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Abstract

Metformin, derived from Galega officinalis (Goat’s rue), is a guanidine derivative.
Its molecular formula is C4H11N5, formed by the bonding of two guanidine groups
via a carbon-nitrogen bridge. It is commercially available with the structural formula
C4H11NS5 + HCI. It has an average molecular weight of 129.16 g/mol and is frequently
preferred as a first-line treatment for type 2 diabetes. It is the most commonly
prescribed oral antidiabetic agent to date and can be formulated in combination
with GLP-1 agonists, SGLT-2 inhibitors, and DPP-4 inhibitors, in addition to being
preferred as monotherapy. In addition to type 2 diabetes, it has been observed to have
positive effects on diseases such as obesity, PCOS, neurodegenerative disorders, and
cardiovascular system disorders, and studies are ongoing regarding its effects on
cancer and aging. Common side effects observed with long-term treatment include
gastrointestinal disorders, lactic acidosis, and a decrease in vitamin B12 levels. It is
more economical than most antidiabetic agents and is one of the most readily avail-
able drugs worldwide. Due to its economic benefits, ease of access, clinical reliability,
and being the preferred choice in various international treatment guidelines, metfor-
min is becoming increasingly important and is being prescribed more frequently.

Keywords: diabetes mellitus, type-2 diabetes, insulin resistance, metformin, obesity,
polycystic ovary syndrome (PCOS)

1. Introduction

Diabetes mellitus, whose prevalence is rapidly increasing worldwide and consti-
tutes a serious economic burden, is getting worse day by day as a global public health
problem, especially with the type-2 diabetes. According to the data obtained by the
International Diabetes Federation in 2021, an average of 537 million adults worldwide
have diabetes mellitus. As a result of the data and estimates, this number is thought to
reach 783 million people by 2045 (Figure 1).

In individuals with diabetes, serious complications such as nephropathy, retinopa-
thy, and cardiovascular disease are observed, which reduce the individual’s quality
of life and increase mortality in the community [1]. Type 2 diabetes, characterized
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Figure 1.
Projected number of adult diabetes patients by year.

by multiple mechanisms, can generally be thought of as primarily involving f-cell
dysfunction and insulin resistance. Due to its characterization by various biologi-

cal system disorders, type 2 diabetes treatment is provided through multifaceted
treatment methods and various pharmacological agents [2]. Among these treatment
methods, the preferred first-line oral antidiabetic agent is metformin, which is known
as the cornerstone of modern diabetes treatment [3].

Metformin, which entered clinical use in certain regions in 1950, is a biguanide
derivative. It is widely used in combination with antidiabetic agents in the treatment
of type 2 diabetes, as well as in monotherapy [4]. However, due to its neutral or mild
weight-loss effect, its positive effect on cardiovascular disorders, and its low risk of
hypoglycemia, it is recommended as the first-line treatment method in most interna-
tional guidelines [2].

The importance of metformin is not limited to glycemic control; recent studies
have shown that it has positive effects on the gut microbiota, oxidative stress, and
inflammation [5, 6]. Additionally, there has been a significant amount of research
in recent years on its cancer-preventive properties, potential anti-aging effects, and
protective effects on the cardiovascular system [7]. Metformin, which is widely
discussed in diabetes treatment, has also begun to be used off-label in various meta-
bolic and endocrine disorders, particularly polycystic ovary syndrome (PCOS) [8].
Patient selection and dose adjustment are of great importance in treatment due to
some observed side effects. These side effects can generally be listed as lactic acidosis,
impaired kidney function, and gastrointestinal side effects [9]. Metformin, which
is also used as monotherapy, can also be used in combination. Combination therapy
is typically achieved with SGLT?2 inhibitors, DPP-4 inhibitors, and GLP-1 agonists.
The recent increase in its use makes it an important topic for discussion regarding its
impact on health and economic considerations [10].

Detailed examinations to be conducted in this study on metformin are as follows:

1. Chemical structure, general pharmacological properties, and history;

2.Effect and efficacy on current treatment approaches;
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3. Direct effects and side effects;

4. Synergistic and antagonistic effects observed when used in combination;
5.Regional usage rates and the increasing trend in its use over time;

6. Proper dosage and recommended regimens in treatment methods;

7.Comparison of effects with herbal drugs and synergistic/antagonistic effects
observed when used in combination.

