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ABSTRACT 

The foundation of functional food science is to improve health and wellness by validating foods that affect one’s physical, 

behavioral, cognitive, psychological, or physiological function. Functional food science  provides insight into foods that 

can be considered as “natural or processed foods that contain known or unknown biologically active compounds, which, 

in defined, effective, and non-toxic amounts, provide a clinically proven and documented health benefit for the 

prevention, management, or treatment of chronic diseases.” This definition of functional foods is translatable to oral 

therapeutics, which can be defined as drugs taken orally that contain biochemically active compounds that combat 

diseases. Oral drug therapies have revolutionized modern medicine and patient health outcomes by ensuring accessible 

and effective treatments. Well-known drugs are established by their discrete drug usage indications based on clinical 

research that mimics real-world usage. These drug parameters act as a guideline for medication administration and 

patient education. 

The Functional Food Center has introduced a novel system for validating functional foods. In a similar manner to 

Functional Food Center’s multi-step classification of functional food, a comprehensive evaluation of oral therapeutic 

drugs can be formulated. When evaluating a drug, these criteria substantiate the reasonable usage and continuation of 

oral therapies. Metformin is one of the top ten oral drugs used in the United States. This review evaluates metformin 

under these guidelines and reports on its adherence or nuance to these criteria. Metformin has blood glucose-lowering 

properties that effectively treat chronic diseases, namely type 2 diabetes. As a first-line defense in hyperglycemic control, 

metformin is used to suppress hepatic gluconeogenesis, among other mechanisms of  cell signaling in insulin uptake. 
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Focusing on the glucogenic breakdown properties of metformin, this review introduces fifteen key parameters of 

medicine performance and considerations for patient use. 

Novelty: This review uniquely applies a functional food science framework to evaluate metformin, a widely used oral 

therapeutic for type 2 diabetes. By adapting the Functional Food Center's multi-step classification process, this work 

introduces fifteen key parameters for assessing medication performance and patient use, offering a novel perspective 

on optimizing oral drug therapies beyond traditional clinical research. 

Graphical Abstract: Metformin: A review on optimal medication dosage, interactions, and efficacy. Exploring natural 

alternatives for diabetes management 

©FFC 2025. This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 License 

(http://creativecommons.org/licenses/by/4.0) 

INTRODUCTION 

Advancements in modern medicine have created safer 

and more accessible treatments that can effectively 

combat and prevent the rise of chronic illnesses in the 

United States. Oral therapeutic agents were developed to 

ensure affordable and readily available solutions. The 

Food and Drug Administration (FDA) regulates the quality 

assurance and safety inspection of medication in the 

United States. Clinical research data and patient trials 

back oral medicines that make it to market to ensure 

their efficacy and proper use. When considering the 

practical use of medications, numerous factors tie into 
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patient history and livelihood. Drug adherence is a 

contributing factor to medication usage that directly 

affects health outcomes. Anti-diabetic drugs are 

prevalent in the pharmaceutical market due to over 10% 

of Americans having been diagnosed with diabetes, with 

over 20% of Americans having undiagnosed diabetes [1]. 

Commonly used anti-diabetic drugs are in the form of 

injectable peptide treatment that mimics the effects of 

the glucagon hormone [2]. Oral medications are a less 

well-known form of diabetes treatment, as metformin is 

the only oral anti-diabetic currently used in the United 

States. To evaluate a medication's effectiveness in 

facilitating patient adherence, this paper outlines the 

criteria for the drug metformin. Metformin is a blood 

glucose-lowering agent for treating individuals with type 

2 diabetes [3]. The chemical structure of metformin is 

illustrated in Figure 1, which outlines its characteristic 

biguanide structure. Anti-diabetics aim to combat 

elevations in blood glucose levels when the body resists 

insulin. Insulin is a hormone secreted from the pancreas 

that works to lower blood sugar by enabling cell uptake 

of glucose [4]. Type 2 diabetics suffer from insulin 

inefficiency, where the body does not produce enough 

insulin or has become insensitive to the hormone, 

resulting in decreased glucose cell uptake and elevated 

blood sugar levels [3]. Anti-diabetic drug developments 

have produced an oral therapy to counter insulin 

resistance and address hyperglycemia in adults. 

Metformin enhances glycogenesis activated by insulin 

and reduces glucagon-enhanced gluconeogenesis [3]. 

Figure 1. The molecular structure of Metformin is depicted above. The chemical name for metformin is 

1,1-dimethylbiguanide hydrochloride, with the chemical formula C4H11N5.  

In recent years, multiple investigations have been 

conducted on the management of type 2 diabetes using 

specific functional food ingredients and bioactive 

compounds [5–10]. Many studies have also examined 

metformin, specifically in comparison to  insulin-lowering 

food-based ingredients [11–13] and other drugs [14-15]. 

Additionally, there is a growing body of research focused 

on the insulin-lowering properties of food-derived 

bioactive compounds [16–17]. In this article, we focus on 

metformin’s optimal dosage, interactions, and efficacy, 

while also exploring natural alternatives for diabetes 

management. 

Research Strategy: A literature review was conducted 

using the PubMed, ScienceDirect, and www.FFHDJ.com 

databases. The search included studies on drug and plant 

therapeutics to understand the mechanisms of action of 

metformin in the context of its glucose-lowering 

metabolic treatment. Articles describing the metformin 

drug performance, efficacy, usage, indications, and 

mechanisms of action were included in this review paper. 

The included articles also pertained to plant ingredients 

with evidence of blood glucose-lowering capabilities. 

Keywords for this search: bioactive plant compounds, 
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squalene, amaranth oil, type 2 diabetes mellitus. Search 

results were limited to articles written between the years 

1996 and 2025.  

Characterization of Drug Performance Through Fifteen 

Key Parameters: Along with medication dosing and 

timing adherence, many vital parameters must be 

considered when evaluating the efficacy and safety of 

oral medications. These factors include but are not 

limited to: drug interactions and contraindications, 

bioavailability, absorption, tolerance, patient 

demographics, food interactions, and drug adherence. 

Below are fifteen guidelines pertinent to assessing a 

patient’s medication efficacy.  

