blood glucose levels is challenged.
Therefore, insulin resistance increases the requirement for insulin production to facilitate
glucose uptake and utilization. The improvement of insulin sensitivity has been a primary
goal in diabetes management. When sensitivity to the action of insulin increases, glucose
uptake increases as well, resulting in lower blood glucose levels. Various studies have
reported that Metformin significantly enhanced insulin sensitivity and lowered fasting
insulin levels in subjects with obesity. This effect can be noteworthy in patients with

severe hyperglycemia, decreasing insulin concentrations up to 28 weeks.

Insulin responses to oral glucose loads are also improved by Metformin treatment in
patients with obesity. Insulin sensitivity in human tissues is regulated by the function of
transporters that facilitate glucose transfer into the cells. Glucose transporter type 4
(GLUTH4) occurs in muscle and fat cells and plays a fundamental role in transporting
glucose into these cells via activation through binding to insulin receptors. The most
important example of improved insulin sensitivity by Metformin treatment is its effect on
the increased expression of GLUT4 and activation of insulin receptors. It is widely
accepted that strategies decreasing insulin resistance might have preventive effects not
only for diabetes but also for other more frequent disorders such as metabolic syndrome.
Metformin is an antihyperglycemic drug of effective choice, with beneficial systemic
effects. Thus far, Metformin has several multifaceted effects apart from the enhancement

of glycemic control.

3.5. Reducing Glucose Production in the Liver

Hepatic Effects When metformin is administered, it preferentially inhibits glucose
production by the liver. It does so by reducing the synthesis of liver enzymes through the
hepatic protein kinase. This protein that gets phosphorylated is involved in the regulation
of genes that encode for enzymes involved with glucose production and fatty acid
formation. This multifactorial approach also involves inhibiting energy formation,

leading to ATP depletion, which will finally lead to AMPK activation. Metformin is seen



to decrease most of the gluconeogenic enzymes, including the first step conversion of
pyruvate to oxaloacetate in the mitochondria. The mitochondria are the energy factory of
the cell, and we know that part of the patient's problems is the lack of energy. The
diabetic condition is like trying to fill a leaking tank. Everything that comes in would be
immediately used up, and there would be nothing left to store. By decreasing the
production of glucose by the liver, metformin could make the liver more sensitive to

insulin.

3.6. Biological Significance

As mentioned earlier, the liver plays a very important role in the body in regulating the
concentration of glucose in the blood. This is achieved by producing glucose and also
storing it. The stored glucose is called glycogen and is stored in the liver, but it is the
main source of glucose in the blood when you are in between meals. By inhibiting the
conversion of pyruvate to oxaloacetate, metformin only interferes with the excess
production of glucose by the liver, which has no direct impact for a non-diabetic fasting
person whose sugar level is within normal range. This could help to reduce the high
blood sugar level in a diabetic person who has a hyperglycemia problem. Both liver
production and retention of glucose could cause the high blood serum level, and as a
result, the reabsorption of glucose. It has also become obvious that metformin tends to
improve liver function of the patient. A clinical study was conducted to examine the
effect of metformin in diabetic patients with nonalcoholic fatty liver disease. At the end
of the 12-month period of metformin treatment, a remarkable reduction in body mass
index, serum transaminase, and FPG levels were observed in the treated group.
Furthermore, histopathologic benefits, including hepatic steatosis, inflammation, and
fibrosis, were also observed in the treated group when compared with the placebo group.
This showed the role of metformin in reducing the body burden of asymptomatic diabetic

patients with fatty liver disease, among other advantages.

3.7. Metformin’s Role in Aging

Despite being over a century old, metformin—a drug originally derived from the

botanical plant—has been experiencing something of a renaissance. Current global and



national efforts to mitigate the burden of age-related disease, decrease medical
comorbidities, and improve human health span have encouraged researchers to re-
evaluate standard treatments and delve deeper into interventions that could be repurposed
to avoid pathologies associated with age-related conditions. The intersection between
health span (i.e., the period for which an individual is optimally healthy and free from
disease) and longevity (i.e., the maximum length of time that a person or animal can live)
is a paradigm shift for those eschewing a disease-based model for an aging-based one. As
such, this model requires new targets to change, for instance, the development of novel
interventions, new approaches to nutritional practices, and/or combination therapies,
including existing pharmaceuticals repurposed to prevent aging and its concomitant

decline.

