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ARTICLE INFO 
 

ABSTRACT 

  

Biguanides have attracted much attention a century ago and showed resurgent 
interest in recent years after a long period of dormancy. They constitute an 
important class of therapeutic agents suitable for the treatment of a wide spectrum of 
diseases. Therapeutic indications of biguanides include antidiabetic, antimalarial, 
antiviral, antiplaque, and bactericidal applications. 
This review presents an extensive overview of the biological activity of biguanides 
and different mechanisms of action of currently marketed biguanide-containing 
drugs, as well as their pharmacological properties when applicable. We highlight the 
recent developments in research on biguanide compounds, with a primary focus on 
studies on metformin in the field of oncology. We aim to provide a critical overview 
of all main bioactive biguanide compounds and discuss future perspectives for the 
design of new drugs based on the biguanide fragment.  

 

Keywords: 

Biguanide 
Antidiabetic 
Antimalarial 
Antiseptics 
Anticancer 
 

 

Contents 

 

1. Introduction 
2. Properties of Biguanides 
3. Antidiabetic agents 
3.1. Metformin 
3.1.1. Mode of action 
3.1.2. Molecular mechanism of action 
3.2. Phenformin 
3.3. Buformin 
4. Antimalarial agents 
4.1. Mode of action 
4.2. Proguanil 
4.3. Clorproguanil 
4.4. Clociguanil 
4.5. WR99210 
4.6. PS-15 
5. Biguanides as antiseptics and disinfectants 
5.1. Chlorhexidine 
5.1.1. Mode of action 
5.2. Alexidine 
5.2.1. Mode of action 
5.3. Picloxydine 
5.4. Polymeric biguanides 
5.4.1. Mode of action 
6. Antiviral activity of biguanides 
7. Anticancer activity of biguanides 
7.1. Metformin transport and organic cation transporters 

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0223523421005754
Manuscript_8f451e71c2fff9fc8d2d2c933be91a40

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0223523421005754
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0223523421005754


7.2. Modes of action 
7.2.1. Indirect mechanism  
7.2.2. Direct mechanism 
7.2.2.1. AMPK dependent 
7.2.2.1.1. Inhibition of lipogenesis 
7.2.2.1.2. AMPK induced autophagy 
7.2.2.1.3. Downstream effects of the mTORC1 inhibition  
7.2.2.1.4. Inhibition of NF-κB pathway 
7.2.2.1.5. Inhibition of cancer cell invasion and migration 
7.2.2.2. AMPK dependent 
7.2.2.2.1. Cell cycle arrest  
7.2.2.2.2. Inhibition of unfolded protein response (UPR) 
7.2.2.2.3. Immune response 
7.2.2.3. Mechanisms via other pathways 
7.3. Past and recent clinical studies 
8. Conclusions and Outlook 
  



1. Introduction 

Biguanide – or amidinoguanidine – is a purely synthetic chemical function derived from guanidine, in 

which two guanidines are linked to each other with a common nitrogen atom. Although being related to 

guanidine, biguanide is a very distinct chemical function with its own physicochemical and pharmacological 

properties that render it a particularly valuable pharmacophore in medicinal chemistry. Since the first 

demonstration of the antihyperglycemic properties of the biguanide derivative metformin a century ago,[1] 

biguanide drugs experienced several waves of intense research interspersed with long periods of dormancy. The 

two decades following World War II saw the discovery of key pharmacological applications of biguanides as 

antidiabetics[2-4], anti-malaria[5], disinfectants[6-9], and anti-virals[10], and the emergence of the most famous 

biguanide drugs (Figure 1). Further progressing hurdles for the discovery of new anticancer drugs led scientists 

and clinicians to look closer at already approved biguanides. Such repurposing studies proved to be fruitful for 

the main class representative metformin, injecting new momentum into biguanide research.  

Currently, seven biguanide drugs are commercially available in the USA, and three additional ones are 

available on other national markets. Among those, drugs: metformin, chlorhexidine, and proguanil are included 

in the WHO List of Essential Medicines[11]. Despite the importance and uniqueness of biguanides as promising 

drugs with a broad range of activities, the literature on this class of compounds is relatively sparse in terms of 

the number of drugs with this motive. This review aims at spotlighting the very particular biguanide function by 

presenting the undeniable past successes of biguanide drugs in various therapeutic fields, in particular in 

oncology research for metformin. With this review, we would like to draw attention to the value of the 

biguanide motive as a potential pharmacophore and suggest its incorporation in the design of future drugs in 

oncology, as well as other fields.  

Given the existence of an extensive overview of biguanides from the perspective of medicinal 

chemistry[12], as well as comprehensive reviews on the synthesis and reactivity of biguanides[13, 14], this work 

focus on the different mechanisms of action of biguanides. It presents concisely the most important biological 

and clinical data reported for biguanides sorted by their therapeutic indications. The discovery of different 

therapeutic agents is put into historical context and follows chronological order. It spans from century-dated 

anti-diabetes reports of properties to an emerging interest in anticancer potential. The mode of action and 

pharmacological parameters of marketed biguanide drugs and the most promising drug candidates are discussed 

and compared. Special emphasis is given to metformin, a molecule sometimes praised to be a “magic drug” 

against metabolic disorders, age-related diseases, and cancer.  

Finally, we do not attempt to detail every single aspect of the multifaceted field of metformin 

anticancer research, that has been extensively covered in other works.[15-18] Rather this review is aimed at 

highlighting the most important findings in the clinical application of biguanides and their mode of action, as 

well as providing critical analyses and an outline of the future perspectives for the design of new biguanide-

based drugs.  



 

2. Properties of Biguanides  

Biguanide structure was presented similarly to diketones (Scheme 1, 1a). However, this structural 

representation failed to explain some aspects of biguanide reactivity. In 1977 X-ray analysis revealed the 

absence of hydrogen in position 3[20], suggesting that structure 1b (Scheme 1) should be used instead. 

Furthermore, it was found that the length of C-N bonds lays between 1.297-1.387Å. This value falls in between 

the length of a single C-N (1.42Å) and a double C=N (1.28Å) bond. Judging from these values, the most 

realistic representation of biguanide would be a delocalization of the π-electron density along the molecule, 

together with an intramolecular hydrogen bond (Figure 1, 1c).[21] Later it was established that protonated 

biguanides should be treated differently from their neutral form. Computational studies reported by Bharatam et 

al.[22] show that the protonated biguanides potentially behave like nitrones (divalent N1compound) with 

coordination bonds rather than conjugated systems. In this article biguanides are presented in their major neutral 

tautomeric form 1b with the conjugated system -C=N-C=N-, and the numbering of the different atoms will be 

established as depicted in Scheme 1. 

 

Scheme 1. Tautomeric forms of biguanide. 



 

Figure 1. The main clinically used biguanide drugs. 

3. Antidiabetic agents  

The use of guanidine derivatives as sugar lowering medicine dates back to medieval times when the 

toxic plant Galega officinalis (French lilac) was used in traditional medicine.[35] The active components of its 

extract were identified in the 1920s as galegine (or isoamylene-guanidine) and synthalin (decamethylene-

bisguanidine).[36, 37] While these guanidine compounds demonstrate substantial hypoglycemic properties,[38-

40] significant hepato-, and renal toxicities curtailed their medical application.[37] Further efforts into the 

preparation of guanidine derivatives resulted in the synthesis of metformin (Figure 1) by Werner and Bell[41] 

in 1922. Despite early reports on chemical synthesis and anti-hyperglycemic activity[1, 42], antidiabetic 

properties of biguanides were shadowed by the side-effects of synthalins and increased availability of insulin in 

the 1920s-1930s. The revival of interest in metformin took place a decade later, fueled by the success of another 

biguanide – proguanil – as an antimalaria agent. Extensive investigations conducted in the 1950s by Sterne and 

Duval[43] eventually brought metformin to the clinic in 1957. Subsequently, a vast number of biguanides 

analogous to metformin were developed, two of which were commercialized: buformin and phenformin (Figure 

1).  

The use of metformin and its analogs in diabetes therapy remains one of the biggest success stories within the 

biguanide family.[44] The following sub-sections contain an overview of the pharmacological properties of 

those biguanides, which brought them to the market as antidiabetic drugs. The current understanding of the 

antihyperglycemic mode of action is demonstrated on metformin. Some molecular pathways involved in glucose 

regulation play an equally important role in anticancer activity displayed by metformin. 

 



 

3.1 Metformin 

Described in the 1920s, metformin has been fully studied only 30 years later, after the withdrawal of 

the synthetic guanidine derivatives synthalins[45]. Metformin became available on the market for the treatment 

of diabetes first in France in 1957,[45] later in Europe and Canada (until the 1970s), and the Food and Drug 

Administration of the United States approved it only in 1994.[46] Since 2011, metformin is on the List of 

Essential Medicines approved by the World Health Organization and is part of the composition of 113 different 

drug brand names.[37] It has unique properties to fight type II diabetes, which cannot be treated with insulin. 

Metformin lowers blood glucose levels by improving insulin sensitivity, particularly in the liver. Some studies 

have also shown decreased food intake and body weight upon metformin treatment. Based on a meta-analysis of 

31 trials, encompassing a total of 4570 participants, Salpeter et al. demonstrated that metformin treatment 

results in a decrease of the body mass index (BMI) by 5.3% (95% CI, 4.0-6.7) compared with placebo or no 

treatment after a minimum of 8 weeks of treatment.[47] Besides, Glueck et al. reported 15% weight loss in a 

group of 31 non-diabetic morbidly obese patients after 28 weeks of metformin treatment.[48] Further research 

and analyses revealed that patients taking metformin present reduced risks of cardiovascular diseases.[49] 

Actually, metformin positively influences multiple cardiovascular risk markers, including lipid profile[47, 50] 

and fatty liver,[51] as well as inflammatory markers.[52, 53] An initial report about a possible link between 

reduced risk of cancer and metformin treatment was published by Evans et al.[54] in 2005. This particular 

property of metformin is discussed in detail in the following dedicated section of the review.  

Metformin is a non-toxic safe drug, with relatively few side effects. As a result, it can be prescribed at 

dosages up to 3g daily.[55] The major limitations of metformin are gastrointestinal side effects (mostly 

diarrhea), which usually diminish over treatment time and can be minimized by dose adjustment, absorption 

during meals, or by using extended-release formulations of metformin.[56] Another concern in biguanide 

treatment is the appearance of lactic acidosis, which is a substantial issue with buformin and phenformin (vide 

supra). However, the incidence of lactic acidosis for metformin is low with 0.05 cases per 1000 

patients/year.[57, 58] Moreover, another study revealed that this incidence was similar in diabetic patients on 

metformin compared to diabetic patients not treated by metformin.[59] Overall, metformin presents an 

exceptionally good safety profile with an LD50 of 1000 mg/kg in rats[60]. Its high therapeutic index prompted 

numerous research groups to conduct clinical trials for the management of other pathologies other than diabetes, 

such as polycystic ovarian syndrome,[61, 62] metabolic syndrome,[63] and many forms of cancer.[64] In 

polycystic ovarian syndrome, metformin can be used as second-line therapy for restoring ovulation, improving 

fertility, sustaining weight loss, and decreasing the frequency of both early pregnancy loss and gestational 

diabetes mellitus (GDM).[65] Metformin appears to be safe to use during pregnancy with no evidence of 

obvious adverse consequences reported so far.[66] Moreover, due to the fact that metformin affects 9 main 

hallmarks of aging in different organisms such as loss of proteostasis, deregulated nutrient sensing, stem cell 

exhaustion, epigenetic alterations, genomic instability, telomere attrition, mitochondrial dysfunction, cellular 

senescence, and altered cell-to-cell communication, metformin was also proposed as “anti-aging drug”.[67, 68]  

3.1.1. Mode of action 



The antihyperglycemic action of biguanides is mainly related to the inhibition of liver gluconeogenesis, 

resulting in lowering of glucose levels in blood with no risk of induction of hypoglycemia in type 2 diabetic 

patients (Figure 2).[69-72] In the liver, where it accumulates, metformin has a dual effect. First, it increases the 

activity of the insulin receptor and enhances glucose uptake by increasing the translocation of glucose 

transporters (GLUT-1) to the plasma membrane.[73] Thus, metformin shows insulin-mediated inhibition of 

gluconeogenesis. Second, it reverses the gluconeogenic action of glucagon.[74, 75] These cumulated effects 

result in the inhibition of gluconeogenesis and the stimulation of glycolysis. Overall, metformin was reported to 

reduce the hepatic glucose output by up to 75%.[76] In skeletal muscles, metformin improves insulin sensitivity 

(disturbed in type II diabetes) and insulin-mediated glucose uptake. This effect is achieved through an increase 

in the tyrosine kinase activity of the insulin receptor[73] and through enhanced activity and translocation of 

glucose transporters (GLUT-4) to the plasma membrane.[77] Given that metformin action is associated with 

modified insulin sensitivity rather than increased insulin concentration, it, therefore, has very little potential for 

inducing hypoglycemia.[78] In the pancreas, metformin has been shown to increase circulating levels of 

glucagon-like peptide-1 (GLP-1). GLP-1 acts as a glucose regulator by increasing insulin levels and decreasing 

glucagon secretion.[79-82] At the same time the study on  glucose transport and metabolism in human 

adipocytes reported that metformin did not alter GLUT-1 but increased GLUT-4 mRNA expression and cellular 

protein content.[83] It was also noted that metformin treatment resulted in decreased activity of dipeptidyl 

peptidase-4 (DPP-4), the enzyme principally responsible for inactivating GLP-1 in tissues and blood.[44, 84] 

Further studies showed that metformin did not directly inhibit DDP-4 activity in vitro.[79, 85-87] It was 

proposed that metformin may also induce upregulation of the expression of GLP-1 receptors on the surface of 

pancreatic β-cells, and therefore may provide modest support to the function of β-cells.[88, 89]  Those studies 

are somewhat controversial to the reports of progressive increase in apoptotic β-cells upon prolonged metformin 

exposure (>24 h).[90] At present it is believed that under normal conditions metformin does not either 

promote[91] or inhibit[92] insulin secretion. In summary, the ability of metformin to reduce circulating glucose 

levels can be explained by at least four different mechanisms: (1) increased glucose uptake in the liver and 

muscles, (2) reduced gluconeogenesis, (3) improved GLP-1 and (4) reduced glucagon functions. Nevertheless, 

the exact molecular mechanisms by which metformin achieves these effects are still largely debated. 