1. Side Effects (Adverse Effects)

- Description: Unintended harmful effects caused

by a drug. Side effects can range from mild (e.g.,

headaches, nausea) to severe (e.g., organ

toxicity, allergic reactions). They may vary

depending on the drug and individual patient

factors. Side effects, or adverse effects, are

unintended harmful consequences of drug use

that can range in severity and vary depending on

the specific drug and the individual patient [18].

Importance: Side effects are crucial in evaluating

the drug’s risk-to-benefit ratio. They influence

treatment decisions and patient adherence.

Researchers found that metformin modestly

reduced the risk of pre-eclampsia and increased

the risk of gastrointestinal side effects.

2. Contraindications

- Description: Conditions or situations in which a

drug should not be used due to potential harm.

This includes certain diseases (e.g., kidney

failure), drug allergies, and possible interactions

with other medications. Global

pharmacovigilance data from the recent 

pandemic era highlights the ongoing relevance 

of understanding and adhering to 

contraindications as a critical measure to 

minimize adverse drug reactions and potential 

patient harm [19]. 

- Importance: Identifying contraindications 

ensures patient safety by preventing adverse 

reactions or worsening of pre-existing 

conditions. 

3. Route of Administration

- Description: The method used to introduce a

drug into the body (oral, intravenous,

intramuscular, topical, etc.). The route

determines how quickly and effectively the drug

acts. Recent advancements in pharmaceutical

manufacturing and drug delivery underscore the

fundamental principle that the route of

administration is a critical determinant of a

drug's release profile and subsequent

bioavailability, directly influencing how rapidly

and effectively it can exert its therapeutic

effects [20].

- Importance: Route of administration influences

drug absorption, onset of therapeutic action,

and patient compliance. For instance,

intravenous administration offers rapid action,

while oral drugs are more convenient but slower

acting.

4. Half-Life

- Description: The time required for the

concentration of the drug in the bloodstream to

decrease by half. Recent literature in clinical

pharmacy emphasizes that the half-life is a key

pharmacokinetic parameter guiding effective

and safe drug administration [21].
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- Importance: The half-life determines dosing

frequency and helps predict how long a drug

stays effective in the body, which is vital for

maintaining therapeutic levels.

5. Pharmacokinetics

- Description: Pharmacokinetics is the study of a

drug’s absorption, distribution, metabolism, and

excretion (ADME). As highlighted in a recent

update on the field, pharmacokinetics

significantly influences a drug's therapeutic

effectiveness and the duration of its action

within the body [22].

- Importance: Pharmacokinetics helps

understand how the body processes a drug,

which is critical for dosing schedules and

predicting interactions with other drugs.

6. Drug Interactions

- Description: How drugs interact with other

drugs, foods, or supplements. Interactions can

either enhance the drug’s effect, reduce its

effectiveness, or reduce its safety. Drug

interactions with other drugs, food, or

supplements can decrease effectiveness or

increase safety risks [23].

- Importance: Managing drug interactions is

essential for optimizing treatment and avoiding

harmful consequences, especially in patients

with multiple comorbidities.

7. Tolerance and Dependence

- Description: Tolerance occurs when a drug’s

effectiveness diminishes over time with

continued use, while dependence refers to

physical or psychological reliance on the drug.

Tolerance  and dependence are key in long-term

drug therapy, especially for substances with

abuse potential [24].

- Importance: Understanding tolerance and

dependence helps manage long-term

treatments and avoids withdrawal symptoms

when discontinuing a drug.

8. Cost and Accessibility

- Description: The affordability of the drug and its

availability within various healthcare systems.

This also includes whether the drug is available

in generic forms.

- Importance: Cost and accessibility can

significantly affect patient access to treatment

and influence healthcare policies, especially for

chronic conditions that require long-term

therapy.

9. Indications (Therapeutic Uses)

- Description: The medical conditions or diseases

for which a drug is prescribed [25].

- Understanding the drug's indications ensures

that it is used appropriately for the right

conditions and helps clinicians make informed

treatment options.

- 

10. Efficacy vs. Safety Profile

- Description: This refers to the balance between

how effective a drug is in treating a condition

(efficacy) and the risk of side effects (safety).

Evaluating the balance between a drug's

effectiveness and its potential for adverse

events is a critical aspect of clinical

pharmacology, as demonstrated in studies

assessing direct oral anticoagulants [26].

- Importance: This balance is key when comparing

different treatment options, particularly when

they offer similar therapeutic benefits but have

differing safety profiles.
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11. Patient Demographics

- Description: Patient-specific factors such as age,

weight, gender, genetics, and pre-existing

conditions affect how a drug is metabolized,

alongside its therapeutic outcomes.

- Importance: Personalizing treatment based on

demographic factors can enhance the drug’s

effectiveness and minimize adverse reactions.

- 

12. Bioavailability

- Description: The proportion of the drug that

reaches the bloodstream after administration is

available to have a therapeutic effect [27].

- Importance: Drugs with higher bioavailability

require lower doses and/or less frequent

administration to achieve therapeutic effects.

- 

13. Therapeutic Index

- Description: The ratio between a drug's toxic

and effective doses. A higher therapeutic index

indicates a safer drug. The therapeutic index is a

crucial measure of its safety profile [28].

- Importance: An extensive therapeutic index

offers a buffer against accidental overdose,

reducing the risk of harmful effects.

- 

14. Drug and Food Interactions

- Description: Food and other substances can

significantly impact the drug’s absorption,

metabolism, or effectiveness, potentially

leading to altered therapeutic effects or safety

profiles. Some foods or beverages may enhance

or inhibit a drug’s action [29].

- Importance: Managing drug-food interactions is

essential to ensure the drug reaches its desired

therapeutic effect and prevent unwanted side

effects.

- 

15. Adherence and Compliance

- Description: Refers to how consistently and

accurately patients follow the prescribed drug

regimen. Non-compliance can lead to

suboptimal therapeutic outcomes. Adherence

and compliance are critical for achieving optimal

therapeutic outcomes [30].

- Importance: Patient adherence is a critical

factor in treatment success. Understanding

barriers to compliance (e.g., side effects, dosing

frequency) can help healthcare providers

optimize therapy.