Epidemiologic studies have shown that individuals with maintenance of metabolic health
into later years have a significant impact on the prediction of remaining lifespan, further
highlighting the interconnections between metabolic health and aging processes.
Metformin targets many of these age-related biological alterations and dysregulated
pathways implicated in the aging process. A wealth of preclinical evidence stemming
largely from hypothesis-driven model organisms supports the anti-aging properties of
metformin. Metformin's effect on longevity has been widely studied in preclinical
models, including invertebrates like worms, flies, and mice. More recent and faith-
altering evidence from human-based studies is steering the reframing of aging, including
findings that diabetics prescribed metformin lived longer than those without diabetes and
that small adjuvant metformin doses improved cellular oxygen consumption rates in
isolated mitochondria, whereas increasing inflammation and reducing antioxidant
protection, in addition to decreasing glutathione levels in adipose tissue and plasma, the
main storage and circulation site for this peptide. Metformin may exalt the storage-
disposal-immune pathway that characterizes health and fitness in both women and men.
Indeed, current research support and investigations of the drug's role in extending

lifespan are significantly advancing

3.8. Longevity and Anti-Aging Potential




A broad selection of studies proposes that Metformin users may be less prone to age-
associated diseases compared to non-users. It is suggested that Metformin seemingly
attenuates both the hallmarks of aging and the biology of age-related disease. As a direct
result, older people have an improved lifespan as well as a reduced risk of the pathology
that will eventually kill them. Among women, a meta-analysis of age-related survival
concluded that diabetes increased the risk of all-cause mortality equally by 80% and all-
cause mortality by 40%. However, diabetes treatment with Metformin reduced mortality
rates to those of women without diabetes. Metformin has been shown to decrease the
prevalence of death due to aging in a number of similar research studies. Because they
continue to polymedicate from a young age, new research reports that older adults with
diabetes on Metformin had a lower risk of subsequent cardiovascular-related
hospitalization or death than similarly aged people without diabetes. Metformin may be
described as prolonging the onset of age-related decline and serving a protective function

as we see a decrease in the steady-state mortality rate due to various age-related diseases.

Metformin is a biguanide anti-diabetic agent that is used to improve insulin sensitivity
and decrease hepatic glucose output by increasing lactate and Metformin conversion.
Metformin can apparently act on the cellular and molecular pathways via a method
analogous to its starting mechanism. Metformin is thought to execute an OXPHOS
process, as indicated by decreased ATP production and mitochondrial respiration. In
cells, the shift away from glycolysis to OXPHOS is mediated by the lack of ATP, which
in turn inhibits cyclic AMP and protein kinase activity. The findings of the study are the
first lines of evidence linking Metformin's previously reported molecular and cellular
bioenergetic use in both cellular and mitochondrial pathways of aging. This effect was
most profound in the liver and muscle tissue, underscoring the therapeutic potential of
applying Metformin at the tissue-specific level for age-related protective benefit. The
genes under the influence appear to be linked to the hallmarks of aging previously
identified. Studies using model organisms have shown that Metformin increases the
lifespan of healthy non-diabetic subjects. Among its pleiotropic effects are a decrease in
inflammation and oxidative stress. These patients enrolled in the Diabetes Prevention
Program indicated that overweight pre-diabetic patients reduced their incidence of later

diabetes for twenty years. Use of Metformin in the continuation of the diabetes



prevention program produced a long-term decrease in diabetes Medicare requirements.
Among its pleiotropic effects are a reduction in inflammation and oxidative stress. It is
proposed that Metformin's most likely mechanism of reducing mortality risks is by direct
genetic and biochemical shifts that influence the rate of metabolic processes of aging at

the cellular and molecular stage.

3.9. Pathways for Longevity Enhancement

Cellular damage connected with age is the result of accumulating alterations, not all of
which are degenerative. In response to these damage signals, the body can initiate
mechanisms that, when chronically activated, help protect from future stressors and can
extend the lifespan of a number of organisms. The link between stress response pathways
and longevity is seen in many model organisms. Some key pathways include mTOR and
sirtuins, which are involved in energy metabolism. Their activation usually has a positive
effect on health, as part of discrete stimuli to help prepare for future stress. Activation

through periods of fasting has a role in diabetes and even in neuroprotection.