The topics will be explained in detail in a step-by-step manner.

2. Metformin
2.1 Structure and pharmacological effect

Metformin has the molecular formula C4H11NS5 and its chemical name is
1,1-dimethylbiguanide. The molecular weight of this antihyperglycemic agent is
approximately 129.16 g/mol [11]. It has a pharmacological effect of increasing insulin
sensitivity in the body and is formed by the bonding of two guanidine groups with a
carbon-nitrogen bridge. It is available in oral tablet form as metformin HCl in 500 mg,
850 mg, and 1000 mg dosage forms. The molecular structure is highly soluble in
water. The formulation is available in both conventional and extended-release prepa-
rations. The reason for preferring preparations prepared using extended-release
technology is to improve patient compliance and reduce gastrointestinal side effects
(Figure 2) [12].

2.2 History and development

Metformin is derived from guanidine derivatives obtained from Galega officinalis,
a plant known as “goat’s rue.” Studies have shown that it was used in folk medicine
during the Middle Ages to reduce symptoms observed in diabetic patients [13].
Although it was scientifically mentioned in the 1920s, it was not made available for
clinical use due to toxicity observed in studies conducted at that time [14]. By the
1950s, Jean Sterne’s research led to the development of “Glucophage,” an agent that
was better tolerated than other biguanides, which was made available for clinical use
[11, 15]. In the 1960s and 1970s, the biguanide derivatives phenformin, buformin, and
metformin were available on the market. However, shortly thereafter, phenformin
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Figure 2.
Metformin HCI Structural Formula.
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and buformin were withdrawn from the market due to their high risk of lactic acido-
sis, and metformin remained the only biguanide derivative in clinical use [9, 13]. The
United States, which began using metformin later than Europe, officially approved

it by the FDA in 1995, and since then, metformin has become the most widely pre-
scribed oral antidiabetic agent worldwide [16].

2.3 Pharmacokinetic properties

Metformin, which has a bioavailability of approximately 50-60%, is absorbed
from the intestines when taken orally. Metformin, which shows a decrease in
absorption depending on the dose, is absorbed from the body in a more controlled
manner in extended-release forms [17]. Following absorption, tissue distribution is
extensive, with high concentrations observed in the kidneys, liver, and intestines.
The plasma protein binding rate is low [18]. It is not metabolized in the body and is
excreted unchanged by the kidneys. In cases of renal insufficiency, the risk of lactic
acidosis increases due to accumulation, and the elimination half-life is approximately
4-8 hours. Due to these dangerous effects, proper dosage adjustment and use are
necessary, and monitoring of renal function is critical in clinical treatment [9, 11].

2.4 Pharmacodynamic properties and mechanism of action

The primary mechanism of action is associated with the activation of AMP-
activated protein kinase (AMPK), which suppresses hepatic gluconeogenesis and
reduces glucose production in the liver. It increases insulin sensitivity in tissues
(particularly in muscles) and facilitates glucose uptake in the body. In the intestines,
it reduces glucose absorption, regulates the intestinal microbiota, and may indirectly
increase GLP-1levels [6, 19]. Due to these effects, it reduces the risk of hypoglycemia
and hyperglycemia and balances fasting and postprandial blood glucose levels.

2.5 Clinical significance

Metformin, a first-line antihyperglycemic agent, has been shown to reduce the
risk of microvascular and macrovascular complications and to lower mortality in
obese individuals [20]. Metformin, which is recommended as the first-line treat-
ment following lifestyle change recommendations, is also used in combination with
GLP-1 agonists, SGLT-2 inhibitors, and DPP-4 inhibitors. Due to its cardiovascular
protective effect and low cost, it is the most commonly prescribed oral antidiabetic
drug, particularly in developing countries [21]. It is also preferred for use in PCOS
and certain endocrine disorders in addition to diabetes [8]. In recent years, studies
have continued on its use for secondary prevention in diseases, slowing the biology of
aging, and preventing cancer [22].