 
Figure 2. Mode of action of metformin. Metformin decreases hepatic gluconeogenesis by inhibiting complex I of the 
mitochondrial respiratory chain. Mitochondrial impairment leads to an increase of AMP concentrations and a decrease of 
ATP, which in turn activates (AMPK) and inhibits the synthesis of cAMP. Metformin suppresses gluconeogenesis from 
several substrates, including lactate and pyruvate. In skeletal muscles, metformin facilitates glucose uptake by enhancing 
glucose transporter GLUT-4 and by increasing tyrosine kinase activity of insulin receptors. Another mechanism of action of 
metformin is the stimulation of GLP-1 receptors in the pancreas, which increases the secretion of insulin and decreases the 
secretion of glucagon in response to high glucose levels. 

3.1.2. Molecular mechanism of action 

The molecular mechanisms of action of metformin on hepatic gluconeogenesis have not been fully elucidated 

yet[93, 94], but some studies suggested that at least partially mitochondrial complex I inhibition is involved. 

Owen et al. showed that metformin caused time-dependent inhibition of complex 1 in isolated 

mitochondria[95]. This observation was supported by further reports on the reduction in the activity of complex 

I measured in tissue homogenates exposed to metformin.[96] Being positively charged at neutral pH, metformin 

is attracted by the mitochondrial membrane potential, which appears to be its primary organelle target.[97] 

Thus, it accumulates in the mitochondrial matrix at concentrations up to 1000 times higher than in the 

extracellular medium. In the mitochondria, it transiently inhibits complex I (NADH: ubiquinone 

oxidoreductase)[98] which results in decreasing ATP production by oxidative phosphorylation[99] and 

increasing AMP levels. This initiates, in turn, two major pathways: inhibition of glucagon-induced cAMP 

synthesis, as demonstrated in the liver,[100], and activation of 5'-AMP-activated protein kinase (AMPK),[101] 

which switches on the cellular metabolism toward energy production and switches off anabolic, energy-

consuming pathways. In addition, AMPK phosphorylates and increases the activity of insulin receptors and IRS-

2 and enhances the translocation of glucose transporters.[73, 102] Inhibition of fatty acid synthesis and 

increased rates of β-oxidation[103]  have also been linked to AMPK activation.[104] Nonetheless, the 

hypothesis that AMPK activation would be the main driving force behind the decrease of hepatic 

gluconeogenesis lacks solid evidence. The main contradiction comes from the results of Fortez et al.[105] in 

which metformin lowered glucose production in the liver of transgenic mice that lacked AMPK or its upstream 

activator LKB1. Also, metformin-treated animals showed improved vascular responsiveness to insulin, 

improved insulin-stimulated muscle Akt phosphorylation, while no detectable levels of metformin in plasma or 



change in muscle AMPK phosphorylation was reported.[102] Furthermore, metformin, at clinically relevant 

plasma concentrations, does not appreciably alter energy charge or AMP concentration suggesting that 

metformin mechanism for the downregulation of gluconeogenesis could be AMPK-independent. In 2012 it was 

suggested that metfomin could stimulate glucose uptake in muscle cells via an AMPK-independent mechanism 

that involves some novel/conventional protein kinase C.[106] Later Shulman et al. reported that metformin non-

competitively inhibits the redox shuttle enzyme mitochondrial glycerophosphate dehydrogenase.[72] More 

recently the same group provided evidence that metformin inhibits hepatic gluconeogenesis in a redox-

dependent manner independently of reductions in citrate synthase flux, hepatic nucleotide concentrations, 

acetyl-CoA carboxylase activity, or gluconeogenic enzyme protein expression.[107] For more detailed 

information on metformin’s cellular and molecular mechanisms of action readers are referred to the most recent 

literature reviews[108-111]  

3.2. Phenformin 

Phenformin or phenethylbiguanide is a biguanide derivative that contains a phenyl-ethyl part attached 

to the biguanide group (Figure 1). Phenformin was first synthesized in 1958 by Shapiro,[112] together with 

buformin, and was released on the market in 1959. It exhibits the most potent glucose-lowering properties in the 

biguanides drug class.[113] For example, the minimal active subcutaneous dose in fasted guinea pigs is 7.5-10 

mg for phenformin compared to 20 mg for buformin and 75 mg for metformin. It exhibits higher lipophilicity, a 

higher affinity to human organic cation transporter 1 (hOCT), and therefore faster uptake kinetics compared to 

metformin.[114, 115] Both drugs are believed to have similar modes of action but phenformin shows a higher 

affinity to the mitochondrial membrane.[116] In recent studies, phenformin similarly to metformin was found to 

elicit a significant therapeutic effect through a redox-dependent but complex I-independent mechanism. 

Phenformin inhibits mitochondrial glycerophosphate dehydrogenase (mGPD), a component of the 

glycerophosphate shuttle, and causes elevations of intracellular NADH content.[117]To compensate for the 

mitochondrial impairment, glycolysis rates are accelerated. Indeed, the preservation of ATP levels despite 

phenformin exposure has been reported.[97] Increased glycolysis rates result in higher glucose uptake and yield 

lactate. These high lactate effluxes into the system cannot be fully oxidized, and result in increased lactate 

concentration in the plasma,[76] a phenomenon known as lactic acidosis. This latter leads to respiration 

inhibition and could be in fine lethal. Adverse effects due to lactic acidosis led to phenformin withdrawal from 

most drug markets in 1978, although it is still available in Brazil, Uruguay, China, Poland, Greece, and 

Portugal.[118, 119] 

3.3. Buformin 

Buformin is another biguanide with glucose-lowering properties, presenting an n-butyl group on the 

biguanide structure (Figure 1). Buformin has also been first synthesized in 1958 and was commercialized the 

year after, simultaneously with phenformin.[112] It presumably has similar mechanisms of action to metformin 

and phenformin.[120] It delays the absorption of glucose from the gastrointestinal tract, increases insulin 

sensitivity and glucose uptake into cells, and inhibits gluconeogenesis in the liver. Similarly to phenformin, 

buformin treatment correlates with an elevated risk of lactic acidosis, the risk ranking being as follows: 



phenformin>buformin>>metformin.[121] Buformin was therefore withdrawn from the market in many 

countries, although it is still available in Japan, Taiwan, Romania, and Hungary.[122] 

4. Antimalarial agents 

Ironically, currently renowned for hypoglycemic and antiseptic properties, biguanides first came to the 

drug market not as biocides or diabetes medication, but as a cure for one of the deadliest infectious diseases in 

human history – malaria. By the end of the 20th century, malaria claimed between 150 million and 300 million 

lives, accounting for 2 to 5 percent of all deaths.[123] Access to antimalaria drugs proved to be a vital asset 

during the two World Wars. As a result, several classes of antimalarial drugs were developed by the 1940s. 

They include 4- and 8-aminoquinolines, amino-alcohols, sulfonamides and sulfones, diaminopyrimidines, 

sesquiterpene lactones, tetracycline, and macrolide antibiotics, naphthoquinones, and biguanides.[124] The 

latest are acting as nucleic acid synthesis inhibitors more specifically known as antifolates. They can be further 

subdivided into two types: inhibitors of dihydropteroate synthase (DHPS), known as type I antifolates, and 

inhibitors of dihydrofolate reductase (DHFR), known as type II antifolates. Proguanil, the first biguanide 

reported as an antimalarial antifolate agent, and all anti-malarial biguanide drugs developed since then 

(chlorproguanil, clociguanil, WR99210, and PS-15) are type II antifolates (Figure 3). Given that the 

combination of DHFR and DHPS inhibitors is synergistic,[125-127] the dual administration of type I antifolates 

(like sulfachrysoidine, sulfalene, and dapsone) and biguanides is nowadays the preferred strategy for the 

treatment and prevention of malaria. 

4.1. Mode of action 

All mentioned antimalarial biguanide 

drugs act as antifolates by disrupting the folate 

metabolism. In most species, tetrahydrofolic acid 

(THA) is essential for the biosynthesis of 

thymine, purine nucleotides, and some amino 

acids (Met, Gly, Ser, Glu, and His). While 

humans obtain THA from pre-formed 

dihydrofolic acid through nutritional intake, 

pathogenic microorganisms including Plasmodia 

are synthesizing dihydrofolic acid de novo from 

simple precursors. Two key enzymes of the 

folate biosynthetic pathway of the malaria 

parasite, dihydropteroate synthase (DHPS), and 

dihydrofolate reductase (DHFR) are either 

completely absent in humans or differ 

significantly from the human variants allowing 

for selective inhibition. Biguanides act as class 

II antifolates by inhibiting the parasitic 

dihydrofolate reductase (DHFR).[128] This hinders the parasite recycling of dihydrofolate back to 

Figure 3. Mode of action of biguanides used in malaria treatment. 
Biguanides with antimalaria properties act on folate metabolism in 
erythrocytic stages of Plasmodium parasites. Disruption of folate 
synthesis by inhibition of DHFR, a critical enzyme of the folic acid 
cycle, leads to decreased levels of fully reduced tetrahydrofolate (THF), 
a necessary cofactor in important one-carbon transfer reactions in the 
purine, pyrimidine, and amino acid biosynthetic pathways. The lower 
levels of THF result in decreased conversion of serine to glycine, 
reduced methionine synthesis and lower thymidylate (dTMP) levels, 
and subsequent arrest of DNA replication. 



tetrahydrofolate (THF) as well as converting folic acid to dihydrofolate (Figure 3). Therefore, DHFR inhibition 

blocks the biosynthesis of purines and pyrimidine in Plasmodia species, which are essential for DNA synthesis 

and cell multiplication. In fine, this leads to nuclear division failure at the time of schizont formation in 

erythrocytes.[129] 

4.2. Proguanil 

Proguanil was the first reported antimalarial biguanide with an antifolate mode of action, also known as 

Paludrine®. The molecule presents a biguanide core flanked by a para-chlorophenyl on the N1 nitrogen and an 

isopropyl group on the N5 nitrogen. The first mention of proguanil dates back to 1945 when Curd et al.[5] 

reported a better therapeutic index and a higher activity against malaria than quinine. In this study, very 

encouraging activities measured in bird models both as prophylactic treatment and after infection prompted its 

use in humans. Future investigations into the mode of action of proguanil revealed that it acts as a prodrug. In 

the liver, the cytochrome P450 enzymes convert proguanil into the active metabolite cycloguanil (Scheme 2), 

which inhibits parasite DHFR.[128] Proguanil could be used as a monotherapy or in combination with 

chloroquine as preventive measures,[130] but it is mainly used in combination with atovaquone,[131, 132] an 

inhibitor of electron-transport to the cytochrome bc1 complex (coenzyme Q). In this combination, proguanil 

exhibits a different mode of action compared to monotherapy. It was found that in combined atovaquone-

proguanil therapy, proguanil acts via its biguanide form, rather than as a prodrug of cycloguanil. Instead of 

inhibiting DHFR, proguanil shows a synergetic effect with atovaquone by enhancing its ability to destroy 

parasite mitochondrial membranes.[133] Thus, the addition of proguanil has been used to reduce resistance to 

atovaquone and re-sensitize the atovaquone ability to provoke a mitochondrial apoptotic cascade.[134] 

However, this atovaquone-proguanil combination failed in several reports to afford malaria 

chemoprophylaxis.[135, 136] The discovery of proguanil has triggered investigations into other biguanide 

analogs with antimalaria activity. Consequently, several more effective analogs such as chlorproguanil, 

clociguanil and WR99210 were developed. 



N N

NH2 NH2

N
H

Cl

Proguanil
Paludrine

N

N

N

H2N NH2

Cl

Cycloguanil
active metabolite

N N

NH2 NH2

N
H

Cl

Chlorproguanil
Lapudrine

N

N

N

H2N NH2

Cl

Chlorcycloguanil
active metabolite

Cl
Cl

N

N

N

H2N NH2

O

Clociguanil

CYP450

CYP450

N N

NH2 NH2

N
H

N

N

N

H2N NH2

O
OO

Cl

Cl

Cl

O

Cl

Cl

Cl

WR99210
active metabolite

PS-15
prodrug

CYP450

Cl

Cl

 
Scheme 2. Chemical structure of biguanide compounds with antimalarial activity. The structures of the biguanide 
prodrugs and the active metabolites after oxidation by CYP450 cytochromes are presented.   