The adenosine monophosphate-activated protein kinase (AMPK) acts as a fuel sensor: it
switches on catabolic pathways in energy stress and off anabolic/gluconeogenic
pathways, inhibiting glucose output from the liver, lipogenesis, and stimulating lipolysis.
The effect of AMPK connections to mTOR and sirtuins may directly link bioenergetic
changes that extend lifespan, as seen with calorie restriction through ATP/AMP ratios,
dependent on AMPK. The beneficial effect of exercise (but with a high-dose stimulus,
detrimental moderate chronic exercise) is generally seen with diseases, especially in
aging. Increased AMPK glycogen, increased NAD+, and sirtuin deacetylation then
SIRT1 PGCI1 can increase mitochondrial capacity. Sirtuins are multifaceted, acting to
increase warmth and longevity. With SIRT1 activation, DNA repair gene expression is
upregulated, and NF-kB is downregulated, helping to increase health span: SIRT1 is

contained in the cytoplasm and in the endoplasmic reticulum as much as in the nucleus.

3.10. Current Research and Clinical Trials

Several clinical trials and observational research studies are progressing to investigate the

therapeutic potential of metformin beyond diabetes. However, apart from these, a few



recent studies are using this well-established, safe, and effective medicine to find its
efficacy in various health-related conditions. Metformin is widely tested for weight loss,
various cancers, management of various types of cardiovascular diseases either as
primary prevention or secondary prevention, and polycystic ovary syndrome. The
majority of metformin's trials and research are following a conventional methodology
such as interesting RCTs, and observational studies are ongoing. Although each trial has
different study designs and objectives, all are focused on the development aspects of
metformin, providing a new door to focus on metformin to manage other conditions.
These trials will validate the metabolic robustness of metformin based on the collected
data on different population genetics and geographical locations, which are a few
challenges in these trials because of long study duration and patient compliance in the

ongoing studies.

It has records of 57 completed trials on various conditions and a discussion about the
potential development of metformin that may have brought new hope into the medical
future, attaining almost 10,000 citations. This discussion allows us to go back in time and
study the path that has been traveled. More clinical research and observational studies are
ongoing to investigate the therapeutic aspect of metformin, used for various conditions
instead of diabetes management, which may outline its potential role, as metformin is the
first drug of choice and widely practiced medication for the treatment of diabetes mellitus

type 2 for decades.

3.11. Ongoing Studies and Trials

A suite of ongoing studies and clinical trials is looking at the use of metformin for
preventing age-related chronic diseases and other dosing regimens in different target
populations. While most of these trials address one of metformin's common
comorbidities, there is also growing interest in its effect on a range of geriatric
syndromes, which we know increase with age and are often comorbid with such
conditions as physical frailty, cognitive dysfunction, incontinence, and polypharmacy.
The chronic dosing trial has a plethora of clinical outcomes to address many aspects of
health and aging, including sarcopenia, frailty, quality of life, morbidity, ADLs, safety,

mental health, body composition, metabolism, and biomarkers of aging.



The importance of a pharmaceutical approach to weight management has been
highlighted recently, particularly in populations vulnerable to obesity and already
experiencing weight-related comorbidities, where lifestyle interventions may offer
suboptimal improvement in cardiometabolic health. With an efficacy-oriented approach
to managing a condition as pernicious as obesity, it is vital to think long-term and
consider both overall morbidity and healthy life extension. The safety and reversibility of
metformin mean it is a promising candidate to begin to address age-related metabolic
dysfunction, and we have therefore designed a clinical trial to look at metformin in the
same context as a targeted intervention trialed for quality-of-life improvements in a pre-
frail non-diabetic population. Metformin is also currently being researched as an adjuvant
therapy in a growing number of cancer clinical trials across the globe, in relation to
cancer prognosis, and as part of cancer prevention strategies. The number of registered

studies provides a snapshot of current global research trends.
4. Challenges in Longevity Research
The field of longevity research faces several significant challenges:

4.1. Longevity and Anti-Aging Research’s

Longevity research, or the understanding of why and how long people live, has been
actively pursued for almost a century. The first large-scale survey in longevity research
was conducted in 1926 in California and focused on the longest-living people. This was
followed by research demonstrating genetic influences on longevity in the mid- and late-
20th century—specifically in the relationships between close relatives' lifespans.
However, with a longer-term approach, a consensus has been established and has recently
been extended to include social, cultural, and environmental factors. Systematic studies
of livestock started in the late 1950s and have converged with human studies in the early
21st century. The understanding of longevity is an ongoing field of research and a rapidly
progressing one, partly due to the multidisciplinary nature of the field. Several research
groups are involved in the field of genetics—as well as those of genetic and non-genetic

components of aging and age-related diseases.