3. Side effects observed with metformin
3.1 Common side effects

The most common side effect observed is gastrointestinal. Approximately 20-30%
of patients using this medication may experience side effects such as nausea, gas,
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abdominal pain, diarrhea, and loss of appetite [11]. These effects are generally
observed during the first few weeks of metformin use and may decrease over time. It
has been noted that starting treatment with a low dose and gradually increasing the
dose at specific intervals may lead to a reduction in such complaints [22]. It has been
observed that the use of extended-release formulations may improve gastrointestinal
tolerability [12].

3.2 Serious and rare side effects: Lactic acidosis

The most serious side effect observed, although rare, is lactic acidosis. Lactic
acidosis is a type of metabolic acidosis that occurs as a result of increased lactate
production and decreased clearance at the cellular level. Caution should be exer-
cised regarding renal failure, hypoxia, septic conditions, and liver disease when
metformin use is associated with lactate accumulation [23]. Meta-analyses and
studies have also indicated that the risk of lactic acidosis is very low when metfor-
min is used with appropriate patient and dose management [9]. According to 2016
data, the FDA has stated that metformin should not be used if the eGFR is <30 ml/
min, and if used in the 30-45 ml/min range, the patient should be monitored at
regular intervals [21].

3.3 Effect on vitamin B12 absorption

When metformin is used for a long time, vitamin B12 deficiency may be observed
in patients. This condition may increase the risk of neuropathy in patients and make
diagnosis difficult, especially in patients with diabetic neuropathy. Observations and
studies have shown that approximately 10-30% of patients treated with metformin
for 10 years or longer have experienced a decrease in vitamin B12 levels [24]. For
this reason, it is of great importance for patients undergoing long-term metformin
treatment to have their vitamin B12 levels measured at regular intervals for the sake of
metabolic health and proper treatment.

3.4 Multifaceted effects

In addition to ensuring glycemic control in diabetic patients, metformin also
provides general benefits in different systems. These can be summarized under the
following subheadings:

3.4.1 Cardiovascular system

Studies have observed a 39% improvement in the cardiovascular system with
metformin use [20]. Since this effect cannot be achieved with glycemic control alone,
it is thought to also benefit anti-inflammatory and antithrombotic mechanisms in the
body [25].

3.4.2 Anti-inflammatory effect

Metformin has an inhibitory effect on many markers of inflammation. For exam-
ple, it reduces the production of cytokines such as TNF-a and IL-6 in the body [26]. In
addition, certain studies suggest that it may slow the progression of atherosclerosis by
preventing macrophages from transforming into inflammatory phenotypes [27].
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3.4.3 Effect on microbiota

Metformin, which has been observed to have positive effects on the gut micro-
biota, supports the increase of certain bacteria in the flora. The best example of this is
that it helps increase Akkermansia muciniphila, a bacterium that supports metabolic
health. Thanks to such positive effects, it is seen as a positive effect independent of its
effectiveness in maintaining glycemic control in the body [6, 28].

3.4.4 Cancer and aging

Although not entirely clear, some studies conducted in recent years have suggested
that metformin has a slowing effect on aging and may prevent certain types of cancer.
This effect is explained through AMPK-m TOR pathways, oxidative stress, and mito-
chondrial functions [7, 29]. Although not entirely clear, it is believed that metformin
may reduce the risk of developing certain types of cancer, particularly breast, colon,
and pancreatic cancer.

4, Combined use with metformin
4.1 Overview

Type 2 diabetes is a disease that progresses over time, so monotherapy is often insuf-
ficient. For this reason, treatment programs generally involve combination therapy.
Metformin serves as the cornerstone of combination therapy [3]. Due to its lack of
hypoglycemic effects, it can be used in combination with many oral antidiabetic agents
or insulin preparations. In cases of combination therapy, it provides significant support
in terms of reducing side effects and ensuring the appropriateness of treatment [30].