4.3. Clorproguanil 

Chlorproguanil, also known as Lapudrine®, is a dichlorinated analog of proguanil developed in 

1950.[137] Chlorproguanil has been shown to present similar pharmacological properties to those of proguanil, 

but with more persistent action.[138] The half-life of chlorproguanil in the human body after oral administration 

is t1/2 = 35 h compared to 16 h for proguanil.[139] Likewise proguanil, chlorproguanil is metabolized by 

cytochrome P450 into an active cyclic metabolite: chlorcycloguanil (Scheme 2). Recommended doses for the 

prophylaxis of malaria as a monotherapy are 20 mg, compared to 100 mg for proguanil.[140] Nonetheless, 

despite great hopes of diminishing the side effects of proguanil, the complications observed with chlorproguanil 

were similar. As a result, the compound was less used than its predecessor.[141-143] Recently, chlorproguanil 

has been proposed in combination therapy to limit resistance apparition against other antifolates. Specifically, it 

has been proposed in bitherapy with the antifolate sulfone drug dapsone (sold commercially as Lapdap®), or as 

therapy with dapsone and the DNA-damaging agent artesunate (abbreviated as CDA). CDA entered Phase III 

clinical trials in 2006, but those were terminated due to intrinsic toxicity of dapsone leading to an increased risk 

of hemolytic anemia in patients with glucose-6-phosphate dehydrogenase deficiency, a genetic polymorphism 

particularly prevalent in malaria-endemic areas.[144] Lapdap has been withdrawn from the drug market since 

2008 for similar reasons.[145] However, these higher risks of hemolytic anemia were suspected to be a result of 

dapsone toxicity rather than those of chlorproguanil.[146]   

 

4.4. Clociguanil 



After it became evident that the active metabolite of proguanil and chlorproguanil is a cyclic product of 

P450 oxidation, researchers attempted to directly produce the active cyclic forms of this class of drugs. This led 

to the synthesis of clociguanil – an analog of chlorcycloguanil with a methylene-oxy linker between the phenyl 

ring and the heterocycle (Scheme 2) developed in 1965.202 The mode of action of this drug proved to be similar 

to cycloguanil and it has shown activity against Plasmodia resistant to pyrimethamine, a DHFR inhibitor 

discovered in 1952. While promising efficacy was obtained in initial in vitro experiments (EC50 = 1 pM against 

DHFR) and subcutaneously in mice (10 times more active than chloroquine and more than 30 times more active 

than cycloguanil), its lower absorption by oral administration and especially its relatively short half-life in 

humans led to deceptive results during clinical evaluations.[147] Thus, the molecule failed to prevent the 

development of parasitemia in volunteers infected with a multiple-resistant strain of P. Falciparum at the dose 

of 0.84 g/day 11 days after infection.[148] It was also demonstrated by Laing[149] in the Gambia that 

clociguanil had no advantages over pyrimethamine and/or proguanil and that its rapid excretion precluded 

single-dose therapy.[150] Therefore, further clinical and biological studies on clociguanil were abandoned. 

4.5. WR99210 

WR99210 was developed in the 1970s as a clociguanil analog with three chlorine atoms on the phenyl 

ring and a longer linker between the two cycles (Scheme 2). WR99210 attracted the attention of researchers as it 

showed high activity against P. Berghei[151] and P. Falciparum[152] that are highly resistant to proguanil and 

pyrimethamine. Which led WR99210 to enter clinical trials. However, gastrointestinal intolerance, probably 

derived from a poor bioavailability (oral bioavailability in rats ≤1%),[153] prevented its development as an 

antimalarial agent and clinical trials were abandoned in 1973.[154, 155] This poor bioavailability feature is 

encountered with all cyclic forms of the antifolate biguanides (cycloguanil, chlorcycloguanil, clociguanil and 

WR99210), thus the use of non-cyclic pro-drugs (like proguanil and chlorproguanil) seems more beneficial for 

this class of drugs.  

4.6. PS-15 

Due to the poor bioavailability and gastrointestinal intolerance of WR99210, a biguanide precursor PS-

15 was developed (Scheme 2).[156] The bioavailability for this compound could be indeed improved compared 

to WR99210, although it led to a decrease in potency in vitro.[157] For instance, WR99210 was strongly more 

active than PS-15 against CH12 and GA3 parasite strains clones with IC50 of 0.05 and 0.02 ng/mL, compared to 

326 and 532 ng/mL for PS-15.[155] On the contrary, PS-15 was in 20-86 times more active in vivo in monkey 

models.[154, 158] Furthermore, both WR99210 and PS-15 were tested against another related pathogen 

Toxoplasma Gondii and demonstrated the potential usefulness of this class of compounds for the treatment of 

toxoplasmosis.[159] Although PS-15 is a very attractive candidate for further development based on its 

biological activities, it has a significant practical drawback. The logical starting material, 2,4,5-trichlorophenol, 

has severe constraints on its production and the disposal of all associated wastes, because of stringent legal 

restrictions regarding pesticides. These make other analogs of PS-15 with similar activity but without such 

safety or regulatory liability highly desirable.[157] 



Figure 4. Chemical structure of biguanides with bactericidal 
activity. Chlorhexidine, alexidine, picloxydine and 
polyhexamethylenebiguanide (PHMB) are available on the 
market. 

5. Biguanides as antiseptics and disinfectants 

Another area where biguanides established 

themselves is the market of antiseptics and 

disinfectants. Antiseptics and disinfectants are 

extensively used in medicine and health care as both 

preventive measures and curative treatments. They 

usually have no specific intracellular target to show a 

broad spectrum of activity. Since the first long known 

and commonly accessible hydrogen peroxide and 

ethanol solutions, different classes of synthetic 

antiseptics have appeared like anilides, bisphenols, 

halophenols, diamidines, and biguanides. The 

antimicrobial activity of biguanides was discovered in 

the late 1940s when several compounds initially 

developed by Imperial Chemical Industries as anti-

malaria drugs were tested as biocides. After the great 

success of the first antiseptic biguanide – 

chlorhexidine – further research toward new 

antimicrobials based on the biguanide structure led to 

the discovery of compounds like alexidine, 

picloxydine, and polymeric biguanides (Figure 4). 

Those biocides and their mode of action are described in the following section.  

5.1. Chlorhexidine 

Chlorhexidine is a dicationic bisbiguanine molecule comprising of two moieties analog to proguanil, 

linked with a hexamethylenediamine spacer (Figure 4). In 1946, Imperial Chemical Industries produced several 

series of biguanides with different linker lengths to evaluate their biological activity. Later, Devis et al. found 

that some of the prepared polyguanides showed a very broad antimicrobial spectrum.[6, 160] Further structure 

optimization resulted in an agent with very potent bacteriostatic and bactericidal activity: chlorhexidine. Since 

then, chlorhexidine has established itself as the gold standard of chemical plaque control[161] due to its 

effectiveness and high safety profile. Along with antidiabetic biguanide metformin, chlorhexidine is included in 

the World Health Organization's List of Essential Medicines. 

5.1.1. Mode of action 

Considerable research has been undertaken on the mechanism of the antimicrobial action of 

chlorhexidine.[162] It shows a broad spectrum of activities which include bacteriostatic, sporostatic,[163] 

mycobacteriostatic[164], and bactericidal[165] effects. Recent investigations have shown that chlorhexidine also 

has an effect on yeasts[166] and protozoa,[167, 168] as well as some antiviral activity.[169] At physiological 

pH, chlorhexidine is a positively-charged bisbiguanide that has two types of activity. First, it inhibits the 

adherence ability of microorganisms to a surface, thereby preventing the growth and development of 



biofilms.[170] This feature makes chlorhexidine an active ingredient of numerous mouthwash solutions 

designed to reduce dental plaque and oral bacteria. Second, chlorhexidine binds to the negatively charged sites 

of the cell wall, thereby destabilizing it and interfering with osmosis. After the disruption of the cell wall, the 

molecule crosses it, presumably by passive diffusion, and subsequently binds to phospholipids in the inner 

membrane leading to its increased permeability. As a result, damage to this delicate semipermeable membrane is 

followed by leakage of intracellular constituents, which in turn leads to cell death (Figure 5).[171] Uptake of 

chlorhexidine by bacteria[172] and yeasts[166] was shown to be extremely rapid and pH-dependent, with a 

maximum effect occurring within 20 seconds. At low concentration (below 10 mg/L), the integrity of the cell 

walls is damaged[173] but this is insufficient to induce lysis or cell death. The leakage rate is not only correlated 

to a minimum concentration of chlorhexidine but also presents a maximum efficacy. Indeed, over a certain value 

of chlorhexidine concentration, the leakage of intracellular components decreases. This is explained by the 

coagulation of intracellular constituents at high concentrations. As a result, the cytoplasm becomes congealed, 

with a consequent reduction in leakage.[174] The effects of chlorhexidine in fungi are similar to those described 

for bacteria. In this case, chlorhexidine spreads into the cell wall, plasma membrane, and cytoplasm of the 

yeast.[175] Moreover, it shows a similar trend of concentration-lysis dependence, with reduced lysis at higher 

biguanide concentrations. 

 
Figure 5. Mechanism of action of bis-biguanide antiseptics. (i) Positively charged chlorhexidine molecules are 
electrostatically attracted to the negatively charged sites of the bacterial cell wall. (ii) Neutralization of the local charge leads 
to the loss of cell wall integrity and the appearance of breakages. (iii) Further interaction of chlorhexidine with phospholipids 
of the membrane leads to increased permeability and leakage of cytoplasmic constituents, resulting in lysis and cell death. 

5.2. Alexidine 

Another antiseptic in this group is alexidine, which differs from chlorhexidine by the presence of two 

hydrophobic 2-ethylhexyl groups at the place of the chlorophenyls (Figure 4). This structure favors both 

electrostatic adhesion to the negative sites of cell membranes and hydrophobic penetration into membrane 

lipids. The first report of the synthesis and pharmacological activity of alexidine dates back to 1966,[176] where 

alexidine showed antimicrobial activity against gram-positive and gram-negative bacteria. More recently, some 

tumor cell-specific properties were also reported.[177] However, it is currently only used as a disinfectant in 

mouthwash and contact lenses solutions.[178] In comparison to chlorhexidine, alexidine shows faster 

bactericidal activity and produces a significantly faster bacterial permeabilization (estimated by the loss of 

cytoplasmic ions).[179] In particular, treatments of cell suspensions by equal doses of alexidine and 

chlorhexidine resulted in the rapid release of potassium ions, completed within 5 min in the case of alexidine, 



and that persisted after 60 min for chlorhexidine. Regarding the bactericidal activity of the two biocides, overall 

activities in the conditions tested (4 pg/ml; time contact = 1 min) were equivalent at the first contact, however 

higher for alexidine at the second one. This could suggest additional killing mechanisms for alexidine, like the 

release of autolytic enzymes from the cell or alternative intramolecular interactions on the cell or at the 

membrane.[179] In addition, compared to chlorhexidine, alexidine has a higher affinity for the virulence factors 

of bacteria.[180] A study by Barrios et al. concluded that alexidine had longer antimicrobial substantively 

against Enterococcus faecalis when compared to chlorhexidine.[181] Moreover, in vivo results, indicate that 

alexidine at 100 mg/L concentration is less toxic than chlorhexidine when applied topically to Chinese hamster 

cornea.[182] In line with these manifestations of higher efficiency and features, and despite the absence of FDA 

approval, alexidine has been commercialized using a 510(k) agreement. 

5.2.1. Mode of action 

Differential thermal analysis (DTA) on phospholipid domains demonstrated that alexidine, unlike 

chlorhexidine, can produce lipid phase separation and domain formation.[179] Thus, it has been suggested that 

the nature of the 2-ethylhexyl groups of alexidine confers its ability to produce lipid domains in cell membranes. 

However, the same authors noted a similar minimal inhibitory concentration (MICs) for alexidine and 

chlorhexidine (0.7-0.8 µg/L). On the other hand, alexidine proved to be more effective against chlorhexidine-

resistant Prou. stuartii, PV 67 bacteria, suggesting different interacting sites or mechanisms for alexidine.[179] 

Furthermore, alexidine alters the permeability of the bacterial cell membrane faster than chlorhexidine as 

demonstrated by the lysis of spheroplasts. These results are in agreement with previous studies that present 

greatly faster growth inhibition for alexidine.[179]  

Another feature of bis-biguanide antiseptics is their ability to prevent inflammation induced by dead 

bacteria debris. Zorko and Jerala demonstrated by isothermal calorimetric titration and fluorescence 

displacement assays the binding to pro-inflammatory components such as lipopolysaccharide (LPS) and 

lipoteichoic acid (LTA).[180] Alexidine has a higher affinity than chlorhexidine for both LPS and LTA, thus 

preventing more efficiently the stimulation of TLR2 and TLR4 Toll-like receptors, and minimizing 

inflammation induced by destroyed bacteria.[180]  

Regarding the potential anticancer activity of alexidine, it has been linked to a caspase-dependent 

apoptosis promotion.[177] 

5.3. Picloxydine 

Picloxydine is another bis-biguanide compound in which two para-chlorophenyl moieties are 

connected through a rigid piperazine linker (Figure 4). It was first synthesized in 1959 by James and Wiggins, 

as part of a series of N5-alkyl/-aryl, mono- and bisbiguanides in which the N1 atom is included in a 

heterocycle.[183] In 1962, the compound was approved by the British Pharmacopeia with the name 

picloxydine.[184] Shortly after, James et al led a comprehensive study of the structure-antibacterial activity 

relationships of picloxydine and some derivatives, showing that picloxydine had strong bacteriostatic activity 

against Streptococcus pyogenes Gp.A., Streptococcus β-haemolyticus, and Clostridium septicum with minimal 

inhibitory concentrations of 0.76, 0.76, and 0.3 mg/mL, respectively.[7] Later, it was demonstrated that the 

antibacterial activity of picloxydine affects a panel of gram-positive and gram-negative microorganisms.[185] 



In vitro studies have shown that the antibacterial properties of chlorhexidine and picloxydine are 

similar and that their mode of action on Streptococcus mutants is identical.[186] Similarly to chlorhexidine and 

alexidine, picloxydine also shows a potent antiplaque efficacy.[187] In a double-blind clinical study of 

chlorhexidine and picloxydine mouthwashes, picloxydine suppressed the oral flora more effectively; however, 

chlorhexidine inhibited plaque development to a much greater extent.[187] A similar sensitivity of the two 

bisbiguanides was measured in studies on gram-negative bacteria resistant to antimicrobial agents.[188] An 

explanation for this similar activity was proposed to be the identical cationic nature of both biguanides.  