The field of longevity research asks: where should we start in understanding the biology
of aging and the differences of aging in model systems, and what should be measured?
From there, several scientific questions follow: are the longest-living organisms similar to
normal aging organisms, and should we study the intersubject variability in the aging
process? Should we also focus on 'time to and cause of death,' or should we focus on
delayed aging and, ultimately, on the improvement in health? Do aging mechanisms have
a limited lifespan and, therefore, might the effects on aging become exhausted, as
suggested by longitudinal duration studies? How and at what age do we measure aging
biomarkers, and what biomarkers should we study? Based on the answers, several
intervention studies have been developed, and some randomized intervention studies
integrated with observational studies were initiated. The main rationales to elucidate the
physiology of aging are based on changes in lifestyle and increased health span. In vitro
studies of aging have included characterization of the aging process in several cell types
of different species, the search for immortal cell substrates among cancer cells, and

comparative studies of senescence in human and non-human species.

4.2. Long Study Durations and Observing Effects

There is a huge challenge in longevity research when it comes to study durations. To see
"life extension" effects in longevity studies, one might argue we need a study duration to
observe statistical significance in lifespan from treatments that are relevant to the
maximum lifespan of the species we are attempting to extend. There are many factors
that complicate this argument, but it does represent the conceptual challenge of drug
development for indications that span generations, as in humans. Of course, there are also
other complexities in using maximum lifespan as an endpoint in humans, including
generating a dataset of centenarians we could use as matched controls. For these and
other reasons, researchers studying longevity tend to focus on "healthspan," or simply
time-to-illness/incidence of adverse health outcomes. Given all these factors, an
incredibly long duration is needed to see potential anti-aging effects, so the challenge is
great. Even if we utilize animal models with accelerated rates of aging, a long duration of
several years is necessary to follow up treated subjects until death. Finally, since we

know disappointingly long durations are required to observe the relevant outcome,



participants in the study will have to be engaged for many years. Maintaining the interest

and compliance of participants over so many years is another major challenge.

There are also biases introduced by studying a population that wants to live longer and
healthier lives. Observing the effects of a drug early on and then inferring changes in
future lifespan would require mechanisms that we have not characterized or validated and
would fall outside of observing causality. Techniques to track health outcomes over such
long periods do exist and are currently used in the pharmaceutical industry in the form of
pharmacovigilance or observational studies of patients who have taken a drug to market.
The observational data obtained in these timeframes can be informative but cannot be
used to conclude drug effects or lifespan. Adaptive trial designs could allow researchers
to improve how to track "longer-term" health span quickly. However, a long duration of
time would still be required to demonstrate objective changes in aging and observe a

lifespan effect.

4.3. Complex Interactions Between Aging Pathways

Aging is a result of a complex process involving the interactions of multiple pathways,
including genetic, environmental, and lifestyle factors, and ultimately leads to an increase
in susceptibility to aging-associated diseases. A proper understanding of the relationships
and interactions between these pathways is important if we are to cure or intervene in
aging-associated diseases. The detailed interactions between these pathways and
molecular mechanisms that regulate aging can be easily elucidated using systems biology
approaches. Models such as aging gene networks and aging pathway diagrams or age-
associated biological networks can provide a holistic view of the regulatory mechanisms
involved in the cell or organ tissue type, and molecular interactions that occur with aging.
The frameworks of aging pathways are built on the molecular and cellular interactions

that associate with aging.

Systems biology also catalogs proteins that interact either physically or functionally.
Protein-protein interaction networks that name the combination of the entire group of
protein-protein interactions within an organism may offer another source of aging-

associated proteins that could be targeted for lifespan interventions. Thus, various



overrepresented or age-dependent protein-protein or protein-metabolic regulations in the
aging process could be used as potential therapeutic targets for promoting lifespan.

Despite this, one of the current challenges is a two-fold one.

Mapping the cellular dysfunction and longevity-insurance functions for humans from
such topologically oriented networks can sometimes be a difficult task, and the choice of
what to target is often based on the unverified hypothesis that a network with biologically
significant nodes and edges is somehow mechanistically associated, even though this
jump cannot be made. Whether we can translate what goes on at the molecular level into
what happens to phenotype is one big problem. Simultaneously, we want to see longevity
assessment studies as an example of target isolation and identification and hit validation
in model organisms; however, only a fraction of this research will scale up into studies in
mammalian models and people. Although animal models act as valuable guides, we
expect better insight into human longevity research before moving forward to high-

quality samples of individuals, whether subjects or not of disease.