METFORMIN: Comprehensive Analysis of Metformin 

(Anti-diabetic Medication) Based on 15 Key Parameters 

Dosage: Metformin is typically prescribed to be taken in 

dosages of 500 mg to 2,000 mg per day. Newly prescribed 

metformin recipients start at a low dose to minimize the 

adverse side effects of gastrointestinal upset. Dosing is 

subject to change based on the individual’s blood glucose 

levels and renal function [3]. The recommended first 

dose for metformin therapy is 500 mg twice daily, or 850 

mg once daily [5]. Its effectiveness in reducing HbA1c is 

significantly greater when administered in higher doses, 

demonstrating its value as a first-line pharmacologic.  

Figure 2 illustrates the key points in optimizing 

metformin dosages. 
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Figure 2. Key points in the establishment of Metformin dosing procedures. Optimization of Metformin 

dosage is outlined through reducing HbA1c levels, establishing a dosage procedure that effectively acts on 

lowering blood glucose and maintaining renal function to minimize negative lasting side effects.  

Administration Timing: Metformin is most commonly 

prescribed to be taken once, twice, or thrice daily [31-35]. 

There are two formulations of metformin, immediate-

release (IR) and extended-release (ER) [36]. The apt 

metformin formulation depends on the patient’s blood 

glucose levels, medication tolerance, and whether they 

take other medications [3]. The onset of the full effect on 

blood glucose control may take several days to weeks. 

Dosing time management is a key component of drug 

efficacy, particularly applicable to the regular and 

extended-release formulations of metformin 

hydrochloride. The immediate-release form has 

indicated low gastrointestinal tolerability compared to 

doses of the extended-release form [37]. Metformin's 

immediate-release formulation can be prescribed once, 

twice, or thrice daily, and dosages can be taken at 

different mealtimes within the day [38]. This can be 

taxing for patient compliance with oral therapy and may 

not be suited for those with gastrointestinal intolerance. 

However, the immediate-release metformin can be used 

as a monotherapy, while the extended-release 

formulation is typically used in combination therapies. 

This expanded oral treatment prolongs drug absorption 

and allows for once-a-day dosing for patients with type 2 

diabetes [39]. 

Effectiveness: Metformin is proven to reduce HbA1c and 

blood glucose levels significantly. Its long-term use 

effectively prevents diabetes complications, including 

cardiovascular disease [40]. Long-term use of metformin 

is typically associated with ER formulation, which reduces 

the severity of gastrointestinal discomfort or renal 

impairment that may occur with prolonged usage. With 

proven effectiveness as an anti-diabetic, studies show 

that Metformin can reduce the risk of cardiovascular 

events in type 2 diabetes patients [41]. The efficacy of 

metformin is derived from its mechanism of action, 

which changes the energy metabolism of the cell by 

inhibition of hepatic gluconeogenesis [42].  Metformin 
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works to deplete the metabolites involved in the 

tricarboxylic acid cycle to improve energetic systems that 

act on cellular metabolism. It hinders cancer cell growth 

by directly affecting energetic metabolism [43]. 

Metformin has anti-carcinogenic effects through AMP-

activated protein kinase (AMPK) activation and inhibition 

of NADH-coenzyme Q oxidoreductase [44]. This 

mechanism limits the generation of reactive oxygen 

species, leading to hypoxic stabilization, a necessary 

component in reducing DNA damage [45]. Another 

aspect of metformin action is related to biological aging 

in combating age-related disorders related to lifespan. 

These aspects focus on the delay of stem cell aging, which 

helps regulate mitochondrial function and enhance 

intercellular communication [46]. Metformin’s ability to 

activate the AMPK illustrates increased autophagic 

activity capable of restoring mitochondrial capacity and 

alleviating the hallmarks of cellular senescence [47]. The 

diversity of biochemical mechanisms that are affected 

through metformin therapy distinguishes its efficacy and 

novel treatment as an anti-diabetic and related health 

disorders.  

Side Effects (Adverse Reactions): A common side effect 

experienced by patients taking metformin is 

gastrointestinal upset (nausea, diarrhea, abdominal pain) 

[48]. Metformin increases the absorption of glucose in 

the small intestine and the production of lactate. This 

also increases GLP-1 (glucagon-like peptide) and bile 

concentrations in the intestinal tract [49]. Kidneys are the 

primary organ in which metformin is absorbed and 

processed. Biguanide class drugs like metformin are 

known to increase blood plasma lactate levels by 

inhibiting liver mitochondrial respiration [50]. Patients 

with renal conditions or chronic renal failure are not 

recommended to take metformin due to their increased 

risk of lactic acidosis [51]. Severe adverse reactions 

include cases of lactic acidosis observed in patients who 

have preexisting renal or liver conditions [2]. Metformin 

therapy is typically used in long-term increments, taken 

daily for the rest of the patient’s life. Vitamin B12 

deficiency often results from the long-term use of 

metformin [52]. Figure 3 presents the side effects of 

metformin as observed in preclinical and clinical trials.  

Figure 3. The main side effects experienced by metformin users, as observed in pre-clinical and clinical trials, are 

gastrointestinal discomfort and lactic acidosis. Some patients with prolonged usage of metformin experienced low 

vitamin B12 levels and mild impairment of renal function. 

Contraindications: Metformin is not recommended in 

patients with severe renal impairment [3]. Metformin 

increases hepatic insulin sensitivity, increases peripheral 

glucose uptake and reducing basal glucose output and 

hepatic glucose concentrations. Since kidneys are the 

primary organ where metformin acts upon absorbing and 
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processing the medication, patients with renal conditions 

or chronic renal failure are not recommended to take 

metformin due to their increased risk of lactic acidosis. 

Metformin therapies for type 2 diabetic patients with 

chronic kidney disease showed a decline in their overall 

renal function, resulting in high serum LDL-C, high HbA1c, 

low baseline eGFR, high uric acid level, high UACR, and 

the use of ACEIs and/or ARBs. Patients with impaired 

renal and liver function may experience acute or chronic 

metabolic lactic acidosis as a result of continued usage 

[37].  