4.2 Synergistic effects
4.2.1 Combination with insulin

As mentioned above, metformin suppresses hepatic glucose production and
enhances the peripheral effects of insulin. Insulin resistance is generally high in patients
with type 2 diabetes. At a certain point, insulin is added to the treatment regimen in the
form of basal or bolus doses. Studies have shown that the use of metformin in conjunc-
tion with insulin preparations results in a reduction in insulin requirements and limits
weight gain in patients [20, 31]. When used in combination with insulin preparations,
metformin has resulted in an additional 0.6-1.0% decrease in HbAlc. Additionally,
observations have shown a 15-25% reduction in daily insulin dosage. At the same
time, good glycemic control has been observed without the risk of hypoglycemia [32].

4.2.2 Combination with SGLT-2 inhibitors

SGLT?2 inhibitors generally increase glucose uptake by the kidneys, thereby exert-
ing their effect independently of insulin. Observations have shown that their use in
combination with metformin produces a synergistic effect and provides protective
benefits for the cardiovascular system [33]. The clinical data observed as a result
of combined use generally show: an additional 0.7-1.2% decrease in HbAlc, an
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approximate weight loss of 2-3 kg in patients, and positive improvements in the renal
and cardiovascular systems [34].

4.2.3 Combination with GLP-1 receptor agonists

GLP-1 agonists reduce appetite and increase glucose-dependent insulin secre-
tion in the body. When used in combination with metformin, weight loss has been
observed in patients, along with stronger glycemic control [35]. The clinical data
obtained from combined use include an additional 1-1.5% decrease in HbAlc, an
average weight loss of 3-5 kg in patients, and a reduction in the risk of hypoglycemia.

4.2.4 Combination with DPP-4 inhibitors

When used in combination with metformin, DPP-4 inhibitors generally have
good gastrointestinal tolerance and work by increasing GLP-1 levels in the body
[36]. The clinical advantages of combined use include an additional reduction of
approximately 0.7% in HbAlc, a neutral effect on weight, and a reduction in the risk
of hypoglycemia.

4.3 Antagonistic effects and possible interactions

Although metformin generally has low drug interactions, it should be used with
caution in certain situations. These include:

1.In individuals who are to be administered contrast agents, metformin treatment
should be temporarily discontinued before and after drug administration. This is
because it may cause acute kidney damage and predispose to lactic acidosis [1].

2.Metformin is not recommended in patients with excessive alcohol consumption
due to the risk of lactic acidosis [9].

3. Metformin is not recommended in cases of respiratory failure or heart failure,
and if used, it requires careful monitoring [23].

4.4 Clinical recommendations

Guidelines based on international studies and observations clearly recommend
combination therapy with metformin. The ADA/EASD 2022 report outlines the treat-
ment approach for patients with type 2 diabetes as follows [30]:

1. Upon diagnosis, the first-line treatment method is metformin combined with
lifestyle changes (diet, exercise, etc.).

2.If the desired reduction in HbA1lc is not achieved with the initial treatment meth-
od, GLP-1 agonists and SGLT-2 inhibitors are added alongside metformin, taking
into account any chronic kidney disease or cardiovascular disorders in the patient.

3.Depending on the progression of the disease and the patient’s condition, sulfo-
nylureas, DPP-4 inhibitors, and insulin preparations may also be added.
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5. Treatment approaches and new strategies with metformin
5.1 Current treatment practices in type 2 diabetes

All guidelines developed by organizations such as the American Diabetes
Association (ADA) and the European Association for the Study of Diabetes
(EASD), which focus on diabetes research and treatment methods, recommend
metformin as the first-line treatment for type 2 diabetes [1, 30]. A gradual
increase in dosage is recommended to improve gastrointestinal tolerance.
Treatment is initiated with an initial dose of 500 mg/day, which is gradually
increased according to the patient’s condition. However, in general, the maximum
daily dose should be 2000-2550 mg [11]. Extended-release formulations may also
be preferred according to the patient’s condition to reduce gastrointestinal side
effects [22].

5.2 Response to treatment and follow-up

The effects and response observed in patients as a result of metformin use should
be monitored. Studies have shown that the maximum effect of metformin use occurs
within 2-4 months, reducing the average HbAlc by 1-1.5%. The benefits on the
cardiovascular system have also been clearly observed [20]. For patients using metfor-
min: It is recommended that HbAlc levels be measured every 3-6 months, eGFR levels
be measured at least once a year, and B12 vitamin levels be checked at least once a year
after 5 years of use.