4.4. Translation of Findings from Animal Models to Humans

The most critical challenge in longevity research lies in translating findings from short-
lived invertebrates and rodent models to significantly longer-lived human populations.
The most common organisms used in aging studies include the mouse and the nematode,
each with its own species-specific intervention and feature. However, its typical lifespan
makes mice difficult to study long-term, and consequently, most mouse-based research
focuses on pathological aging. Similarly, the lifespan of C. elegans may correspond to
only a very short life phase in humans. Despite this, several interventions that
substantially increase the maximum lifespan of animals have been shown to lessen the

long-term effects of aging in humans.

While in some cases a similar biology of aging can be inferred from a strong
conservation of aging mechanisms, this is not sufficient to establish a direct translation of
animal research to humans. Obstacles to understanding human aging include the
significant differences in basic biology, as well as the major differences in the aging

process between short-lived model organisms and humans. Regarding genetic variability



and variations in environmental and lifestyle factors, natural populations of model
organisms can provide important insights into the impact of genetics and the

environment/lifestyle.

However, such heterogeneity plays a complicated role in detailing the underlying factors
influencing aging and aging-related diseases. Biomarkers are important tools for this
investigation when dealing with causative relationships. In principle, human trajectories
that better represent model organisms using this approach can be used to narrow the
biological difference. In order to reach a sounder translation of animal research to
applications in humans, the concept of a humanized animal model is emerging.
Humanized animal models are important, but translational aspects of animal studies
should be investigated with caution and take human ethics into account with careful
consideration, if it involves the creation of genetically modified animals. Humanized
animals translate to the degree to which aging mechanisms are similar between animal

and human models but are not human individuals and should not be treated in practice.

4.5. Regulatory and Ethical Considerations

This has led to the emergence of a series of emerging biotechnologies—from gene
editing in the human germline to developing anti-aging interventions on a population-
wide level—with their own unique set of regulatory considerations and oversight needs.
This shift has the potential to affect how research is conducted, from participant consent
to study design and implementation. There are potential ethical concerns that might arise
as a result of using any of these biotechnologies, and review by a Research Ethics
Committee will be required where investigators are applying them in a study involving
human subjects. Finally, an appropriate public discourse about biotechnologies and
possible societal concerns related to their applications is necessary. Ethical concerns arise
in relation to how such technologies should be constrained and when this amounts to
unjustifiable repression of technological innovation. A research agenda into these areas
should be developed in collaboration with researchers, research ethics boards, and
relevant authorities, as the exercise of biotechnological innovation is not value-neutral.
This section provides an overview of the regulatory framework surrounding longevity

research in humans before outlining some examples of ethical issues that might need to



be considered, such as changes in our understanding of health and disease and the social
and economic effects of increasing average lifespan. Moreover, we propose the inclusion
of a section detailing who might be involved in discussing the issues related to
international best practices in research governance and regulation for longevity research
in humans. In summary, the aim of this review is to establish a respectful, open-minded,
and inclusive collaboration between scientists, bioethicists, and regulatory authorities to

ensure that innovation is not hampered by unfounded concerns.
5. Project Vision and Objectives

Our team consists of three Associate Professors with specialized expertise in longevity
research and clinical medicine. With years of combined experience in academic and
clinical settings, we bring a multidisciplinary approach to studying the complexities of
aging and healthspan extension. Collectively, we have authored and co-authored over 100
peer-reviewed publications, contributing to advancements across various medical

disciplines, including endocrinology, gerontology, and translational medicine.

Our mission is to drive innovation in longevity science through rigorous, evidence-based
research. By focusing on metformin's potential as a therapeutic agent, we aim to unravel
its mechanisms of action in aging processes, including its effects on mitochondrial
function, oxidative stress, and systemic inflammation. Through our work, we strive to
bridge the gap between laboratory findings and real-world clinical applications,
ultimately contributing to the development of effective strategies for promoting healthier,

longer lives.

6. Experimental Studies: Design and Methodology

6.1. Effects of Metformin on Aging-Induced Mitochondrial Dysfunction and Longevity: An
Animal Model Study

Introduction

Ageing is a complex biological process characterized by a gradual decline in cellular and
physiological functions (57-59). This process is associated with increased susceptibility to disease
and increased risk of mortality. Among the mechanisms underlying ageing, mitochondrial
dysfunction, which plays a critical role in energy production and redox balance, is a major



contributor. Mitochondrial dysfunction is recognized as one of the major determinants of ageing
and results in impaired cellular energy metabolism, increased reactive oxygen species (ROS) and
an inability to clear damaged organelles. These mechanisms play an important role in the
pathogenesis of age-related diseases (60). Metformin, in addition to being a widely used anti-
diabetic drug, is attracting attention for its anti-aging effects due to its properties such as
increasing mitochondrial efficiency via AMP-activated protein kinase (AMPK) and reducing

oxidative stress (61).