In a retrospective cohort study involving patients 

with type 2 diabetes using metformin from January 1993 

to June 1995, the risk of various contraindications was 

identified, including acute myocardial infarction, cardiac 

failure, renal impairment, and chronic liver disease. The 

population size was c, of whom 3.5% experienced acute 

myocardial infarction, 4.2% cardiac failure, 4.8% renal 

impairment, and 2.8% chronic liver disease. The recorded 

percentage of patients with contraindications taking 

metformin and observed contraindications was 24.5% 

and 6.4% of all patients with type 2 diabetes [53]. 

Route of Administration: Metformin is an oral tablet. It 

has two different formulations, the IR and the ER. Orally 

taken metformin solutions are also manufactured for 

those unable to take tablets [54]. 

Half-Life: The half-life for IR metformin is 4–9 hours in 

healthy individuals, supporting once or twice daily 

dosing. The extended-release form has a longer half-life 

that is suitable for once-daily dosing. Following oral 

administration, the bioavailability is reportedly 50-60%. 

Completion of metformin absorption is estimated at 6 

hours following administration, occurring primarily in the 

upper intestine. Following intravenous metformin 

administration, most was excreted in the urine after 8 

hours. In oral administrations of 500 mg metformin, half 

of the dose was recovered in urine, while a quarter was 

present in feces [55]. Table 1 presents the drug 

distribution of metformin, which can be characterized as 

a two-compartment system. Distribution through blood 

circulation occurs from absorption and processing in the 

kidneys. Complete elimination from both compartments 

occurs between approximately 12 and 14 hours [56].

Table 1. Metformin pharmacokinetics via intravenous administration. 

N Dose (mg) Infusion time (min) t1/2 plasma (h) t1/2 urine (h) Plasma clearance (L/h)  Renal clearance (L/h)  Reference 

5 1000 <1  1.52 ± 0.13 N/A 26.5 ± 2.4  20.1 ± 2.8  [57] 

3 500 5 1.74 ± 0.11 9.29  ± 0.48 27.5 ± 0.36 27.2 ± 2.8  [58] 

4 250 15 4.50 ± 1.0  19.0 ± 5.0  42.4 ± 0.96 32.6 ± 1.8 [59] 

N = sample size 

t1/2 = terminal elimination half-life 

N/A = not available  

Metformin half-life after single-dose intravenous administration in healthy volunteers (means ± SEM)  

Pharmacokinetics: Metformin acts on the body through 

absorption in the small intestine, where its maximal 

plasma concentration is reached 2-3 hours following 

administration. Metformin is not metabolized in the liver; 

instead, it leaves the body  

unchanged by the kidneys through excretion [60]. 

Table 2 presents metformin absorption and 

elimination during multiple-dosing regimens in healthy 

subjects (HS) or patients with type 2 diabetes mellitus 

(DM) with good renal function [60].
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Table 2. Immediate-Release Metformin Pharmacokinetic Variation 

Immediate release metformin pharmacokinetic variation 

Dosage (mg) n Cav, ss (mg/L) CL/F (mL/min) Vd/F (L) t1/2 (h) Reference 

HS, 250 mg bid 24 0.35 ± 0.06 780 ± 139  N/A N/A [61] 

DM, 850 mg tid 9 1.35 ± 0.50 1118 ± 325 1952 ± 1519 19.8 ± 15.9 [62] 

HS, 850 mg tid 9 1.34 ± 0.35 1130 ± 457 1211 ± 690 13.0 ± 7.8 [62] 

DM, 1000 mg bid  13 1.23 ± 0.30 881 ± 215 N/A N/A [63] 

values are expressed as mean ± standard deviation  

Vd/F (L) and t1/2 (h) are determined through terminal log-linear phase elimination following treatment termination; these 

pharmacokinetic parameters do not represent a dosage interval. 

qd = once daily, bid = twice daily, tid = thrice daily, Cav,ss = average plasma concentration steady state over dosage interval, 

CL/F = total clearance after oral administration, t1/2 = elimination half-life, Vd/F = volume of distribution after oral 

administration, N/A = not available,  

Table 3 presents metformin absorption and 

elimination during single-dosing regimens in healthy subjects 

(HS) or patients with type 2 diabetes mellitus (DM) with good 

renal function [60]. 

Table 3. Extended-Release Metformin Pharmacokinetic Variation 

Extended-release metformin pharmacokinetic Variation 

Dosage (mg) n Cav,ss (mg/L) CL/F (mL/min) Vd/F (L) t1/2 (h) Reference 

HS, 500 qd 16 0.26 ± 0.08 1029 ± 325 463 ± 204 5.2 ± 1.6 [64] 

HS, 1000 mg qd 16 0.52 ± 0.13 1033 ± 260 402 ± 123 4.5 ± 0.8 [128] 

HS, 1500 mg qd 15 0.70 ± 0.17 1159 ± 287 481 ± 129 4.8 ± 0.5 [65] 

HS, 2000 mg qd 14 0.85 ± 0.17 1271 ± 256  572 ± 175 5.2 ± 1.2 [65] 

values are expressed as mean ± standard deviation  

Vd/F (L) and t1/2 (h) are determined through terminal log-linear phase elimination following treatment termination; these 

pharmacokinetic parameters do not represent a dosage interval 

qd = once daily, bid = twice daily, tid = thrice daily, Cav,ss = average plasma concentration steady state over dosage interval, 

CL/F = total clearance after oral administration, t1/2 = elimination half-life, Vd/F = volume of distribution after oral 

administration, N/A = not available 

Tables 2 and 3 depict a pharmacokinetic 

comparative analysis between the immediate-release 

and extended-release metformin dosage forms. The 

overall blood plasma concentrations of metformin 

indicate no significant accumulation in varying dosage 

amounts and frequencies. The average concentration per 

dosage interval (Cav, ss) describes the time course of 

metformin in the patient’s plasma concentration [66]. In 

subjects with good renal function (HS), the average half-

life is 5 hours. Patients with slightly impaired renal 

function (DM) show a similar half-life time for the 

extended-release form [67]. A comparison between the 

absorption of metformin in the immediate-release versus 

extended-release formulation shows that metformin 

plasma concentrations are, on average, lower but 

sustained longer in the extended-release tablet. The CL/F 

values increased, slightly increasing metformin's daily 

dosing (QD) [68]. 