5.3 Uses other than diabetes treatment
5.3.1 Polycystic ovary syndrome (PCOS)

Metformin is the most commonly used pharmaceutical agent in the treatment
of PCOS, which is characterized by hyperandrogenism, ovulatory dysfunction, and
polycystic ovary morphology [37]. Its effects generally include: reducing insulin
resistance, lowering serum insulin levels, regulating menstrual cycles, improving
ovulation, and bringing the LH/FSH ratio to an acceptable level [38]. It has also been
reported to reduce the number of acne lesions associated with hyperandrogenism.
Randomized controlled trials have observed an increase in pregnancy rates when
used in combination with ovulation induction agents such as clomiphene [39]. The
treatment plan involves a daily dose of 1000-2000 mg, which can be gradually
increased.

5.3.2 Metformin in obesity

Obesity may also be observed in patients with diabetes. Metformin use may
prevent weight gain in patients and may even result in slight weight loss [40].
However, it has been observed that it may cause weight loss even at low doses in obese
individuals without diabetes. The mechanism of action involves reducing appetite
through its effect on hypothalamic AMPK pathways, breaking insulin resistance,
positive changes in gut hormones such as GLP-1, and improvement in gut microbiota
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profile [6]. Clinical observations have shown that it reduces the development of type
2 diabetes in prediabetic individuals by up to 30% (Diabetes Prevention Program
Research Group, 2002) and causes an average weight loss of 2-5 kilograms in patients
who use it [41].

5.3.3 Use in cancer prevention and treatment support

Studies on the effects of metformin, which is frequently mentioned, on cancer
biology have increased significantly in recent years. Epidemiological data have shown
that metformin use is associated with lower incidence and mortality rates in certain
types of cancer [29, 42]. The proposed mechanisms are:

1.Reducing inflammation in the tumor microenvironment,
2.Decreasing proliferative signals through reduced insulin/IGF-1 levels,
3. Inhibiting mTOR through AMPK activation,

4.Inhibiting cell-based proliferation [26].

The types of cancer frequently studied are: Breast, colon, pancreatic, and prostate
cancer. Although there is no fully established clinical treatment protocol, research on
this topic is ongoing.

5.3.4 Neuropathic pain and neurological diseases

In addition to vitamin B12 deficiency observed as a result of long-term metfor-
min use, experimental studies have also observed the neuroprotective effects of
metformin [24]. The mechanism of action generally involves: reducing oxidative
stress, suppressing inflammation through AMPK activation, and improving neuro-
nal mitochondrial function [26, 27]. In experimental studies: potential protection
in Parkinson’s disease and reduction of hyperalgesia in neuropathic pain models.
However, it is not yet fully recommended for clinical use.

5.3.5 Cardiovascular protective use

Studies have shown that it reduces myocardial infarction by 39% due to its positive
effects on improving glycemic control, improving endothelial function, anti-inflam-
matory and antithrombotic effects [25], and lipid profile [20].

5.4 Future treatment strategies

Future treatment options include response prediction based on gene polymor-
phisms such as OCT1, MATE1, and ATM [43-45], personalized treatment algorithms,
improvements in the microbiome due to beneficial bacteria such as Akkermansia
muciniphila, and combined probiotic treatments. New formulation forms being
developed include: extended-release formulations that are better tolerated, or dose
combinations created with GLP-1 agonists and SGLT?2 inhibitors.
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6. Metformin usage rates by year
6.1 Introduction: Global significance

Due to its low cost, effectiveness, and safety, it is the most commonly prescribed
oral antihyperglycemic drug worldwide [46]. It has been included in the World Health
Organization’s List of Essential Medicines [47].

6.2 Historical growth and initial approvals

It first entered the market in France [11]. With its approval by the FDA in the USA
in 1995, the volume of prescriptions increased significantly over time. The rates by
year are as follows: In 1995, following its approval, the number of prescriptions in
the USA was less than 1 million. By the early 2000s, this figure had risen to 30 million
[43]. By the 2010s, the figure in the United States had reached 80-90 million boxes
[48]. These increases were not solely related to diabetes; combined treatment meth-
ods also significantly increased its use [49].