There is increasing evidence that metformin extends health and lifespan in animal models through
effects that mimic caloric restriction (62,63). However, how metformin regulates mitochondrial
function, how this regulation affects age-related biological processes such as oxidative stress and
inflammation, and its direct effects on longevity are not fully understood. In this study, we test
the hypothesis that metformin improves energy metabolism by reducing age-related
mitochondrial dysfunction, reduces reactive oxygen species (ROS) and lipid peroxidation, and
thus promotes longevity by both protecting cellular functions and preventing age-related damage.
To evaluate this hypothesis, an experimental study was designed using a mouse model to analyses
in detail the effects of metformin on mitochondrial biogenesis, energy production and oxidative

stress.

Materials and Methods
Study design and ethical approval

This experimental study was designed according to ARRIVE guidelines and approved by Istanbul
Medipol University Animal Experiments Ethics Committee. All experimental procedures were
performed in accordance with national and international guidelines for the care and use of
laboratory animals.

Animal Model

e Species and Breed: C57BL/6 mice are a well-characterized model for the study of
ageing and longevity.

e Age Groups:
o Young group: 3-month-old mice at the beginning of the study.
o Old group: 18-month-old mice at the beginning of the study.
e Sample Size: A total of 60 mice, equally divided for each experimental group (n=10).

¢ Housing Conditions: 12 h light/12 h dark cycle, 22 + 2°C temperature, standard diet and
ad libitum access to water.

Experimental Groups
1. Control (Young): Standard diet, no intervention.
2. Control (Elderly): Standard diet, no intervention.

3. Metformin (Elderly): Standard diet plus 0.1% (w/w) metformin supplementation for 6
months.



4. High Dose Metformin (Elderly): Standard diet with 1% (w/w) metformin
supplementation for 6 months.

Intervention

e Metformin Administration: Based on the literature (7), metformin was administered by
mixing with standard diet to reach the desired concentration.

¢ Duration: Continuous dietary supplementation was administered for a total of 6 months.
Outcome Measures

1. Primary Outcome:
Survival: To be assessed by Kaplan-Meier survival analysis.

1. Secondary Qutcomes:
Mitochondrial Function

ATP Production: ATP levels will be quantitatively measured using luciferase-based ATP
measurement kits to assess cellular energy metabolism.

Mitochondrial Membrane Potential: JC-1 fluorescent dye will be used to assess mitochondrial
membrane integrity and energy production capacity.

Oxidative Stress

Reactive Oxygen Species (ROS): Cellular oxidative stress levels will be measured using
fluorescence microscopy with dihydroethidium (DHE) dye.

Lipid Peroxidation: Lipid peroxidation levels will be evaluated by measuring malondialdehyde
(MDA) levels. High performance liquid chromatography (HPLC) method will be used to provide
high sensitivity and specificity in this measurement.

Gene Expression

PGC-1a and Nrf2: will be analyses by qPCR for mitochondrial biogenesis and antioxidant
response. Expression levels of mitochondrial biogenesis (PGC-la) and antioxidant response
(Nrf2) markers will be analyses by quantitative polymerase chain reaction (qQPCR).

Inflammation

Serum IL-6 and TNF-a levels: IL-6 and TNF-a levels, which are markers of systemic
inflammation, will be measured using enzyme-linked immunosorbent assay (ELISA) method.

Physical Health Indicators

Body Weight: In order to evaluate the effect of metformin on body weight, the weights of all
mice will be measured monthly with a precision balance.

Exercise Capacity: A rotarod test will be performed to assess muscle strength and coordination
capacity. The residence time of the mice on the rotarod will be measured and the effects of
metformin on physical performance will be analyses based on these data.