Drug Interactions: Monitoring potential drug 

interactions is integral to medication review. 

Understanding the various biochemical outcomes when 

using metformin in combination therapies is crucial to 

proper dosage and timing. H2 inhibitors like cimetidine 

may increase plasma concentrations of metformin. [48]. 

Cimetidine decreases the renal clearance of metformin 
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by inhibiting renal tubular cation transport [69]. The 

intracellular accumulation of cimetidine after 

administration to the basal compartment was 

considerably higher in MDCK-OCT2 cells than in all other 

cells. The presence of MATE1 in the apical membrane 

caused a pronounced translocation of cimetidine in both 

single- and double-transfected cells. Transcellular, basal-

to-apical metformin net transport was reduced by 89.1, 

74.5, and 91.0% in MDCK-OCT2-MATE1 cells after the 

addition of cimetidine (100 μM) to the basal, the apical, 

or both compartments [69]. Severe side effects regarding 

metformin usage are lactic acidosis, which is an increased 

risk when the patient is also taking diuretics or steroids 

[41]. Alcohol consumption also increases the risk of lactic 

acidosis [2]. Drugs that directly affect renal function or 

cause insulin sensitivity should not be used in 

combination therapy with metformin [3].  

Figure 4 presents the significant factors regarding 

metformin use: drug interactions and contraindications. 

Figure 4. The significant factors regarding metformin use are drug interactions and contraindications. Drug interactions with 

metformin impact its efficacy and safety of use, specifically medications that affect insulin sensitivity and medicines used to 

treat stomach acid buildup, like Cimetidine. 

Tolerance and Dependence: Due to metformin's 

hypoglycemic effects, tolerance development was not 

observed. There were no physical dependence or 

withdrawal symptoms linked to metformin. Medication 

adherence is essential to ensure the drug can act as 

intended. Inadequate medication usage can lead to 

worsened conditions of increased thirst, impaired kidney 

function, fatigue, and prolonged hyperglycemia [41]. 

Cost and Accessibility: Metformin is available under its 

generic name, making it widely available in most 

community pharmacies and generally affordable. 

Different biguanide-based medications are marketed in 

other countries, but the United States only offers 

metformin as an oral anti-diabetic agent.  

Indications (Therapeutic Uses): Metformin is most 

commonly prescribed to treat type 2 diabetes and insulin 
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resistance [54]. Other prescribed uses include the 

treatment of polycystic ovary syndrome and gestational 

diabetes.  

Therapeutic Index: The therapeutic index is the 

concentration comparing the toxic dose to its maximally 

effective dose. The breadth of its therapeutic index 

determines drug safety; the larger the index, the safer 

the drug is. Metformin has a broad therapeutic index for 

patients with normal kidney function. Metformin may 

pose the risk of lactic acidosis in patients with impaired 

renal function [2]. 

Drug and Food Interactions: This section explores the 

interactions between metformin, a common medication 

for type 2 diabetes, and various foods and substances. It 

highlights how these interactions can affect the drug's 

absorption and efficacy and the potential need for 

dietary adjustments and supplementation during long-

term use. 

Metformin Absorption and Dietary Considerations: 

Metformin absorption occurs primarily in the small 

intestine, which is crucial for food and nutrient 

absorption [54]. It is important to note that the 

absorption of metformin may be diminished when taken 

with high-fat meals, potentially decreasing the drug's 

efficacy. Therefore, while it is recommended that 

metformin be taken with meals, high-fat meals should be 

avoided to ensure optimal absorption. 

Alcohol and Lactic Acidosis Risk: The use of metformin is 

associated with increased lactic acid levels in the blood. 

Consequently, alcohol intake is advised against in 

individuals taking metformin, as it can heighten the risk 

of lactic acidosis [2]. This risk underscores the importance 

of monitoring alcohol consumption while on this 

medication. 

Carbohydrate Intake Monitoring: When taking 

metformin, it is essential to monitor carbohydrate intake. 

Excessive levels of simple sugars can counteract the 

medication's blood glucose-lowering effects [41]. A 

balanced approach to carbohydrate consumption can 

help maintain the drug's effectiveness in managing blood 

sugar levels. 

Long-term Use and Vitamin Absorption: Long-term use 

of metformin may reduce the absorption of specific 

vitamins, particularly vitamin B12 and folic acid. In 

prolonged metformin usage, supplementation of these 

vitamins may be necessary to prevent deficiencies [2]. 

Recommended Diet for Optimal Effectiveness: To 

optimize metformin's effectiveness, a balanced diet rich 

in whole grains, fruits, vegetables, and lean proteins is 

recommended [48]. Such a diet supports overall health 

and enhances the medication's ability to manage blood 

glucose levels effectively. 

In conclusion, understanding the interactions 

between metformin and various foods and substances is 

crucial for maximizing its therapeutic benefits while 

minimizing potential risks. Careful dietary management 

and monitoring can significantly contribute to the 

successful management of type 2 diabetes for individuals 

taking this medication. 

In Figure 5, we presented dietary and substance 

interactions with metformin.
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Figure 5. Key reminders for metformin users to maximize drug efficacy are to limit alcohol consumption to minimize the risk of lactic acidosis 

and to monitor dietary and lifestyle factors, especially carbohydrate, fat, and sugar intake. 

Adherence and Compliance: Adherence to the drug 

regimen is necessary to see accurate and effective 

results. Metformin-based treatments for type 2 diabetes 

consider various factors regarding the physical and 

psychological effects of taking oral medication, especially 

with metformin’s large tablet size and possible 

gastrointestinal side effects. Prescribed metformin is a 

strict self-management medication that is taken for the 

rest of a patient’s life [61]. 