Recently, picloxidine has also been reported to show some low micromolar inhibitory activity of 

acetyl- and butylcholinesterase enzymes.[189] Nowadays, picloxydine is mainly used in eye drops for the 

treatment of keratitis, in the topical therapy of trachoma[190], and as a surface disinfectant.[185]   

 

5.4. Polymeric biguanides 

Chlorhexidine, alexidine, and picloxydine are all three bisbiguanide compounds with antimicrobial 

activity. It was later thought that multiple fragments could be joined together to form polymeric biguanides. The 

representative and the most studied compound is polyhexamethylenebiguanide (PHMB): an oligomer of 

hexamethylene biguanide with an average number of biguanide units of 12 (Figure 4).[191] Patented in 1968, it 

has been commercially sold under various brand names (Vantocil, Cosmocil, and Lonzabac) as a disinfecting 

agent in the food and cosmetic industries as well as for swimming pool cleaning. It should be noted that PHMB 

is not on the list of FDA-approved drugs but has been marketed in the US using a 510(k) agreement as a 

disinfectant “substantially equivalent” in safety and effectiveness to chlorhexidine. According to European 

regulation, PHMB can be used in cosmetic industry as a preservative up to a maximum concentration of 

0.3%.[192]  

Koburger et al. determined for PHMB a minimum inhibitory concentration (MIC) of 0.5 - 4 mg/L and a 

minimum bactericidal concentration (MBC) of 1 - 32 mg/L against a panel of most representative gram-negative 

and gram-positive bacteria.[193] In comparison with chlorhexidine, PHMB always showed an efficient 

improvement, from modest to significant, for both MIC and MBC. In an in vivo double-blind randomized 

controlled clinical setting, PHMB formulations were tested as mouth rinse solutions. They displayed a 

significant antibacterial effect and de novo biofilm formation reduction in the oral cavity, similar to those of 

chlorhexidine.[194] PHMB also presents interesting clinical data for use as eye antiseptic or as a solution for 

wound treatment.[195-199] A representative study on 7862 patients derived from a rural-agricultural setting 

with dirty contaminated wounds revealed that treatment with a 0.04% PHMB solution displayed the lowest post-

operative wound infection frequency, compared to other standard antiseptics (povidone-iodine, Ringer’s 

solution, and hydrogen peroxide).[200] In another study published by Andriessen and Eberlein[198], wounds 

treated with 0.1% PHMB solution healed significantly faster and with better success rates than Ringer’s solution 

(97% vs. 89%, mean time to healing 3.31 vs. 4.42 months, 6 months observation period). 

However, the most interesting property of PHMB is probably a very high safety profile that classified it 

as ‘practically non-toxic’. As a representative example, its therapeutic index against Pseudomonas aeruginosa is 

more than 200-fold higher than chlorhexidine. Practically, given its LD50 value (over 500 mg/kg orally in rat) 

and the fact that it is sold as a diluted solution in water, it is very unlikely to promote intoxication. Chronic oral 

intake has also proven to be very well tolerated over 2 years.[201, 202] In addition, contrary to its congener 



chlorhexidine, PHMB presents a negligible risk of promoting allergy – even if one study reported that very high 

topical doses of PHMB can trigger a generalized exanthema.[203] For further information on PHMB toxicity 

and clinical data, the reader can refer to an exhaustive review.[192] 

5.4.1. Mode of action 

The mechanism of action of PHMB is similar to that of previously described bisbiguanides. Being a 

cationic polymer, PHMB interacts with negatively charged phospholipids causing domain formation in the 

bacterial membrane, leading consecutively to increased fluidity, permeability, loss of integrity, and cell 

death.[204-206] In parallel, neutral lipids remain unaffected, which usually contributes to the explanation of its 

low toxicity in human cells.[207] PHMB-phospholipids interaction is nonspecific, therefore polymeric 

biguanides act against a broad spectrum of microbes, including gram-positive and gram-negative bacteria, 

plaque-forming, and biofilm-building bacteria, sporulating bacteria, and some fungi.[208-210] Moreover, 

PHMB has been shown to inactivate HIV-1[211] and HSV[212] in vitro. It is interesting to note that the activity 

of PHMB increases with higher levels of oligomerization, which correlates with an enhanced inner membrane 

perturbation. More information regarding the toxicity, the efficacy, and the clinical applications can be found in 

a review from Höbner and Kramer.[192] 

In conclusion, biguanides presently occupy an important place among the disinfecting and 

antimicrobial agents based on their broad range of bactericidal activities. Yet, only chlorhexidine has been 

approved by FDA and can be used for most clinical purposes. Even though alexidine and PHMB exhibited 

lower MIC and faster action in many cases, they have not been FDA approved. Whereas no clinical trials have 

been found for alexidine, PHMB is widely studied and one of the more investigated antiseptic substances after 

chlorhexidine. However, they are available on the market as “substantially equivalent” to the approved drug 

chlorhexidine in terms of safety and effectiveness. Picloxydine is used in some countries (France and 

Switzerland) in eye drop solutions, but only limited information regarding its study in vivo and in vitro models 

is available. Chlorhexidine remains by far the standard antiseptic around the world for the past 7 decades and is 

part of the WHO List of Essential Medicines. PHMB appears to be the most promising concurrent, given its 

combined great and wide antimicrobial efficacy and especially its exceptional low toxicity and tissue 

compatibility. The number of in vivo studies and clinical trials with PHMB is expected to increase over the next 

few years. 

6. Antiviral activity of biguanides 

One biguanide compound, moroxydine (Figure 1), has found applications as an early antiviral agent 

which was extensively used in the 1960s and 1970s, before being progressively replaced in the 1980s and 1990s 

by other more potent antiviral agents. Nowadays, because of the plethora of potent antiviral drugs 

available,[213] moroxydine has been reclassified as a veterinary drug. 

Moroxydine is a simple heterocyclic biguanide compound in which an external nitrogen atom is linked 

to a diethyleneoxy bridge to form a morpholine ring (Figure 1). The compound was developed in the 1950s by 

the company Kabi, and its antiviral activity was patented in 1957.[214] The first therapeutic use of moroxydine 

was reported for the treatment against Varicella zoster virus (VZV) in 1959 by Schersten.[215] Over the next 20 

years, moroxydine was progressively used for the treatment of different viral diseases. In particular, it was found 



to be active against a panel of DNA and RNA viruses such as adenovirus,[216] influenza,[216] herpes,[217] 

hepatitis,[218] urethritis,[219] meningitis,[218] pneumonia,[218] paramyxoviruses,[220] pityriasis rosea,[221] 

molluscum contagiosum,[222] dengue[223], and papillomavirus[224]. Moreover, besides its broad antiviral 

activity, a particularly interesting feature of moroxydine is its surprisingly low toxicity (oral LD50 (mouse): 

>6250 mg/kg vs. 1450 mg/kg for metformin; subcutaneous LD50 (mouse): 2200 mg/kg vs. 225 mg/kg for 

metformin).[225] 

Despite its broad range of activity, the pharmacopeia has gradually mislaid moroxydine as a drug. The 

absence of conclusive in vivo studies, and clinical trials meeting the modern international standards such as 

double-blind, randomized, controlled studies, did not allow a normalized use of this compound in humans.[218] 

Nowadays, moroxydine remains mostly used in veterinary medicine.[226] However, recently, moroxydine 

regained interest with studies on the inhibition of avian flu and some aquatic viruses affecting fishes.[227],[228] 

7. Anticancer activity of biguanides 

After more than three decades of relative “slumber”, research on biguanides drugs has recently 

regained interest over the last decade, mainly arising from the repurposing of biguanides as potential tumor 

treatments.[15, 17, 18] The first mention of anticancer activity of a biguanide compound was reported with 

metformin after a retrospective epidemiological study of diabetic patients diagnosed with cancer in 2005.[54] 

Several investigations confirmed later the decreased cancer incidence and cancer-related mortality in diabetic 

patients using metformin.[15, 229-231] For example, Bowker et al.[232] in a study including 10309 diabetic 

patients, compared the incidence of cancer during treatments with either insulin, metformin, or sulfonylureas for 

a period of 5 years. The results showed that metformin-treated patients had a significantly lower rate of cancer-

related mortality compared to the insulin and sulfonylurea-treated groups. Additional studies examining 

different types of cancer including breast cancer,[231, 233, 234] colorectal cancer,[235, 236] liver cancer,[237] 

prostate cancer,[238] melanoma[239-241], and others, also reported a reduced risk of cancer and lower cancer-

related mortality in patients receiving metformin. Despite the large number of patients analyzed in these 

epidemiological studies, most of them lack important information such as metformin dosage, body mass index, 

or glycemic control. Moreover, some controversial results were later published.[242] Besides, intra- and 

intratumor metabolic heterogeneity should be taken into consideration when analyzing the anticancer activity of 

metformin.[243] Nonetheless, this research direction is still in its infancy and more studies are required to 

decipher both the efficiency and the anticancer modes of action of metformin. In this section, we will report the 

current knowledge on the anti-cancer effect of metformin - which is by far the most studied and globally 

accessible biguanide – from its penetration into the cells to the main mechanisms of action. From this analysis, 

we will discuss the tremendous potential of future biguanides as anticancer drugs. Other reviews on metformin 

anticancer activity include information on clinical trials[244-246], tumor specific data[247-250], and 

mechanisms of action[16, 251].  

7.1. Metformin transport and organic cation transporters 

Prior to excreting its effect on the cell, metformin needs to cross the membrane barrier and penetrate 

the cytosol. Due to its charge and high hydrophilicity, passive diffusion of metformin is very limited. Thus, to 

allow intracellular uptake, metformin relays on organic cation transporters (OCTs).[93, 252] OCTs of the 



SLC22 gene family are polyspecific transporters expressed on the cell membrane and are critically involved in 

the uptake, distribution, and elimination of cationic drugs. OCT1, OCT2, and OCT3 are major transporters of 

metformin, which are highly expressed in the liver, kidneys, and gut.[253] The suggestion that OCTs play an 

essential role in metformin accumulation in cells was proved using Oct1-knockout (Oct1–/–) mouse models, 

which showed a 3.4-fold (P <0.0001) reduced metformin uptake.[254] Accumulation of metformin in the liver 

as a result of OCT high expression leads to lower rates of gluconeogenesis and facilitation of anticancer activity 

in liver tissue-derived tumors.[255] It was demonstrated that the expression of OCTs is different depending on 

tumor tissue.[256] For instance, Schaeffeler et al. reported that OCT1 expression is decreased in human 

hepatocellular carcinoma cells and it correlates with poor prognosis.[257] Patel et al. showed that OCT3 is 

overexpressed in head and neck squamous cell carcinoma cell lines. Moreover, metformin activity was 

significantly decreased when OCT3 expression was inhibited.[258] It was demonstrated that OCT1, encoded by 

gene SLC22A1,[259] is expressed in different ovarian cancer cell lines and RNA knockdown of OCT1 reduced 

the sensitivity of cancer cells to metformin.[260] Another key factor that modulates the therapeutic response and 

activity of metformin is the polymorphism of OCT genes that affects OCT1 function[261] and the regulation of 

renal clearance of metformin.[262] Therefore, there is a strong correlation between the anticancer activity of 

metformin and OCTs in cancer cells.  

7.2. Modes of action 

The great safety profile of metformin allows the administration of this low molecular weight drug at 

high dosages (millimolar concentrations in cellular assays). Such a concentration inevitably results in pleiotropic 

effects, i.e. drug's actions other than those for which the agent was specifically developed. Consequently, several 

plausible concomitant mechanisms have been suggested to explain its anti-tumor effects (Figure 6). These 

mechanisms can be divided into two main groups: direct (insulin-independent) and indirect (insulin-dependent).  