Sample Collection and Analysis

At the end of the study, liver, skeletal muscle and brain tissues will be removed from mice for
biochemical and histological analyses. Immediately after surgical removal, the tissues will be
washed with cold physiological saline solution and frozen with liquid nitrogen and stored at -
80°C for biochemical analyses. For the evaluation of mitochondrial ultrastructure, transmission
electron microscopy (TEM) will be used as part of histological analysis. Mitochondrial
membrane integrity, cristae structure and general mitochondrial morphology will be evaluated in
TEM analyses. For TEM analyses, tissues will be fixed with 2.5% glutaraldehyde and 1%
osmium tetroxide, followed by dehydration with ethanol and propylene oxide, respectively. After
dehydration, tissues will be embedded with epoxy resin, ultrathin sections will be taken and

stained with uranyl acetate and lead citrate.

Statistical Analysis

Statistical analysis of the study was performed using different methods to assess the primary and
secondary outcome measures. In survival analysis, the Kaplan-Meier method was applied to
assess differences in survival between groups and statistical significance was tested by the log-
rank test. One-way analysis of variance (ANOVA) was used to compare parameters such as
mitochondrial function, oxidative stress markers (ATP production, reactive oxygen species, lipid
peroxidation) and inflammatory cytokine levels (IL-6, TNF-a) between groups. In cases where
significant differences were found, Bonferroni correction was applied to determine which groups
were different. Pearson correlation analysis was performed to examine the relationship between

mitochondrial markers (e.g., PGC-1a and Nrf2 expression) and survival.

All statistical analyses were performed in accordance with appropriate assumptions depending on
whether the data were normally distributed. In cases where the data were not normally
distributed, nonparametric tests (e.g. Kruskal-Wallis test) were applied to confirm the results. In
statistical analyses, p<0.05 was accepted as significance criterion and all analyses were performed

using SPSS (IBM SPSS Statistics for Windows, Version 25.0) software.
Expected Impact

This study aims to elucidate the mechanisms by which metformin extends lifespan by reducing
age-related mitochondrial dysfunction and oxidative stress. The results of this study will not only
contribute to the development of strategies for the treatment of age-related diseases but will also
provide a new perspective for translational research into health span extension. This study may be
an important step in understanding the fundamental mechanisms of ageing biology through the
regulation of mitochondrial function and may provide a scientific basis for the development of

anti-aging therapeutic approaches.



6.2. Effects of Metformin on Lung Cancer Cell Proliferation and Apoptosis: An Animal
Study in the Lewis Lung Cancer Model

Introduction

Lung cancer is one of the most common and lethal types of malignancy in terms of both
incidence and mortality rates worldwide (64). Non-small cell lung cancer (NSCLC) accounts for
approximately 85% of all lung cancer cases and is particularly notable for its potential for
treatment resistance and metastasis. Current treatment options generally have limited efficacy and
the need for new therapeutic approaches continues (65-67). Energy metabolism and apoptotic
responses of cancer cells play critical roles in the progression of this disease and these processes

are considered as therapeutic targets (68).

Although metformin is a biguanide derivative commonly used in the treatment of type 2 diabetes,
it has recently attracted attention for its potential effects in cancer therapy. Metformin regulates
cellular energy metabolism by activating the AMP-activated protein kinase (AMPK) pathway and
reduces cellular proliferation by suppressing mTOR signaling. In addition, metformin has been
shown to reduce oxidative stress, support apoptotic processes and contribute to immunological

regulation in the tumor microenvironment (69,70).

In this study, the effects of metformin on lung cancer cell proliferation and its potential to activate
apoptotic mechanisms were investigated using a Lewis lung cancer animal model. The study aims
to evaluate both the direct effects of metformin on tumor cells and its contribution to systemic

metabolic changes and to reveal its potential translational value in cancer therapy.

Method

Animal Model and Ethical Approval

Specific pathogen-free (SPF) male BALB/c mice, 6-8 weeks old, were used in the study. Mice
were housed at a temperature of 22 + 2°C and humidity of 50 + 10% in an environment with a
constant 12 h light/12 h dark cycle. All animals were maintained on a standardized diet with free
access to drinking water. The study protocol was approved by the Animal Experiments Ethics

Committee.



Cell Culture and Tumor Model

Lewis Lung Cancer (LLC) cell line was cultured in Dulbecco's Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS), 1% penicillin-streptomycin and 1% L-
glutamine. Cells were incubated at 37°C in a 5% CO, atmosphere. Cells used for the experiment
were in logarithmic phase and viability was confirmed to be above 95% by trypan blue method.
LLC cells were prepared as 1x10° cells/ml and 100 pl was injected subcutaneously under the right

forelimb of mice.