Functional Food Significance: In the discussion of 

functional food products, discovering plant-based 

resources as therapeutic agents is a foundational 

component to accessible and sustainable health. These 

innovative practices can supplement medication 

regimens as a dietary alternative to support nutritional 

and lifestyle routines. Current treatments for type 2 

diabetes include the development of glucagon-like 

peptide 1 (GLP-1) receptor agonists, which act on cellular 

glucagon receptors to enable a prolonged release of 

insulin into the bloodstream [70]. This effect inhibits the 

release of the blood sugar-raising hormone glucagon 

while prompting the pancreatic cells to release insulin, 

maintaining blood glucose levels. As an effective type 2 

diabetes medication, these GLP-1 drugs are marketed at 

high value as both for diabetes maintenance and weight 

loss medication. Even though the efficacy of GLP-1 drugs 

is well supported, various limitations hinder their 

widespread usage and availability. Its injectable 

formulation and high market cost limit its accessibility for 

diabetes patients. As GLP-1 drugs are also marketed for 

weight loss, a recent rise in their popularity caused 

shortages of GLP-1 injectables to be available for patient 

use [71]. The significance of functional foods is that they 

create an accessible and cost-efficient method to treat 

chronic illnesses through a safe and available approach. 

The need to establish and create functional foods is to 

address the limitations of modern medicine and make 

advancements that target dietary and nutritional 

processes. This metformin evaluation provides insight 
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into an oral therapeutic connected to a plant bioactive 

compound in Galega officinalis. In the progression of 

functional food discovery, there is a present need for 

compounds that can effectively lower blood glucose 

levels. A discussion of plant sources that act as natural 

alternatives to chemical drug formulations provides an 

advancement towards the future of combination 

therapies that incorporate functional foods into medical 

practice. 

Diabetes Therapeutics: Plant Sources Exploring Natural 

Alternatives for Diabetes Management: This section 

delves into the potential of plant sources as alternatives 

to metformin in managing type 2 diabetes. Characterized 

formally as a chemically synthesized drug, metformin’s 

biguanide structure is derived from a plant ingredient in 
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goat’s rue, or Galega officinalis. Early reports of 

treatments to lower blood glucose using Galega 

officinalis extract are recorded in the early 1930s in 

Europe [72].  Plant-based therapeutic alternatives 

minimize the risk of discomforting side effects, while 

generating an accessible resource for many populations. 

With the increasing incidence of type 2 diabetes mellitus, 

it is necessary to explore all safe and effective treatment 

plans [73]. Exploring these natural remedies emphasizes 

the importance of integrating traditional knowledge with 

modern medical practices, paving the way for innovative 

treatments in diabetes care.  In Figure 6, an illustration of 

Gallega officinalis, commonly known as goat’s rue, is 

depicted. G. officinalis  is the source from which 

metformin’s biguanide structure originates. 

Figure 6. Illustration of Galega officinalis. Galega officinalis, commonly known as goat’s rue, is 

the plant source from which the metformin biguanide ingredient is derived. 

(https://www.herbalreality.com/herb/goats-rue/)  

In functional food science, research fueled by 

interest in medicinal herbs has shown that plant 

alternatives can produce blood glucose-lowering or 

antihyperglycemic effects. These alternatives belong to a 

class of compounds known as secondary metabolites. 

Secondary metabolites function as protective agents for 
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plants and produce various flavors, aromas, and colors. 

Terpenoids are promising for potential use as functional 

foods, as they are found in almost all natural foods. They 

are derived from terpenes, which are simple 

hydrocarbons that are the most significant secondary 

metabolites [74]. Abundant and chemically diverse, 

terpenoids are differentiated into subclasses based on 

their isoprene structures and carbon molecules. Specific 

to their bioavailability and their therapeutic effects on 

type 2 diabetes, terpenoids have the potential to be 

introduced as a functional food product [75]. 

Therapeutic Agents in Natural Products: Putative 

therapeutic agents in natural products complement 

medical interventions. Herbal alternative medicine 

therapies, including chromium, garlic, ginseng, and α-

lipoic acid, are natural for type 2 diabetes prevention 

[68]. Plant metabolites are an active research area for the 

clinical use of digestive enzyme inhibitors from bacterial 

secondary metabolites. Classes of plant metabolites that 

potentiate effective treatment are flavonoids, 

terpenoids, and glycosides [76]. 

Herbal medications have been widely explored in 

Eastern medicine, using medicinal plants to inspire 

Indigenous remedies and ethnomedicinal practices. 

Various plants may possess anti-diabetic properties 

among this historically dense ethnobotanical collection. 

Momordica charantia, Pterocarpus marsupium, and 

Trigonella foenum have been observed to be responsive 

in lowering blood glucose [77]. These medicinal plants 

can act as an alternative therapy for type 2 diabetes 

management, presenting a non-invasive treatment with 

minimal side effects [78]. The antidiabetic potential of 

natural products can exhibit insulin-mimetic properties. 

To name a few, plants in the Liliaceae, Caesalipiniaceae, 

Theaceae, Cucurbitaceae, Myrtaceae, and Fabaceae 

families have phytoconstituents with bioactivity in 

hypoglycemic control. Glucose-lowering mechanisms 

vary within each plant’s active constituents in stimulating 

glucose uptake through insulin secretagogues. 

Characterizing bioactive compounds is central to 

determining a plant’s functionality in antidiabetic 

treatments. Premier pharmacological therapeutics can 

be derived from plant ingredients to treat diabetes 

related conditions, such as glucolipotoxicity and insulin 

insensitivity. Aguerd et al. detail a comprehensive list of 

plant bioactive compounds that have potential in 

mimicking the blood sugar-lowering capabilities of 

metformin [79]. The specific component of the glucose 

uptake mechanism in the body categorizes the outlined 

plant compounds. Bioactive compounds that produce in 

vitro α-glucosidase and α-amylase inhibitory activity alter 

one’s glucose metabolism, insulin sensitivity, and incretin 

secretion [79]. Involved in the GLUT-4 pathway 

responsible for insulin secretion and glucose uptake is 

the dipeptidyl peptidase-4 (DPP-4) enzyme, which breaks 

down GLP-1. DPP-4 inhibitory activity helps slow gastric 

motility and increases cell glucose uptake [80-81]. 