7.2.1. Indirect mechanism  

The indirect mechanism gathers the insulin-dependent effects of metformin, relying on the inhibition of 

hepatic gluconeogenesis and the stimulation of glucose uptake in muscles, which reduce fasting blood glucose 

and insulin.[263] It is widely known that cancer cells overexpress insulin as well as insulin-like growth factor 

(IGF) receptors (IGF-R).[264] For example, Fürstenberger et al. found an association between IGF and breast 

cancer.[265] It was reported that the relative age-adjusted risk of breast cancer for 304 postmenopausal and 76 

premenopausal women was 2.33 (95% CI 1.06–5.16; p=0.08) and 2.88 (95% CI 1.21–6.85; p=0.02) according 

to the level of IGF1 and IGF3. Moreover, if the analyses were limited by age to 50 years, the respective relative 

risks were 4.58 (95% CI 1.75–12.0) and 7.28 (95% CI 2.4–2.2) correspondingly. IGF-R, besides its metabolic 

effect, promotes the proliferation of cancer cells and metastasis.[264] Furthermore, other mechanisms 

explaining the relationship between high insulin levels and tumor development exist. Hyperinsulinemia results 

in higher serum levels of insulin-like growth factors (IGF), a faster proliferation of epithelial tissues, as well as 

the disruption of the adipokines homeostasis. However, adipokines, which are cytokines selectively secreted by 

adipose tissues, are thought to be implicated in cancer pathogenesis.[266] Actually, metformin treatment has 

proved to lower serum levels of insulin and IGF-1 and thereby reduce cell growth stimulation.[267] Another 

insulin-associated effect of metformin is related to reducing glucose levels. It is widely accepted that glucose is 



an essential nutrient for fast proliferating cells. Otto Warburg in 1924 observed that cancer cells use much more 

glucose compared to other cells. In addition, it was observed that glucose was fermented to lactate even in the 

presence of oxygen.[268, 269] Lately, in 1970s, this effect was called Warburg Effect. In comparison with 

normal cells, most of the cancer cells rely on aerobic glycolysis to obtain energy and necessary glycolytic 

intermediates which can be used for protein synthesis and cell division.[270] It results in much higher glucose 

uptake by cancer cells compared to normal ones. Therefore, treatment with metformin, which reduces glycemia, 

also decreases growth advantages associated with cancer cells. 

 
Figure 6: Mechanisms of action of metformin. Indirect (insulin-dependent) pathway: metformin downregulates 
glycogenesis and reduces hepatic glucose production, thus lowering serum levels of insulin and IGF-1. Metformin increases 
glucose uptake in skeletal muscles. Direct (insulin-independent) pathway: divided into AMPK dependent mechanisms where 
metformin inhibits the complex I and target-of-rapamycin complex-1 (mTORC1) in an AMPK-dependent manner and 
AMPK independent mechanisms that include unfolded protein response, cell cycle arrest, immune response, eradication of 
cancer stem cells, and inhibition of NF-κB pathway. 

7.2.2. Direct mechanism 

The direct (insulin-independent) effects of metformin are attributed to several mechanisms and can be 

divided into two main groups: AMPK dependent and AMPK independent. These mechanisms are further 

discussed in detail. For more exhaustive information reader can refer to other reviews written on the topic of the 

mechanism of action of metformin.[15, 231, 271, 272]  

 



 

 

7.2.2.1. AMPK dependent 

A part of the anticancer activity of metformin can be explained by using a simplified model focused on 

cellular metabolism in which metformin activates AMPK (Figure 6: Insulin independent pathway), leading to a 

reduction in mammalian target of rapamycin (mTOR) signaling and inhibition of cellular protein synthesis and 

cancer cell growth.[273, 274] Activation of AMPK starts with the inhibition of the complex I of the 

mitochondrial respiratory chain, which results in the interruption of mitochondrial respiration, followed by a 

decrease in proton-driven ATP production, a reduction in the ATP/AMP ratio, and energetic stress.[96, 98] In 

turn, increased levels of AMP activate AMPK by three separate mechanisms:[275] i) activation by specific 

phosphorylation of the α catalytic subunit on residue Thr172 by the upstream kinase LKB1, ii) allosteric 

activation, and iii) interference with dephosphorylation of AMPK Thr172 by protein phosphatases. Once 

activated, LKB1 phosphorylates AMPK resulting in the initiation of the energy stress that hinders cell 

growth.[276] Downstream, AMPK phosphorylates tuberous sclerosis complex-2 (TSC-2)[277] that in turn, 

inhibits the activity of mTOR, a signaling pathway that plays a central role in malignant cell growth and cancer 

pathogenesis. AMPK is also able to directly phosphorylate various mediators such as TSC-2 and the regulatory 

associated protein of mTOR (RAPTOR) which will bind and inhibit mTOR.[276] As mentioned above, AMPK 

activation also induces the inhibition of anabolic processes and the activation of catabolic processes. 

Furthermore, plays a crucial role in vascular cell proliferation, migration, and angiogenesis. AMPK signaling 

pathway activation in vascular cells was critical for angiogenesis in hypoxic conditions.[278] It was reported 

that metformin-induced adenylate-activated protein kinase-dependent signaling pathways limits protein kinase B 

(AKT) activation and phosphorylation, thereby regulating cell growth, proliferation, and circulatory 

homeostasis.[279] 

 For example, phosphorylation of other downstream targets than mTOR results in fatty acid β-oxidation 

and glycolysis. This also involves the suppression of many processes dependent on an ample cellular ATP 

supply, including gluconeogenesis, protein and fatty acid synthesis, and cholesterol biosynthesis.[280, 281] 

Apart from the metabolic stresses, AMPK also induces autophagy.[282] This inhibition of lipogenesis and 

AMPK-related autophagy are described in detail below. 

7.2.2.1.1. Inhibition of lipogenesis 

It is widely accepted that fast-growing cancer cells require more energy and resources than normal cells to 

support their rapid divisions. This energy is mainly provided by de novo synthesized lipids and as a result, 

cancer cells show high rates of lipogenesis.[283] Metformin was shown to inhibit lipid accumulation, lower 

plasma total cholesterol, and triglyceride levels[284-286], and stimulated fatty acid oxidation[103, 287]. It also 

was found to stimulate AMPK-activity in the liver and skeletal mussels.[288]. Clinical studies of metformin and 

salicylate were shown to synergistically activate AMPK in vitro and in vivo, resulting in reduced liver 

lipogenesis, lower liver lipid levels, and improved insulin sensitivity in mice.[289]  

AMPK phosphorylates and inhibits acetyl CoA carboxylase (ACC) and HMG-CoA reductase, which are 

necessary enzymes for de novo synthesis of fatty acids and cholesterol, respectively.[290] HMG-CoA reductase 



is the rate-limiting enzyme of the mevalonate pathway, the metabolic pathway that produces cholesterol and 

other isoprenoids. It was shown that inhibitors of HMG-CoA reductase could be used to prevent cancer in 

experimental models as well as in humans.[291, 292] Furthermore, Graaf et al. reported that using statins for 

more than 6 months was associated with a 20% reduced risk of cancer.[293] Another evidence was presented by 

Blais et al. in a nested case-control study of 6721 participants older than 65 years which showed 28% lower 

cancer risk in the group of patients who used statins compared with treatment by bile acid-binding resin.[294] 

Another important enzyme involved in lipogenesis and long-chain fatty acid production is fatty acid synthase 

(FAS). FAS plays an important role in cancer metabolism and is overexpressed in many human cancers.[295, 

296] ACC and FAS are indirectly regulated by the transcription factors sterol regulatory element-binding 

protein 1 (SREBP-1) and sterol regulatory element-binding protein 2 (SREBP-2).[297] It appears that AMPK 

indeed inhibits SREBP1, although via a not yet fully elucidated mechanism.[101] Moreover, the 

phosphorylation by AMPK of the isoform SREBP-1c proved to result in reduced FAS and ACC genes 

translocation and expression and reduced related lipogenesis.[298] 

7.2.2.1.2. AMPK induced autophagy 

Besides the activation of catabolic processes to save energy, AMPK also plays a key role in autophagy 

induction.[299, 300] Autophagy is the main survival mechanism, which is characterized by the degradation of 

the own components of a cell, in order to redistribute nutrients from unnecessary processes to more essential 

ones. In oncology, this recycling mechanism can play a dual role in pro-survival or pro-death events.[301-303] 

Usually, autophagy is promoted by conditions of nutrients deprivation, allowing cells to degrade organelles and 

macromolecules, to provide a source of precursors such as fatty acids, amino acids, and nucleotides. In this 

sense, autophagy serves a protective role, allowing cells to survive during nutrients deprivation. Moreover, this 

mechanism seems essential for the cell, as the prevention of autophagy has been shown to trigger apoptosis in 

several cases.[304, 305] In cancer therapy, autophagy plays an additional protective role by cleaning and 

recycling the cell constituents damaged by chemotherapeutic agents. It was reported by Buzzai et al. that 

metformin selectively induces autophagy in colon cancer cell lines HCT116 p53 (+/+) and not in HCT116 p53 

(-/-)which could trigger p53-dependent protective autophagy by phosphorylation of AMPK at Thr172 and 

further inactivation of mTOR.[306] Recently, Moon et al. demonstrated that metformin induces autophagy in 

ovarian cancer cells via PERK/eIF2a pathway as a pro-survival mechanism to protect themselves from 

metformin-induced apoptosis. Moreover, it was shown that inhibition of autophagy enhanced growth inhibition 

and apoptotic effects of metformin.[307] In contrast, the loss of key autophagy genes such as BCL1 is 

frequently found in many human cancers such as human breast, ovarian, and prostate among others.[308, 309] 

Recent studies show that AMPK directly triggers autophagy by phosphorylation and activation of the ULK1 

protein kinase [310-312] and by inactivation of mTORC1.[313] Metformin in combination with doxorubicin 

enhances the tumor cells response in murine lymphoma models via activation of pro-death autophagy.[314] 

Takahashi et al. reported that metformin suppresses endometrial cancer cell growth via cell cycle arrest, 

autophagy, and apoptosis. The authors showed that inhibition of autophagy by Beclin1 knockdown or by 3-

methyladenine-mediated inhibition of caspase-3/7 decreases the anti-proliferative effects of metformin.[315] In 

our lab, we have demonstrated that metformin induces cell cycle arrest, autophagy and apoptosis of melanoma 

after 24, 72 and 96 hours of treatment, respectively. The important role of autophagy in inducing apoptosis was 



proved by knocking down of LC3 or ATG5 which results in apoptosis delay.[239] It was also reported that 

metformin inhibits a retinoblastoma cell lines growth in vitro via inducing autophagy.[316] These results show 

that autophagy plays a dual pro-death and pro-survival role in anticancer activity of metformin. 

7.2.2.1.3. Downstream effects of the mTORC1 inhibition  

Serine/threonine kinase mTOR is the core component of two distinct complexes: mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2).[317] Numerous studies have demonstrated that mTORC1 

activation plays an important role in tumor growth, angiogenesis, and metastasis.[318] In one study authors 

showed that metformin exposure leads to increased phosphorylation of IRS-1 at Ser and decreases AKT 

activation, thereby regulating cell growth, proliferation, and circulatory homeostasis.[279] It was shown that 

metformin indeed inhibits mTORC1 and consequently affects the activity of various downstream targets of 

mTORC1.[319, 320] For instance, mTORC1 is implicated in protein synthesis and cell growth via 

phosphorylation of S6 kinase 1 (S6K1).[321] Moreover, it was demonstrated that S6K1 is overexpressed in 

ovary and breast cancers and it is correlated with poor prognosis of kidney, breast, and hepatocellular 

carcinomas.[322-326] Additionally, it was shown that mTORC1 kinase regulates the protein synthesis by 

phosphorylation and increases Cap-dependent translation initiation by the eIF4E-binding proteins (4EBPs).[327] 

Eukaryotic translation initiation factor 4E (eIF4E) is a family of proteins that binds 5’,7-methylguanosine Cap 

structure of mRNAs and deliver these mRNAs to the eIF4F translation initiation complex. The eIF4F complex 

regulates the Cap-dependent mRNA translation process and is composed of eukaryotic translation initiation 

factor 4G (eIF4G), eIF4E and the eukaryotic initiation factor-4A (eIF4A). eIF4F complex unwinds the 

secondary structure of mRNA in order to disclose the translation of an initiation codon and initiates translation. 

Normally, eIF4F complex assembly is blocked because eIF4E is bound to 4E binding proteins (4EBP) and 

therefore not available. Activation of the mTOR pathway leads to 4EBP phosphorylation, decomplexing eIF4E 

from 4EBP, enabling the formation of the eIF4F complex and resulting in an increase of translation and protein 

synthesis.[328] These findings indicate that via mTORC1 inhibition, metformin affects different downstream 

targets which results in cell growth, proliferation and angiogenesis downregulation (Figure 7). 



 
Figure 7. General scheme of mTORC1 complex inhibition by metformin. Metformin inhibits mTORC1 complex, which 
leads 1/ to a dose-dependent specific decrease in Cap-dependent translation via disruption of 4E-BP/eIF4E interaction, and 
2/ to an inhibition of protein synthesis via decreased phosphorylation of S6K1.  

7.2.2.1.4. Inhibition of NF-κB pathway  

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a protein complex that 

controls DNA transcription, production of cytokines and regulates cell proliferation and apoptosis.[329] NF-κB 

plays an important role in the initiation and progression of many human cancers.[330] Inhibition of NF-κB leads 

cancer cells to death by proliferation blockade and increase of their sensitivity to apoptosis-inducing stimuli or 

chemotherapeutic agents.[331, 332] As a result, NF-κB is considered as an important biological target in cancer 

therapy.[333-335] Recently, it was shown that metformin exerts an antiproliferative effect on human epidermoid 

carcinoma xenograft in nu/nu mice by inhibition of NF-κB and mTOR.[336, 337] By activating AMPK, 

metformin also inhibits mTOR through downregulation of NF-κB and cAMP response element-binding protein 

CREB.[338] CREB is a transcription factor that regulates diverse cellular responses, including proliferation and 

survival. CREB can transactivate the expression of Ras homolog enriched in brain (RHEB), a direct key 

activator of mTORC1. Thus, the downregulation of CREB by metformin results in mTOR inhibition.[339] 

Zheng et al. reported that metformin-activated AMPK inhibits NF-κB in human hepatocellular carcinoma by 

reducing IκBα degradation.[340] IκBα is a critical regulator of the transcription factor NFκB. IκBα masks the 

nuclear localization signals (NLS) of NF-κB proteins and keeps them sequestered in an inactive state in the 

cytoplasm.[341] Additionally, IκBα inhibits the ability of NF-κB transcription factors to bind to DNA.[342] 

Thus, by decreasing IκBα degradation, metformin inhibits NF-κB. In addition, it was shown that this metformin-

induced NF-κB inhibition resulted in reduced secretion of pro-inflammatory cytokines by senescent cells.[343] 

7.2.2.1.5. Inhibition of cancer cell invasion and migration 

Cancer cells can change their position within the tissues due to their ability to undergo migration and invasion. 