6.3 Current usage statistics
6.3.1 United States

According to the National Ambulatory Medical Care Survey (NAMCS) and
CDC data, approximately 70% of adults with type 2 diabetes in the United States
were using metformin in 2015 [50]. By 2021, prescription data indicated that
this rate had risen to approximately 85 million [49]. The data indicate that it is
the most commonly covered antidiabetic agent, primarily due to its cost-
effectiveness [48].

6.3.2 Europe

According to 2021 NHS data, approximately more than 80% of patients with type
2 diabetes in the UK use metformin [51]. This rate indicates that more than 4 million
metformin prescriptions have been issued [51]. In Germany, metformin was pre-
scribed to 88% of type 2 diabetes patients in 2013, while this figure rose to 89.4% in
2023 [52]. One reason for these rates may be that National Health Authorities and the
European Association for the Study of Diabetes (EASD) recommend it as the first line
of treatment in diagnosed cases.

6.3.3 Asia-Pacific

Diabetes is increasing significantly, particularly in Asia. China and India have
the largest diabetic populations. In China, the usage rate of metformin, which is the
first-line treatment of choice, is approximately 85% [53]. In India, this rate exceeded
60 million in 2019 [54]. Due to its low cost and availability of local generics, it is the
most commonly prescribed oral antidiabetic agent. When examining South Korea
and Japan, this reality remains unchanged, with metformin being the preferred
first-line treatment method [55]. In India, this rate exceeded 60 million in 2019
(Figure 3) [54].
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Figure 3.
Metformin usage rate in 2021.

6.4 Reasons for increased use
The factors contributing to the increase in use are as follows:
1. Neutral or reduced effect on weight,
2. Protective effect on the cardiovascular system,
3.Low cost and multiple generic examples,
4.Being considered a first-line treatment method by strong health authorities,
5.Creating a low risk of hypoglycemia,
6. Having strong evidence-based foundations [20],

7.The serious increase in the number of diabetic patients globally can be cited as
reasons.

At the same time, estimates and calculations show that there are approximately
over 500 million adult diabetic patients worldwide [56].

6.5 Health economics and accessibility

Metformin is increasingly being prescribed due to its various generic formulations,
low cost, and combination formulations. It is even included in the reimbursement
programs of developing countries such as India (Jan Aushadhi program). Such factors
have been observed to reduce costs and alleviate the economic burden on the health-
care system due to the presence of metformin in treatment plans [57].
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6.6 Prediabetes and off-label uses

Studies conducted on patients with prediabetes as a result of metformin use have
shown that it reduces the transition from prediabetes to diabetes by approximately
30% in the USA [58]. This leads to an increase in the number of prescriptions written
for individuals with prediabetes. At the same time, it is also frequently prescribed
off-label for the management of PCOS and obesity.

6.7 International diabetes federation (IDF)

Based on the data and estimates reviewed, it is estimated that there will be
approximately 643 million people with diabetes worldwide by 2030 [56] and that
this number will reach approximately 783 million by 2045. Given these expected
rates, it is noted that the use of metformin will increase and continue to be used as a
first-line treatment method. Additionally, formulations obtained through fixed-dose
combinations are also supporting this trend. With the increase in pharmacogenetic
testing due to OCT1, ATM, and MATE1 polymorphisms, individualized treatment
methods will become more widespread, enabling direct, personalized metformin
dose adjustments [45].

7. Use in treatment methods and dose calculations
7.1 General principles

Due to its advantages, such as a reduction of approximately 1-1.5% in HbAlc, neu-
tral effect or loss in weight, protective effect on the cardiovascular system, absence of
hypoglycemia risk, and low cost, it is used as a first-line treatment method in patients
with type 2 diabetes [1, 2]. The primary goal is to maximize efficacy while increasing
tolerability and minimizing observed side effects [11].

7.2 Pharmacokinetic and pharmacodynamic properties

When administered orally, the bioavailability rate is approximately 50-60%.
Absorption may vary in the small intestine depending on the dose. Distribution is
characterized by low plasma protein binding, and the drug is excreted unchanged
by the kidneys. The half-life is 4-6 hours in the normal form and approximately
8-12 hours in the extended-release form [22].