Protein tyrosine phosphatase 1B (PTP1B) is a regulatory 

phosphatase used in cell signaling for insulin and leptin 

hormones [82-83]. Plant ingredients containing PTP1B 

inhibitory activity negatively regulate leptin and allow 

insulin secretion to persist. These bioactive compounds 

propose a promising facet in type 2 diabetes treatment 

using natural sources. Table 4, shown below, lists key 

plant and animal sources of metformin-like compounds 

and their effect as a type 2 diabetes treatment. 
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Table 4. Natural resources (plants and animals) with bioactive food ingredients, which can be used to manage symptoms 

of diabetes. 

Source Bioactive ingredient Effect on Diabetes symptoms References 

Amaranth seed oil (Amaranthus 

viridis), Shark liver oil  

Squalene Promotes synthesis of anti-inflammatory 

cytokines. Lowers LDL cholesterol and 

triacylglycerol levels 

[84-87] 

Melicope latifolia β-Sitosterol, Halfordin, Methyl p-

coumarate, Protocatechuic acid,  

α-amylase inhibition [80], [88] 

Moringa (Moringa Oleifera) Stevioside, Stigmasterol α-amylase inhibition [98], [99] 

Citrus (Citrus sps.) Narirutin α-glucosidase inhibition [90], [91] 

Smooth Wendlandia (Wendlandia 

glabrata) 

Procyanidin A2 α-glucosidase inhibition [90], [92] 

Garlic bulb (Allium sativum) Galangin DPP-4 inhibition [93-95] 

Indian rennet (Withania 

coagulans) 

Sitoindoside, Withanolide B, 

Withanolide D 

DPP-4 inhibition [95], [96] 

Yellow Cow Wood (Cratoxylum 

cochinchinense) 

Cratoxanthone A PTP1B inhibition [97-99] 

Banana peel (Musa) Urolithin A, Chrysin, Naringenin PTP1B inhibition [100-102] 

Integrating Natural Remedies with Conventional 

Treatments: While metformin is primarily a synthetic 

medication used to manage type 2 diabetes, some 

studies have suggested that certain plants may contain 

compounds with similar hypoglycemic effects. Research 

into these natural sources has highlighted various herbs 

and botanical extracts that have shown promise in 

supporting glucose metabolism and could serve as 

complementary options alongside conventional 

treatments. 

Exploring these natural alternatives not only 

broadens the therapeutic options available for managing 

diabetes but also emphasizes the importance of 

integrating traditional knowledge with modern medical 

practices to create a more holistic approach to health. 

The potential benefits of these natural remedies are 

essential, as they encourage collaboration between 

researchers, healthcare professionals, and traditional 

healers to validate their efficacy and safety through 

rigorous scientific studies. 

Investigating these natural sources further could 

lead to the discovery of new compounds that enhance 

insulin sensitivity and improve overall metabolic health, 

potentially paving the way for innovative treatments in 

diabetes care. Such collaborative efforts may also foster 

a greater understanding of the underlying mechanisms 

by which these natural remedies operate, ultimately 

contributing to more personalized and effective 

management strategies for individuals living with 

diabetes. This integrative approach also seeks to bridge 

the gap between conventional medicine and alternative 

therapies, ensuring that patients receive comprehensive 

care tailored to their unique health needs. 

Figure 7 identifies a few metformin-like plants that 

exhibit similar blood glucose-lowering properties.
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Figure 7. Identification of a few metformin-like plants that exhibit similar blood glucose-lowering properties. As most 

herbal treatments have limited scientific evidence, historical use of these plant remedies has reported effects akin to 

metformin indications.  

Fruit fiber components, fermentability, and their role in 

type 2 diabetes management: Whole fruits contain a 

variety of fibers, sugars, and energy-rich components 

that contribute to their nutritional value. During ripening, 

the hydrated cell wall structures, comprising pectin, 

hemicellulose, and cellulose, gradually disassemble, 

increasing microbial accessibility and enhancing fiber 

fermentability [103]. Mastication and upper 

gastrointestinal digestion further disrupt the fruit matrix, 

breaking down cell walls and allowing colonic bacteria to 

ferment the material more effectively. Starchy fruits, 

such as bananas and plantains, offer fermentable fiber 

both from cell walls and intracellular resistant starch 

[104]. While soluble fibers were traditionally considered 

more readily fermentable, recent insights suggest that 

even the partially disassembled “insoluble fibers” of ripe 

fruits exhibit increased fermentability [105]. 

Distinguishing soluble from insoluble fibers remains 

difficult due to methodological limitations. Nonetheless, 

whole fruits are recognized as rich sources of 

fermentable fibers that support prebiotic activity in the 

colon and may contribute to improved health outcomes 

when consumed regularly. 

Importantly, the fermentable fibers and associated 

bioactive compounds in fruits may play a significant role 

in the dietary management of type 2 diabetes by 

improving gut microbiota balance, enhancing glycemic 

control, and reducing systemic inflammation. 

Functional Food Center’s Evaluation of Metformin: The 

Functional Food Center aims to implement new 

approaches in the assessment of functional foods, using 

a standardized guideline informed by scientific research. 

In recognition of oral drug therapeutics, their 

classification in the lens of functional food science can 

help inform and guide the various principles of nutrition, 

dietary health, and the treatment of chronic diseases. In 

alignment with the Functional Food Center, this paper 

has outlined fifteen key parameters about drug 

performance for the anti-diabetic medication metformin. 

The regulation system proposed by the Functional Food 

Center is a seventeen-step process that accounts for 

specific criteria concerning the biological and physical 
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validity of a functional food [106-108]. The Functional 

Food Center, under the leadership of Dr. Martirosyan, 

has established a groundbreaking definition of functional 

foods, along with a comprehensive set of principles and 

developmental steps for their formulation and 

commercialization [109-111]. This innovative framework 

provides a scientific and practical foundation for 

identifying and validating functional food products based 

on their bioactive components, health benefits, safety, 

and mechanisms of action. 

Utilizing this model, the Functional Food Center has 

effectively applied its criteria to assess whether various 

food products truly meet the standards of functional 

foods. If a product falls short, the framework outlines 

specific actions required to advance it into a fully 

recognized functional food category [112-121]. This 

systematic approach ensures scientific credibility and 

supports the development of evidence-based functional 

foods in the marketplace. 

Figure 8. The flowchart identifies the multi-step process outlined by the Functional Food Center in the proposed regulatory paradigm for establishing 

functional foods [106]. 