Thereby transforming a local metastasis into a life-threatening disease. On several occasions, metformin was 

found to limit migration of thyroid cancer cells[344], pancreatic ductal carcinoma[345], ovarian cancer 



cells[346]. Metformin, activated TIP30, a cancer suppressor via AMPK in liver cancer cells, promoting 

metastasis inhibition and sorafenib effects[347]. Consequently, it was reported that metformin also blocked 

melanoma invasion and metastasis in an AMPK/p53-dependent manner. Recent research suggests that 

metformin activates LKB1/AMPK signaling pathway. This in turn leads to aerobic glycolysis inhibition in cells 

containing a functional LKB1/AMPK pathway. AMPK-activation leads to high energy stress. Additionally, 

down-regulation of mTOR inhibits cell growth after translocation. Metformin may also inhibit invasion and 

migration through epithelial-mesenchymal transition (EMT) signaling pathways and migration of siRNAs in 

EMTsignaling. A more detailed overview of mechanisms by which metformin inhibits cell invasion and 

migration are reviewed by Chen et al.[348] 

7.2.2.2. AMPK independent 

If AMPK plays a key role in metformin’s action, there are also pieces of evidence of AMPK-

independent effects of metformin (Figure 7: Insulin independent pathway). This includes i) a cancer cell cycle 

arrest by suppression of the genes involved in cell division;[349] ii) the inhibition of the unfolded protein 

response (UPR) which forces the cancer cells to enter apoptosis;[350] iii) an improved immune response by 

increasing the number of CD8+ T cells;[351]  iv) the targeting of cancer stem cells (CSC) in various 

tumors;[352] v) an AMPK-independent mTOR inhibition through NF-κB pathway inhibition;[336, 337] and vi) 

the reduction of insulin and IGF, described in details in the dedicated section, which leads to reduced growth 

stimuli of cancer cells.[353] These first six main mechanisms of the AMPK-independent mode of action are 

presented next in detail.  

7.2.2.2.1. Cell cycle arrest  

The cell cycle is regulated mostly by cyclin-dependent kinases (CDK).[354] The importance of cell 

cycle regulation in many human cancers has been extensively demonstrated.[355] It was shown that metformin 

induces cell cycle arrest in G0/G1 and G2/M phases in different cancer types, including breast and esophageal 

squamous cancer cells.[356] The molecular mechanisms particularly involve the upregulation of CDK 

inhibitors, such as p21 or p27 proteins.[357] P27 is an atypical tumor suppressor which regulates G0 to S phase 

transitions by binding to CDK and regulating their activity.[358, 359] In most human cancers, p27 protein levels 

are reduced and this is associated with poor disease prognosis.[360] The CDK inhibitor p21 promotes p53-

dependent G1 growth cell cycle arrest in response to many different stimuli.[361, 362] Different types of human 

cancers such as colorectal, small-cell lung cancers, cervical and head, and neck, are also associated with reduced 

p21 expression.[363] Treatment with metformin results in the reduction of cyclin D1 levels and the increase of 

Bax, p21, p53, and cyclin E expression.[364] The cyclin D1 proto-oncogene is an important regulator of G1 to S 

phase progression, that plays a role in the development and progression of many cancers such as breast, 

esophagus, bladder, and lung.[365-369] Moreover, overexpression of cyclin D1 has also been connected to the 

development of endocrine resistance in breast cancer cells.[370] Similar results were reported by Cai et al. in 

esophageal squamous cells carcinoma xenograft models treated with metformin: the authors observed the 

downregulation of cyclin D1 and an upregulation of p53, p21 and p27.[371] Furthermore, metformin selectively 

decreases cyclin D levels in prostate cancer cells where they induce cell cycle arrest in G0/G1 phase.[349] 

Buzzai et al. demonstrated that metformin selectively inhibits p53-deficient cell growth and induces autophagy 



in vitro and in vivo in colon cancer xenografts.[306] It was also shown that metformin affects the activity of 

CDK1, CDK2, CDK4, CDK6 in MCF7 cells in head and neck squamous cell carcinoma.[372, 373] Taken 

together, these studies suggest that the suppression of tumor growth by metformin is partially dependent on cell 

cycle arrest. 

7.2.2.2.2. Inhibition of unfolded protein response (UPR) 

The endoplasmic reticulum (ER) is the organelle of eukaryotic cells responsible for protein folding, and 

transportation of the synthesized proteins to the Golgi apparatus.[374] In addition, ER possesses a quality 

control system aimed at repairing folding defects before releasing the proteins, or sending them to the 

proteasome for degradation if not repairable. However, several factors may destabilize the balance within the 

ER and lead to the accumulation of misfolded proteins such as glucose deprivation, changes in redox conditions, 

or poor regulation of calcium concentration.[375] This accumulation of misfolded proteins is toxic to the cell at 

high concentrations and is called ER stress. In cancer cells, protein synthesis is overactivated to support the 

growth rate and intense cell division required for rapid cell proliferation.[376] This overactivation is associated 

with an increase in the probability and the number of folding abnormalities, and it results in an inherent ER 

stress of the cancer cells. Stressed cells are able to trigger a protective mechanism called Unfolded Protein 

Response (UPR) which aims to eliminate the excess of malformed proteins and restore the homeostasis of the 

ER.[377] UPR consists of a series of adaptive mechanisms organized in three axes: 1/ attenuation of protein 

translation in order to slow down the production of proteins, 2/ recruitment of new chaperones to support the 

global folding effort and decrease the stock of misfolded proteins, and 3/ evacuation of waste for their 

destruction by the proteasome.[378, 379] Moreover, if the stress is prolonged and cannot be resolved in due 

time, UPR initiates apoptosis of the stressed cell.[380, 381] UPR is orchestrated by a pivotal enzyme: 78kDa-

Glucose-Related Protein GRP78 (also named BiP or HSPA5), which simultaneously plays the role of folding 

chaperone and acts as the main ER stress sensor. The three major downstream effectors of GRP78 are protein 

kinase RNA-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating 

transcription factor-6 (ATF6).[382] Once activated, PERK inhibits protein synthesis by phosphorylating 

eukaryotic initiation factor 2α (eIF2α), resulting in the suppression of mRNA translation, with the exception of 

ATF4 mRNA.[383] ATF4 is a transcription factor that plays a crucial role in the adaptation to stress conditions 

by transcription of genes for amino acid metabolism and redox reactions to restore ER homeostasis.[350] IRE1 

is an ER transmembrane sensor that defines the splicing of a 26-nucleotide-long intron from the mRNA 

encoding the transcription factor X box-binding protein 1 (XBP1).[384] XBP1 also regulates the expression of 

genes important in the cellular stress response[385] and has been demonstrated both to play an important role in 

cancer progression and to be overexpressed in many human cancers such as breast cancer, hepatocellular 

carcinoma, and pancreatic adenocarcinoma.[386] Metformin has been found to inhibit transcription of XBP1 

and ATF4 and as a result to induce massive cell death.[350] In addition, Leclerc et al. recently showed that 

metformin could downregulate UPR which led to UPR-mediated cell death in acute lymphoblastic 

leukemia.[387] 

7.2.2.2.3. Immune response 



Metformin can show anticancer activity by increasing levels of immune CD8+ T cells, which play an 

important role in different tumors.[351, 388-390] After recognition of the antigen, CD8+ T cells become 

activated and initiate their differentiation into effector cytotoxic T lymphocytes (CTLs). After clearance of the 

antigen, most CTLs die, and only a fraction of those who survive as long-lived memory cells (35-50 years in 

humans).[388, 391] However, chronic activation by cancer cells leads to immune exhaustion because it makes 

effector or activated T cells unable to produce cytokines or promote their apoptosis. It was demonstrated that 

this immune exhaustion plays an important role in cancer development and progression.[392] Recently, it was 

shown that metformin can increase the number of CD8+ tumor-infiltrating lymphocytes (TILs) and protect them 

from exhaustion and apoptosis. Metformin also shifts CD8+TILs from central memory T cells (TCM, inactive 

against tumor cells) to effector memory T cells (TEM, active against tumor cells), an event that correlates with 

regression of tumor cells.[351] Moreover, Pearce et al. published that treatment with metformin increased the 

fraction of CD8+ long-lived memory cells.[389] There has been a growing body of evidence suggesting that 

metformin may play a role of an immune modulator in the tumor microenvironment of ovarian cancer.[393] 

Recently, the role of metformin in metabolic reprogramming of tumor-specific T cells was reviewed, and it was 

concluded that AMPK inhibitors such as metformin may increase the efficacy of cancer immunotherapy.[394]  

7.2.2.2.4. Eradication of cancer stem cells 

Cancer stem cells (CSCs) are a group of malignant cells that possess the ability to regenerate all cell 

types of the tumor. CSCs are often resistant to chemotherapeutic agents and are believed to be one of the main 

reasons for the recurrence of cancer.[395-397] The presence of CSCs has been identified in most solid tumors 

including breast, pancreas, colon, lung, brain, melanoma, and prostate.[398-402] Metformin, was shown to 

reduce the CSC population and inhibit the proliferation of neoplastic cells and angiogenesis in ovarian 

cancer.[272, 403] The exact mechanism by which metformin kills or sensitize cancer stem cells has not been 

fully elucidated yet. For instance, Vazquez-Martin et al. reported in a basal-like breast cancer model that 

metformin suppresses epithelial-mesenchymal transition (EMT) status which plays an important role in the 

acquisition of malignant properties including stemness.[404] Furthermore, Bao et al. showed in gemcitabine-

sensitive and gemcitabine-resistant pancreatic cancer cells, that metformin can inhibit CSC self-renewal 

capacity by re-expression of miRNAs and down expression of CSC markers.[405] Despite the unclear 

mechanism of action, there are many pieces of evidence proving that treatment with metformin effectively kills 

CSCs as monotherapy or as an adjuvant drug. It was shown that CSCs become more sensitive to other drugs 

such as carboplatin,[406] phenethylisothiocyanate,[407] cisplatin,[408] doxorubicin[409] among others after 

metformin treatment, suggesting that metformin could be used not only alone but also as a sensitizer in 

combination with other drugs for the treatment of different types of cancer. It was demonstrated that metformin 

effectively targets breast CSCs and increases the effectiveness of chemotherapy in breast cancer. Moreover, 

Song et al. showed that 48 hours of treatment with 1 and 5 mM of metformin reduces a fraction of breast CSCs 

from 2.78% to 2.20% and 1.29% correspondingly.[352] Hirsch et al. demonstrated that metformin not only 

targeted breast CSCs in four different cell lines but also promoted prolonged remission in vivo in a xenograft 

mouse model.[395] Furthermore, metformin effectively reduced the proliferation of CSCs in an Akt-dependent 

manner in glioblastoma cell lines.[410] Zhang et al. showed that colon CSCs were significantly reduced by 

treatment with metformin with a synergetic antiproliferative effect of 5-fluorouracil in comparison to 5-



fluorouracil single treatment (15.13±3.43 vs 21.30±1.40; p=0.027, respectively), resulting in growth inhibition 

of resistant tumors.[411] In pancreatic cancer, metformin has been shown to significantly reduce the expression 

of CSC markers such as ALDH1, CD44, CD133, reducing cell viability, clonogenicity, wound-healing and 

sphere-forming capacity in pancreatic CSCs.[412, 413] 

7.2.2.3. Mechanisms via other pathways 

Besides these five main AMPK-independent modes of action of metformin, several other actions have 

been reported. For instance, Liu et al. demonstrated that metformin shows anticancer activity on glioblastoma 

cells through AMPK-independent inhibition of mTOR by enhancing PRAS40's association with RAPTOR.[336, 

337] Another possible mechanism of AMPK-independent mTOR inhibition was recently demonstrated by 

Memmott et al. who observed inhibition of mTOR in lung tumor tissues, by inhibition of the phosphorylation of 

IGF-IR/IR, Akt, and ERK.[414] Kalender et al. described another evidence of AMPK-independent inhibition of 

the mTORC1 via Rag GTPase.[319] Metformin also inhibits the proliferation in human hepatic carcinoma cells 

by downregulation of human-oxygenase-1 in an AMPK-independent manner possibly by attenuation of Raf-

ERK-Nrf2 signaling.[415]  

Recently the relationship between metformin and miRNA expression in human cells has received 

increasing attention[272]. miRNAs are short RNA sequences that were reported to regulate angiogenesis by 

affecting the proliferation, migration, and apoptosis of vascular cells[416]. Among them, miR-21 is known for 

the regulation of vascular cell proliferation, migration, apoptosis, and angiogenesis. Several studies reported 

downregulation in the expression of miRNA under metformin treatment. For example, metformin treatment 

resulted in a significant dose- and time-dependent decrease in miR-21 expression in human umbilical vein 

endothelial cells.[417]  Indeed, metformin inhibits TGF-β and thereby activates miR-21 expression in 

endothelial cells. This leads to increased mRNA and protein levels (PTEN and Smad7), which in turn decreases 

phosphorylation of AKT, ERK1/2, and Smad2.[272] These changes ultimately inhibit the proliferation, 

migration, and tubule formation of endothelial cells, suggesting that metformin can regulate angiogenesis. Other 

studies suggested that metformin-associated upregulation of miRNA34a in heme oxygenase-1renal cancer cells 

could lead to cell growth inhibition and cell cycle arrest.[418] It is evident that further studies into the role of 

metformin influence on miRNA expression are required to assemble a complete picture of the role of metformin 

on the cell cycle and proliferation. 