Experimental Groups

Mice were randomly divided into three groups:

1. Control Group (n=10): Tumor was induced but no treatment was administered.

2. Metformin Group (n=10): 250 mg/kg metformin was added to drinking water and given
for 21 days.

3. Combination Group (n=10): 250 mg/kg metformin and 2 mg/kg cisplatin (weekly

intraperitoneal injection).

Treatment and Monitoring Protocol

Metformin treatment was started 7 days after tumor implantation and continued for 21 days.
Cisplatin was administered intraperitoneally on days 7, 14 and 21. Mice were monitored daily and
body weights and behavioral parameters were recorded. Tumor volume was determined by a
calculation method based on length and width values measured weekly using a digital caliper. For
this calculation, the length and width of the tumor were measured, then the length value was
multiplied by the square of the width value and the result was divided by two. This method is a
widely used approach to accurately and consistently assess tumor volume. For example, when the
tumor length was measured as 10 mm and the width as 8 mm, the tumor volume was calculated to

be approximately 320 mm?.



Histological and Molecular Analyses

o Histopathological Evaluation: Tumor tissues were fixed with 10% neutral buffered
formalin, embedded in paraffin and examined by hematoxylin-eosin (H&E) staining.

e Apoptosis Analysis: Cleaved caspase-3  expression was evaluated by
immunohistochemistry.

e Protein Analysis: Proteins isolated from tumor tissues were analyzed by Western

blotting. AMPK, p-AMPK and mTOR protein expression levels were analyzed.
Ocxidative Stress and Antioxidant Activity

Malondialdehyde (MDA) levels were measured and glutathione (GSH) levels were analyzed with
ELISA kits to evaluate oxidative stress in tumor tissues. Reactive oxygen species (ROS) levels

were determined using DCFDA fluorescent probe.
Statistical Analysis

All data obtained from the study were analyzed using IBM SPSS Statistics (Version 25.0)
software. Data were expressed as mean + standard error of the mean (SEM) and Shapiro-
Wilk test was applied to determine whether the data were normally distributed.
Parametric tests were used for normally distributed data and nonparametric tests were
used for non-normally distributed data. One-way analysis of variance (ANOVA) was
applied to evaluate the differences between the groups. If a significant difference was
detected in the ANOVA results, Tukey post-hoc test was used to determine which groups
were statistically significant. For data that did not show normal distribution, Kruskal-
Wallis test was applied and post-hoc analysis was performed with Dunn's test. Kaplan-
Meier method was used to evaluate survival rates. The log-rank test was applied to test
the difference in survival curves between the groups. Pearson correlation analysis was
performed to examine the effect of metformin treatment on tumor volume and apoptosis
markers. This analysis was performed to determine possible linear relationships between
metformin and tumor growth. In all analyses, a value of p<0.05p < 0.05p<0.05 was
considered statistically significant. All analyses were reviewed twice and calculations

were checked to increase the reliability of the data.



8. Tokenomics and Funding Model

Total Supply: 1 billion tokens

Team Allocation: 2%

Research Fund: Applied to multiple funds provider

The Token deployed by 0x_Rorschach via Pump.Fun platform.

9. Project Roadmap

Phase 1 (Q3-Q4 2024): Literature review and study preparations
Phase 2 (Q3-Q4 2024): Animal study initiations, ethical
committee applications.

Increasing the Public Awareness on DeSci

Add utility to token

Phase 3 (2025-Q1-2): Data collection and analyses

of Research’s

Phase 4 (2025 Q3-4): Publications and expansion
10. Conclusion

The MetforminSOL initiative is an example of the intersection of community-driven
action and innovative research to address one of the most fundamental problems in
modern medicine, ageing. This project highlights the critical role of well-designed
scientific research in exploring new ways to extend health span and lifespan through
multi-targeted pathways with a drug as promising as metformin, beyond its established

use in diabetes management.

With rigorous design and methodology, this experimental study hypothesizes that
metformin can ameliorate age-related mitochondrial dysfunction and oxidative stress,
providing important new insights into this process. Such findings may form the basis of

future therapeutics and ultimately help to advance longevity science.

This effort is an important step in bridging the gap between laboratory discovery and
real-world clinical translation. Thanks to an incredible team of scientists, open

transparency and a supportive community, MetforminSOL is doing so much more than



just pushing the boundaries of decentralized science - it is a wonderful example of what

can be achieved when we pool our resources for meaningful research.

With the hope of encouraging innovation in longevity science, MetforminSOL aims to
serve as a key resource that not only promotes healthy long-term living, but also creates

the pathway for a legacy of knowledge and healthy living for generations to come.
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