These guidelines consider biochemical aspects, 

nutritional assessment, clinical data, and epidemiological 

studies. Evaluation of metformin through these 

guidelines establishes the drug in alignment with the 

necessary components of a functional food. As functional 

foods are deemed nutritionally enriched products that 

provide a clinically proven or documented health benefit 

for preventing, managing, or treating chronic diseases, 
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drug therapies fit this definition. Derived from the plant 

Galega officinalis, metformin is a chemically synthesized 

drug used to treat type 2 diabetes. While metformin itself 

is not a naturally occurring product, it matches some 

qualities about functional foods, as found in the 

seventeen-step classification scheme established by the 

Functional Food Center.  

Step 1 establishes therapeutic indications of the 

proposed compound. Metformin is used as a blood 

glucose-lowering agent for treating type 2 diabetes. Step 

2 describes the unique properties of the proposed 

compound and its effective use. Metformin is the active 

ingredient responsible for the medication’s anti-diabetic 

treatment mechanism. Step 3 is the establishment of 

appropriate dosing, which is crucial in the drug 

development process for medication. This guideline 

matches the drug parameter listed above regarding 

Metformin dosage. However, the characterization of 

metformin as a drug does not explicitly outline its mode 

of bioactive compound containment. In this regard, the 

bioactive compounds in metformin have not been 

established. Step 4 is summarized as administration 

timing, another significant component of medication 

usage. Steps 5 and 6 are the determination of relevant 

biomarkers and the bioactive compound’s specific 

pathway and mechanism of action, which is established 

for Metformin in the Effectiveness section. Step 7 is not 

directly applicable to metformin, since it does not require 

a food vehicle as a pharmacologic drug. Steps 8-10 are 

comparable to the FDA’s guidelines in developing new 

medicines. However, this evaluation is translated to the 

assessment of bioactive compounds. Drug development 

requires a pre-clinical trial, a clinical trial phase, and the 

inclusion of a medication guide. Metformin meets these 

criteria from a drug development standpoint. Step 11 

requires that publications of the bioactive compound are 

accessible through open-access, peer-reviewed journals, 

a criterion metformin thoroughly meets. Step 12 asserts 

that the market must be informed about the functional 

food before it meets consumers. Metformin studies have 

been used to medical professionals about its use as a 

maintenance medication. As metformin is an FDA-

approved medication in the United States, steps 13-17 

must be satisfied due to this rigorous procedure. 

Evaluation of Metformin using the Functional Food 

Center’s seventeen-step process in the designation of 

bioactive compounds as functional foods reveals that the 

Metformin drug fulfills these criteria. Functional foods 

are “natural or processed foods that contain known or 

unknown biologically active compounds, in defined, 

effective, and non-toxic amounts, provide a clinically 

proven and documented health benefit for the 

prevention, management, or treatment of chronic 

diseases.” Metformin is a pharmacologic product 

established as a first-line oral therapeutic for treating 

type 2 diabetes [122-127]. Definitive connections can be 

drawn between functional foods and metformin. 

However, metformin is formally regarded as a 

medication instead of a “food.”  

Future Directions: Areas of improvement are applicable 

for steps 16 and 17, which are the evidence of 

epidemiological studies and after-market research. As 

metformin is used globally, a diverse array of 

epidemiological evidence supports its use and outcomes. 

Post-clinical usage data of metformin can be collected in 

studies. This can help understand the practical 

application of this daily medication and assess the quality 

of life of patients who are taking metformin or are taking 

metformin. Plant resources are another facet of 

exploration that can supplement these objectives. With 

growing global interest in functional foods, the 

development can be furthered through investigating 

plant sources to create low-cost, accessible alternatives. 

Generating novel anti-diabetic treatments initiates 

sustainable methods for chronic disease maintenance.  

Scientific Innovation and Practical Implications: 

This review presents a significant innovation by bridging 
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the gap between functional food science and 

pharmaceutical drug evaluation. By adapting the 

Functional Food Center's established multi-step process 

for functional food development, we have created a 

novel framework for assessing oral therapeutic drugs, 

specifically demonstrated through the comprehensive 

evaluation of Metformin. This approach introduces 

fifteen key parameters that extend beyond traditional 

clinical research, incorporating patient adherence, real-

world usage, and optimal dosage considerations. 

The practical implications of this framework are 

substantial. It provides a structured methodology for 

healthcare professionals to evaluate and optimize the 

use of oral medications, enhancing patient outcomes and 

adherence. By shifting the focus from mere efficacy to a 

broader understanding of medication performance 

within a patient's lifestyle, this review offers a valuable 

tool for improving patient education and treatment 

strategies. This novel application of functional food 

science principles to pharmaceutical drugs has the 

potential to revolutionize how medications are evaluated 

and utilized, ultimately leading to more personalized and 

effective healthcare. 

Future Directions: The Functional Food Center (FFC) is 

initiating a special project to develop a comparative 

framework that aligns the stages of functional food 

development with the clinical phases of drug 

development (Phases I–IV). This structured comparison is 

intended to clarify how functional foods are scientifically 

validated and how their assessment can mirror 

pharmaceutical standards, offering greater context for 

evaluating their progression and credibility. While this 

vital topic is highly relevant to the current study, it falls 

beyond its immediate scope and will be explored in detail 

in future work. 

CONCLUSION 

Functional food science is an expanding research field 

that encompasses the discovery of bioactive compounds 

for treating or maintaining chronic diseases. The 

Functional Food Center has established a seventeen-step 

scheme to qualify functional foods scientifically and 

practically. These guidelines can be adopted for the 

comprehensive analysis of pharmacologic drugs. The 

widespread application of medications requires clear 

parameters to assess the medication performance 

through biochemical efficacy and practical patient use. 

This paper provides a definitive approach to the 

qualification of medication performance through fifteen 

parameters that account for effectiveness, safety, and 

optimized healthcare.  
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creatinine ratio, ACEis: angiotensin-converting enzyme 

inhibitors, ARBs: angiotensin II receptor blockers, QD: 

once daily, BID: twice daily, TID: thrice daily, HS: healthy 

subjects, DM: diabetes mellitus 
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