7.3 Initial and maintenance doses
7.3.1 Standard release (IR form,)

Standard-release medications are typically started at 500 mg/day, preferably
with dinner. Gradual dose increases are made at a rate of 500 mg per week or
500 mg every 2 weeks. The target maintenance dose is 1500-2000 mg/day. In highly
sensitive patients, this rate can be reduced to 250 mg/day. The most common dosing
regimens are 500 mg twice daily or 850 mg twice daily, with a maximum daily dose
of 2550 mg/day. It is recommended that the maximum dose be divided into three
doses.

12



Perspective Chapter: A Critical Overview of Metformin Use from Past to Present
DOI: http://dx.doi.org/10.5772/intechopen.1012223

7.3.2 Extended release (XR/ER form)

In extended-release formulations, the initial treatment dose is generally
500 mg/day taken with dinner. The dose is then increased to 500 mg weekly or
500 mg every 2 weeks, and the maintenance dose is adjusted to 1500-2000 mg/
day. The maximum dosage is 2000-2500 mg/day. The use of extended-release
formulations results in better gastrointestinal tolerance and higher patient
compliance.

7.4 Renal function and dosage adjustment

In patients with renal failure due to lactic acidosis, metformin should be used
with caution and monitored closely in critically ill patients. If eGFR >60, no restric-
tions are necessary and treatment may be continued. If the eGFR value is between
45 and 59, treatment may be initiated or continued if already underway, but annual
creatinine monitoring is required. If the eGFR value is between 30 and 44, it is not
recommended for new patients, but if treatment is being administered, the current
treatment should be less than 1000 mg/day, and creatinine monitoring should be
performed every 3-6 months. If the eGFR is <30, it is contraindicated and its use is
definitely not recommended [1].

7.5 Recommended use in special patient categories
7.5.1 Elderly patients

Considering the risks of malnutrition and dehydration, low starting doses are
recommended. Generally, the dose is 250-500 mg/day, and the patient’s eGFR value
should be closely monitored.

7.5.2 Recommended use in children and adolescents

FDA approval is for ages 10 and older, with a general dosage of 500 x 2 mg/day.
It is recommended to start with an initial dose of 500 mg/day, with a maintenance
dosage range of 1000-2000 mg/day.

7.5.3 Pregnancy

Metformin is classified as FDA category B during pregnancy, and its use is not
recommended in gestational diabetes. Instead, insulin is recommended as the first
choice for the treatment of gestational diabetes. It has also been observed to reduce
the risk of spontaneous abortion in the first trimester of pregnant women with
PCOS.

7.5.4 Polycystic ovary syndrome (PCOS)

An initial dose of 500 mg/day is recommended to induce ovulation and reduce
insulin resistance. A maintenance dose of 1000-2000 mg/day is recommended after
gradual increases. Combination use with pharmacological agents such as clomi-
phene citrate is also possible, but there is no indication information available on this
subject [38].
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7.5.5 Obesity

It is prescribed off-label for increasing insulin sensitivity and suppressing appetite.
Observations have shown that a weight loss of 2-5 kg has been observed when used at
a dose of 1500-2000 mg/day.

7.5.6 Liver disease

It is contraindicated in patients with active progressive liver disease and should be
used with caution in patients with mild to moderate liver disease who are stable.

7.6 Dosage adjustment in combination therapies

The dosage of metformin used in combination with DPP-4, SGLT-2 inhibitors,
and GLP-1 agonists is generally 500-1000 mg per tablet, and a combined dosage of
1000-2000 mg/day is recommended.

7.7 Pharmacogenetic approaches and the future

Different polymorphisms alter the effects of metformin. For example, OCT1
polymorphisms cause differences in absorption and hepatic uptake. ATM can alter the
HbA1lc response. MATE1/2 can cause differences in renal elimination [44, 59].