The diversity of mechanisms of action proposed for metformin is still debated today. But its pleiotropic 

action is self-evident. The respective contribution of each mode of action, and the extent for each specific cancer 

is currently under investigation by several groups around the world. Additional research will be necessary in any 

case in the future to dissociate its complex action in cancer cells. Besides, the anticancer potential of other 

biguanide-based drugs has been very little studied so far. 

7.3. Past and recent clinical studies 

While the exact mechanism of action of metformin remains debatable, numerous clinical studies 

indicate its efficacy in various cancer models. A comprehensive summary of clinical studies on metformin could 

be found in contemporary reviews[68, 246, 419, 420]. Here we chose to highlight some past and most recent 

clinical data reported at the moment of publication.  



Originally systematic meta-analysis of the diabetic patients revealed that patients taking metformin 

were at lower risk of developing cancer.[231, 421] Those data together with preclinical, empirical 

evidences[422-424] suggesting that metformin inhibits carcinogenesis promoted further clinical studies of 

metformin as an anticancer treatment for a broad group of patients.  

For example, a significant body of work suggested that metformin intervention may prevent and reduce 

the risk of colorectal cancer at various stages. A study on diabetic patients conducted by Sehdev et 

al.[425] reported a 12% risk reduction in patients with colorectal cancer. Later multicenter phase 3 

trial revealed that low dose metformin treatment reduced the prevalence and number of metachronous 

adenomas, thereby proving the antitumor potential of metformin against colorectal cancer.[426] Similarly, a 

meta-analysis of diabetic patients reviled lower incidents of ovarian cancer in the patients taking 

metformin.[427] A recent study observed that metformin use in postmenopausal women may prevent age-

associated ovarian fibrosis, decreasing the risk of ovarian cancer.[428] Randomized clinical trials carried out to 

assess the impact of metformin on endometrial cancer risk showed trends toward positive effects on endometrial 

cancer risk-related serum markers and body composition.[429] Phase II clinical trial of metformin as a cancer 

stem cell–targeting agent in ovarian cancer proved that metformin therapy was associated with better-than-

expected overall survival, supporting the use of the biguanide in phase III studies.[430] 

Recent evidence suggests that metformin could be a potential candidate for breast cancer treatment as it 

was shown to inhibit breast cancer cell proliferation through the pathway miR-483-3p/METTL3/m6A/p21[431]. 

It was shown that mitochondrial metabolism can be exploited by targeting BACH1 to sensitize breast cancer to 

electron transport chain inhibitors such as metformin.[432] Another clinical study pointed at metformin 

anticancer effect through integrated measurement of transcriptomics and metabolomics.[433]  Potential benefits 

of metformin in breast cancer treatment are further supported by other pre-clinical and clinical evidence.[434]  

Metformin was found to decrease the growth and mobility of melanoma cells[435], inhibited 

proliferation, and induced apoptosis in the oral squamous cell.[436] Phase 1b/2 clinical studies are underway for 

evaluating the effect of metformin and chloroquine on solid tumors including glioma.[437] In glioma models, 

the use of metformin in combination with five other repurposed drugs (itraconazole, naproxen, pirfenidone, 

rifampin, and quetiapine; known as EMT inhibiting sextet (EIS)) is shown to inhibit glioblastoma cells 

proliferation, invasion, chemoresistance, and metastatic activities which further blocked the epithelial to 

mesenchymal transition (EMT).[438]  Another area where metformin therapy where recent clinical data are 

available is lung cancer. A systematic review of diabetic patients with lung cancer showed that metformin use 

was related to a lower lung cancer risk in diabetic patients compared to non-users.[439] Later in clinical trials it 

was established that metformin in combination with immune checkpoint inhibitors improves clinical outcomes 

in non-small-cell lung cancer.[440]  

While various clinical trials report improved outcomes for non-diabetic cancer patients, those results 

are somewhat limited and further comprehensive investigation into the clinical application of metformin as an 

anticancer drug (mono and/or combination therapy) is necessary. Furthermore, the immunomodulation effect of 

metformin should be closely investigated and taken into account to improve clinical usage. 

8. Conclusions and Outlook  



 The biguanide class of compounds remains under-investigated despite their very attractive 

pharmacological properties, with a comparatively small number of bioactive analogs synthesized. At the same 

time, the number of successful biguanide drugs is very significant in comparison to the explored chemical space 

(Figure 1). Indeed, ten biguanide drugs are commercially available, and products like metformin or 

chlorhexidine are among the top-selling drugs in their therapeutic indication: type II diabetes and antibacterial 

agents. Other important biguanides include proguanil, which constitutes a standard treatment against malaria, 

and PHMB which could one day compete with chlorhexidine, given its exceptionally broad therapeutic index. 

 The current renewed interest in biguanide research stems mainly from promising reports as 

potential tumor treatments. Indeed, since the first observation of the anticancer effect of metformin by Evans in 

2005, growing attention has been given to the use of this compound as a monotherapy or adjuvant anticancer 

drug. Owning to its great safety profile, about 350 clinical trials involving metformin are currently underway, 

with around 90% of those related to cancer treatment (Table1).[441] Contrarily, other biguanide drugs have 

been poorly investigated for their anticancer potential yet. Furthermore, a recent pandemic linked to SARS 

CoV-2 triggered the further exploration of a possible therapeutic potential of biguanides and metformin for 

those infected with the virus.[442] 

 

 

 

 

 

 

Table 1. Summary of the main biguanide drugs used for therapeutic applications.† 

Drugs 

(date of discovery) 
Mode of action 

Clinical trials 

in total 

(ongoing) 

FDA approval 

status 
Status 

Metformin (1922) 
Antidiabetic[343] 

Anticancer[317] 
2196 (348) Approved 

Commercially available as first-line 

treatment of type II diabetes.[320] 

Present on the WHO List of 

Essential Medicines 

Proguanil (1945) Antimalarial[5, 130] 54 (11) Approved 

Commercially available. Present on 

the WHO List of Essential 

Medicines 

Chlorhexidine (1946) 

Antimicrobial[443] 

Sporostatic[163] 

Mycobacteriostatic[322] 

Bactericidal[165] 

Antiviral[169] 

Antiprotozoal[444] 

Antifungal[445] 

787 (288) Approved 

Commercially available as a 

standard antiseptic. Present on the 

WHO List of Essential Medicines 

Chlorproguanil Antimalarial[138] 14 (0) Unapproved Commercially available 



(1950) 

Moroxydine (1957) Antiviral[218] 

No clinical trials 

reported 

(tested in 

humans) 

Unapproved 

Drug progressively abandoned due 

to lack of efficacy compared to 

newer antivirals in modern clinical 

evaluation settings[218] Today 

mostly used for veterinary purposes. 

Commercially available in China. 

Phenformin (1958) 
Antidiabetic[340, 446] 

Anticancer[447, 448] 
4 (1) Unapproved 

Withdrawn from most drug markets 

in 1978 for safety reasons[119] 

Buformin (1958) 
Antidiabetic[449] 

Anticancer[450] 
5 (1) Unapproved 

Withdrawn from most drug markets 

in 1978 for safety reasons[119] 

Picloxydine (1959) 
Antiplaque[187] 

Antibacterial[185] 

No clinical trials 

reported 

(tested in 

humans) 

Unapproved 
Commercially available in 

Switzerland and France 

Clociguanil (1965) Antimalarial[149] 

No clinical trials 

reported 

(tested in 

humans) 

Unapproved 

Drug development abandoned in 

1974 because of a lack of clinical 

improvement 

Alexidine (1966) 

Bactericidal[179] 

Anticancer[177] 

Antimicrobial[451] 

No clinical trials 

reported 

(tested in 

humans) 

Unapproved but 

with 510(k) 

agreement 

Commercially available 

Polyhexamethylenebi

guanide (1968) 
Antimicrobial[208-210] 26 (7) 

Unapproved but 

with 510(k) 

agreement 

Commercially available 

WR99210 (1973) Antimalarial[155] 

No clinical trials 

reported 

(tested in 

humans) 

Not approved 
Drug development abandoned in 

1973 for safety reasons[452] 

PS-15 (1993) Antimalarial[155] 
No clinical trials 

reported 
Not approved 

Drug development progressively 

abandoned for safety reasons[157] 

†Data from clinicaltrials.gov 

 

One of the reasons for the enthusiasm for metformin is the fact that it has recently proved to affect 

cancer cells resistant to both antibodies[453, 454] and small molecule drugs.[455, 456] This action is believed to 

arise from an inhibition of the multidrug resistance MDR1 gene transcription and P-glycoprotein 

expression,[338] but also from its inherent broad mechanism of action affecting multiple cellular targets. 

However, while metformin appears at first glance as an attractive alternative to current anticancer treatments 

subject to resistance phenomena, this broad mode of action could become a double-edged sword in a long run. 



Indeed, pleiotropic action of metformin arises mainly from the high doses administered - so in other terms from 

its lack of efficacy. At the millimolar concentrations used in many in vitro assays, it is not surprising to observe 

the modulation of many biological processes and signaling pathways. On the other side, in vivo, drugs with 

multiple targets are more likely to interfere with other treatments and compounds, which in turn could lead to 

unexpected side effects. Thus, the high metformin doses required to reach an anticancer effect render the 

deciphering of its main mode of action particularly complex, and to which extent the action of metformin is 

rather due to one or another specific mechanism of action is still unknown. Thus, although the emphasis has 

logically been given to the simplest biguanide derivative so far, oncology research would certainly have more to 

gain from developing more effective and targeted biguanide molecules, rather than relying on an old pleiotropic 

drug. Indeed, the design of new more specific and therapeutically useful metformin analogs will not only permit 

to better understand the primary mode of action of this family of molecules, but also provide clinical research 

with new potential drug candidates with optimized efficiency and pharmacological features. 

Biguanide is a small chemical group with outstanding properties for drug design. Such molecular 

structure favors interaction probability with biomolecules, along with displaying reasonable flexibility. In 

addition, its high polarity promotes its aqueous solubility. Overall, those features render biguanides a 

particularly valuable pharmacophore. In addition, this motif may allow the compound to be taken over by OCT 

transporters, and promote its penetration into cells. Furthermore, the representatives of the biguanide drug 

family are characterized by a common absence of major toxicity and a particularly high safety profile. Thus, it 

would be interesting to verify the antitumor properties of certain other biguanide derivatives like proguanil, 

chlorproguanil, clociguanil, or moroxydine, to study the possibilities of repositioning of compounds devoid of 

primary toxicity.  

More broadly, new drugs based on biguanide would certainly have a very bright future in medicinal 

chemistry.[457-460]  However numerous challenges remain such as identification of the right target for 

biguanides. Investigation into metformin mode of action revealed that this simple drug acts on many cellular 

pathways, while new anticancer drugs should be more specific. Whether the new molecules should target 

mTOR, cell cycle proteins, or miRNA synthesis is yet unknown. We believe that some of those avenues are 

worth perusing and the medicinal chemist will be rewarded with new highly active compounds. 

Above all, the past successes of old biguanide drugs, which are structurally simple and sparsely 

developed, are very encouraging for the creation of new dedicated, modern, more effective biguanides with 

anticancer activity (Figure 9). Those should present more pronounced drug-like features with higher molecular 

weight and more complex structure, to allow better efficiency, lower dosages, and less marked pleiotropic 

character. Current modern rational drug design, using tools such as virtual drug design, QSAR, molecular 

modeling, fragment-based screening will undoubtedly succeed in meeting this challenge and lead to both to an 

improvement in our understanding of the pharmacological effects of this family of drugs, but also to obtaining 

very interesting potential anticancer agents.  



 
Figure 9. Biguanides research: pharmacological activities and clinically used drugs. 

 

 In conclusion, the overview of these successful examples of applications of biguanides as drugs 

demonstrates the value of this class of compounds in various fields of medicinal chemistry. In fact, drug 

discovery would greatly benefit from new biguanide derivatives, particularly in the field of oncology. Thus, 

biological and pharmaceutical research could, in parallel or rather than focusing on the efficacy(ies) of 

metformin, start to develop new biguanide-based drugs. This implies an increased curiosity of medicinal 

chemists to incorporate the biguanide motif into the structure of biological modulators. Therefore, this review 

aims to highlight the unexploited biomedical potential of this class of molecules, particularly as targeted 

anticancer agents, and to inspire further research into synthetic routes and biomedical evaluation of new 

biguanide analogs. 

  



References: 

[1] K.H. Slotta, R. Tschesche, Über Biguanide, II.: Die blutzucker-senkende Wirkung der Biguanide, Berichte der Deutschen 
Chemischen Gesellschaft (A and B Series), 62 (1929) 1398-1405. 