8. Some herbal drugs used in the treatment of type 2 diabetes
8.1 Gymnema sylvestre

Gymmema sylvestre, known by its Hindi name Gurmar, is a woody climber belong-
ing to the Asclepiadaceae family. The family to which it belongs is commonly referred
to as “milkweed” [60]. This plant, whose history in diabetes treatment dates back
2000 years, exhibits this effect primarily due to the high concentration of gymnemic
acid in its leaves. Its effects include anti-inflammatory, hypoglycemic, and antidia-
betic properties. It is claimed to have properties such as reducing/inhibiting glucose
reabsorption from the intestines, increasing insulin secretion in the body, and
improving peripheral glucose uptake [61]. In an animal experiment using a high-fat
diet and streptozotocin, animal groups were administered gymnemic acid (600 mg/
day) and metformin (200 mg/day) separately, and a group was administered a dual
combination (200 mg/day metformin +600 mg/day gymnemic acid). After 28 days,
the greatest decrease in HbA1lc levels was observed in the group that received only
metformin (200 mg/day). A decrease was also observed in the group receiving the
combination therapy (200 mg/day metformin +600 mg/day gymnemic acid), while
the smallest decrease was observed in the group receiving only gymnemic acid
(600 mg/day). The study concluded that gymnemic acid does not have a synergistic
effect on metformin but may provide additional benefits [62].

8.2 Berberis vulgaris

The main component is berberine, an isoquinoline alkaloid [63, 64]. Berberine is
solid, yellow in color, and has a bitter taste. It is insoluble in water [65]. It has been
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used for many years in traditional Chinese medicine to treat diabetes. It is believed to
have antiviral, antihypertensive, hypolipidemic, antibacterial, and anti-inflammatory
effects (same as the reference above). In a study, 36 individuals with type 2 diabetes
were administered 0.5 grams of metformin and berberine separately three times daily.
Additionally, a combined dose of 0.3 grams of berberine plus 0.5 grams of metformin
was administered. No significant difference was observed in the effects on HbAlc lev-
els between the separate administrations, and no antagonistic effects were observed
with combined use [65].

8.3 Trigonella foenum-graecum L.

Fenugreek, which is mainly used for its leaves and seeds, is a plant belonging to
the Fabaceae (legume) family [66]. The soluble fiber galactomannan found in its
seeds has a slowing effect on the passage and absorption of carbohydrates in the
gastrointestinal system. Additionally, it contains 4-hydroxyisoleucine and diogenin
in its seeds, and it is argued that these active compounds may exhibit antidiabetic
properties [67]. Its effect on diabetes can be described as stimulating insulin release
from f cells, increasing insulin sensitivity, and selectively reducing glucose absorption
[68]. Thirty randomly selected individuals with type 2 diabetes were divided into two
different groups. The first group was given only 500 mg of metformin twice daily. The
second group was given 500 mg of metformin twice daily and 1 gram of fenugreek
powder three times daily. After 12 weeks of treatment, the change in HbA1lc levels was
more significant in the second group, where combined use was involved [69].

9. Conclusion

Metformin, which is more commonly associated with type 2 diabetes, is a pharma-
cological agent that is frequently used in monotherapy and combination therapies [3].
Due to its economic affordability, reliable sources, and easy availability, it is becoming
increasingly effective [48]. Metformin, which is used at various doses, can also cause
various side effects such as kidney failure and lactic acidosis if not used with caution [9].
Due to the observed vitamin B12 deficiency with long-term use, it should be measured at
least once for patients, especially after the fifth year [24]. Metformin, which is frequently
prescribed in obesity and PCOS treatments, is also the subject of serious studies on
cancer biology and anti-aging effects [8, 40]. However, the synergistic and antagonistic
effects of some commonly used herbal drugs on metformin have been thoroughly
investigated, and studies have not shown that fenugreek and gymnemic acid provide
additional benefits to metformin, nor that berberine has an antagonistic effect [62, 65,
69]. Additionally, combined use with DPP-4 inhibitors, SGLT-2 inhibitors, and GLP-1
agonists is also being considered [70]. This molecule, supported by various international
guidelines, will continue to maintain its place in the healthcare sector with the appropri-
ate dosage forms and necessary follow-ups, and it is anticipated that it will be prescribed
in the future for various cancer diseases and to slow down aging [7, 22, 29].
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