[2] J. Sterne, Du nouveau dans les antidiabetiques. La NN dimethylamine guanyl guanide (N.N.D.G.), Maroc Med, 36 
(1957) 1295-1296. 

[3] G. Ungar, L. Freedman, S.L. Shapiro, Pharmacological studies of a new oral hypoglycemic drug, Proceedings of the 
Society for Experimental Biology and Medicine, 95 (1957) 190-192. 

[4] H. Mehnert, W. Seitz, Münchener Med. Wochenschr., 100 (1958) 1851. 

[5] F.H.S. Curd, D.G. Davey, F.L. Rose, Studies on Synthetic Antimalarial Drugs, Annals of Tropical Medicine & 
Parasitology, 39 (1945) 139-156. 

[6] G.E. Davies, J. Francis, A.R. Martin, F.L. Rose, G. Swain, 1:6-di-4'-chlorophenyldiguanidohexane (“hibitane”). 
Laboratory investigation of a new antibacterial agent of high potency, British Journal of Pharmacology and Chemotherapy, 9 
(1954) 192-196. 

[7] J.W. James, J.A. Baker, L.F. Wiggins, Synthesis of some heterocyclic derivatives of biguanide with antibacterial activity, 
Journal of Medicinal Chemistry, 11 (1968) 942-945. 

[8] R.R. Lobene, P.M. Soparkar, The Effect of an Alexidine Mouthwash on Human Plaque and Gingivitis, The Journal of 
the American Dental Association, 87 (1973) 848-851. 

[9] R.A. Coburn, P.J. Baker, R.T. Evans, R.J. Genco, S.L. Fischman, In vitro antiplaque properties of a series of alkyl 
bis(biguanides), Journal of Medicinal Chemistry, 21 (1978) 828-829. 

[10] B. Melander, Pharmacology of the influenza suppressant N1,N1-anhydrobis(β-hydroxyethyl)biguanide-HCl (ABOB), 
Toxicology and Applied Pharmacology, 2 (1960) 474-489. 

[11] World Health Organization model list of essential medicines: 21st list 2019, in, World Health Organization, Geneva, 
2019. 

[12] D. Kathuria, A.D. Raul, P. Wanjari, P.V. Bharatam, Biguanides: Species with versatile therapeutic applications, 
European Journal of Medicinal Chemistry, 219 (2021) 113378. 

[13] S. Fortun, A.R. Schmitzer, The chemistry of biguanides: from synthetic routes to applications in organic chemistry, 
Canadian Journal of Chemistry, 98 (2020) 251-260. 

[14] O. Grytsai, C. Ronco, R. Benhida, Synthetic accesses to biguanide compounds, Beilstein Journal of Organic Chemistry, 
17 (2021) 1001-1040. 

[15] I.B. Sahra, Y. Le Marchand-Brustel, J.-F. Tanti, F. Bost, Metformin in cancer therapy: a new perspective for an old 
antidiabetic drug?, Molecular Cancer Therapeutics, 9 (2010) 1092-1099. 

[16] F. Bost, I.B. Sahra, Y. Le Marchand-Brustel, J.-F. Tanti, Metformin and cancer therapy, Current Opinion in Oncology, 
24 (2012) 103-108. 

[17] B.J. Quinn, H. Kitagawa, R.M. Memmott, J.J. Gills, P.A. Dennis, Repositioning metformin for cancer prevention and 
treatment, Trends in Endocrinology & Metabolism, 24 (2013) 469-480. 

[18] M. Antoszczak, A. Markowska, J. Markowska, A. Huczyński, Old wine in new bottles: Drug repurposing in oncology, 
European Journal of Pharmacology, 866 (2020) 172784. 

[19] B. Rathke, Ueber Biguanid, Berichte der Deutschen Chemischen Gesellschaft, 12 (1879) 776-784. 

[20] S.R. Ernst, F. Cagle, Biguanide, Acta Crystallographica Section B: Structural Crystallography and Crystal Chemistry, 
33 (1977) 235-237. 

[21] D. Kathuria, A.A. Bankar, P.V. Bharatam, “What's in a structure?” The story of biguanides, Journal of Molecular 
Structure, 1152 (2018) 61-78. 

[22] D.S. Patel P.V. Bharatam,  Novel⊕ N (← L) 2 species with two lone pairs on nitrogen: systems isoelectronic to 
carbodicarbenes, Chemical Communications, 9 (2009) 1064-1066. 

[23] P. Rochlin, D.B. Murphy, S. Helf, Relative Basicities of Some Organic Nitrogen Bases, Journal of the American 
Chemical Society, 76 (1954) 1451-1453. 

[24] E.P.L. Hunter, S.G. Lias, Evaluated Gas Phase Basicities and Proton Affinities of Molecules: An Update, Journal of 
Physical and Chemical Reference Data, 27 (1998) 413-656. 

[25] I. Kaljurand, T. Rodima, I. Leito, I.A. Koppel, R. Schwesinger, Self-Consistent Spectrophotometric Basicity Scale in 
Acetonitrile Covering the Range between Pyridine and DBU, The Journal of Organic Chemistry, 65 (2000) 6202-6208. 



[26] E.D. Raczyńska, M. Decouzon, J.-F. Gal, P.-C. Maria, G. Gelbard, F. Vielfaure-Joly, Gas-phase structural (internal) 
effects in strong organic nitrogen bases, Journal of Physical Organic Chemistry, 14 (2001) 25-34. 

[27] B. Kovačević, Z.B. Maksić, Basicity of Some Organic Superbases in Acetonitrile, Organic Letters, 3 (2001) 1523-1526. 

[28] G. Orgován, B. Noszál, Electrodeless, accurate pH determination in highly basic media using a new set of 1H NMR pH 
indicators, Journal of Pharmaceutical and Biomedical Analysis, 54 (2011) 958-964. 

[29] S. Zhou, L. Zhang, C. Li, Y. Mao, J. Wang, P. Zhao, L. Tang, Y. Yang, Pentanidium catalyzed enantioselective 
hydroperoxidation of 2-oxindole using molecular oxygen, Catalysis Communications, 82 (2016) 29-31. 

[30] B. Teng, W. Chen, S. Dong, C.W. Kee, D.A. Gandamana, L. Zong, C.-H. Tan, Pentanidium- and Bisguanidinium-
Catalyzed Enantioselective Alkylations Using Silylamide as Brønsted Probase, Journal of the American Chemical Society, 
138 (2016) 9935-9940. 

[31] N. Patel, R. Sood, P.V. Bharatam, NL2+ systems as new-generation phase-transfer catalysts, Chemical Reviews, 118 
(2018) 8770-8785. 

[32] P. Ray, Complex Compounds of Biguanides and Guanylureas with Metallic Elements, Chemical Reviews, 61 (1961) 
313-359. 

[33] F. Kurzer, E. Pitchfork, The chemistry of biguanides, in:  Biguanides, Springer, 1968, pp. 375-472. 

[34] B. Elpern, Chemistry of the biguanides, Annals of the New York Academy of Sciences, 148 (1968) 577-586. 

[35] G. Parturier, G. Hugonot, Le Galéga dans le traitement du diabète, Masson, 1935. 

[36] J.J. Li, Top Drugs: Their History, Pharmacology, and Syntheses, Oxford University Press, 2015. 

[37] C.J. Bailey, Metformin: historical overview, Diabetologia, 60 (2017) 1566-1576. 

[38] H. Simonnet, G. Tanret, Sur les propriétés hypoglycémiantes du sulfate de galégine, Bulletin de la Société de Chimie 
Biologique, 8 (1927). 

[39] I. Rabinowitch, Observations on the use of synthalin in the treatment of diabetes mellitus, Canadian Medical 
Association Journal, 17 (1927) 901. 

[40] F. Bischoff, M. Sahyun, M.L. Long, Guanidine structure and hypoglycemia, Journal of Biological Chemistry, 81 (1929) 
325-349. 

[41] E.A. Werner, J. Bell, CCXIV.—The preparation of methylguanidine, and of ββ-dimethylguanidine by the interaction of 
dicyanodiamide, and methylammonium and dimethylammonium chlorides respectively, Journal of the Chemical Society, 
Transactions, 121 (1922) 1790-1794. 

[42] E. Hesse, G. Taubmann, Die Wirkung des Biguanids und seiner Derivate auf den Zuckerstoffwechsel, Naunyn-
Schmiedebergs Archiv für experimentelle Pathologie und Pharmakologie, 142 (1929) 290-308. 

[43] J. Sterne, et Duval, D.: Effets hypoglycémiants de la NN-dimcthyldiguanidine, Verh. III. Kongr. Int. Diab. Fed., 
Düsseldorf, 1958. 

[44] J.R. Lindsay, N.A. Duffy, A.M. McKillop, J. Ardill, F.P.M. O'Harte, P.R. Flatt, P.M. Bell, Inhibition of dipeptidyl 
peptidase IV activity by oral metformin in Type 2 diabetes, Diabetic Medicine, 22 (2005) 654-657. 

[45] I.W. Campbell, Metformin—life begins at 50: a symposium held on the occasion of the 43rd Annual Meeting of the 
European Association for the Study of Diabetes, Amsterdam, The Netherlands, September 2007, The British Journal of 
Diabetes & Vascular Disease, 7 (2007) 247-252. 

[46] M. Balsells, A. García-Patterson, I. Solà, M. Roqué, I. Gich, R. Corcoy, Glibenclamide, metformin, and insulin for the 
treatment of gestational diabetes: a systematic review and meta-analysis, British Medical Journal, 350 (2015) h102. 

[47] S.R. Salpeter, N.S. Buckley, J.A. Kahn, E.E. Salpeter, Meta-analysis: metformin treatment in persons at risk for 
diabetes mellitus, The American Journal of Medicine, 121 (2008) 149-157. 

[48] C. Glueck, R. Fontaine, P. Wang, M. Subbiah, K. Weber, E. Illig, P. Streicher, L. Sieve-Smith, T. Tracy, J. Lang, 
Metformin reduces weight, centripetal obesity, insulin, leptin, and low-density lipoprotein cholesterol in nondiabetic, 
morbidly obese subjects with body mass index greater than 30, Metabolism, 50 (2001) 856-861. 

[49] C.S.C. Fung, E.Y.F. Wan, C.K.H. Wong, F. Jiao, A.K.C. Chan, Effect of metformin monotherapy on cardiovascular 
diseases and mortality: a retrospective cohort study on Chinese type 2 diabetes mellitus patients, Cardiovascular 
Diabetology, 14 (2015) 137. 

[50] A. Gokcel, Y. Gumurdulu, H. Karakose, E. Melek Ertorer, N. Tanaci, N. Bascil Tutuncu, N. Guvener, Evaluation of the 
safety and efficacy of sibutramine, orlistat and metformin in the treatment of obesity, Diabetes, Obesity and Metabolism, 4 
(2002) 49-55. 



[51] Y. Kita, T. Takamura, H. Misu, T. Ota, S. Kurita, Y. Takeshita, M. Uno, N. Matsuzawa-Nagata, K.-i. Kato, H. Ando, 
Metformin prevents and reverses inflammation in a non-diabetic mouse model of nonalcoholic steatohepatitis, PloS One, 7 
(2012) e43056. 

[52] N. Nath, M. Khan, M.K. Paintlia, M.N. Hoda, S. Giri, Metformin attenuated the autoimmune disease of the central 
nervous system in animal models of multiple sclerosis, The Journal of Immunology, 182 (2009) 8005-8014. 

[53] M. Andrews, N. Soto, M. Arredondo, [Effect of metformin on the expression of tumor necrosis factor-α, Toll like 
receptors 2/4 and C reactive protein in obese type-2 diabetic patients], Revista Medica de Chile, 140 (2012) 1377-1382. 

[54] J.M. Evans, L.A. Donnelly, A.M. Emslie-Smith, D.R. Alessi, A.D. Morris, Metformin and reduced risk of cancer in 
diabetic patients, British Medical Journal, 330 (2005) 1304-1305. 

[55] P. Davoren, Safe prescribing of metformin in diabetes, Australian Prescriber, 37 (2014) 2-5. 

[56] M. Siavash, M. Tabbakhian, A.M. Sabzghabaee, N. Razavi, Severity of gastrointestinal side effects of metformin tablet 
compared to metformin capsule in type 2 diabetes mellitus patients, Journal of Research in Pharmacy Practice, 6 (2017) 73. 

[57] R.I. Misbin, L. Green, B.V. Stadel, J.L. Gueriguian, A. Gubbi, G.A. Fleming, Lactic Acidosis in Patients with Diabetes 
Treated with Metformin, New England Journal of Medicine, 338 (1998) 265-266. 

[58] N.N. Chan, H.P.S. Brain, M.D. Feher, Metformin-associated lactic acidosis: a rare or very rare clinical entity?, Diabetic 
Medicine, 16 (1999) 273-281. 

[59] J.B. Brown, K. Pedula, J. Barzilay, M.K. Herson, P. Latare, Lactic acidosis rates in type 2 diabetes, Diabetes Care, 21 
(1998) 1659-1663. 

[60] A.E. Bretnall, G.S. Clarke, Metformin hydrochloride, Analytical Profiles of Drug Substances and Excipients, 25 (1998) 
243-293. 

[61] P. Moghetti, R. Castello, C. Negri, F. Tosi, F. Perrone, M. Caputo, E. Zanolin, M. Muggeo, Metformin effects on 
clinical features, endocrine and metabolic profiles, and insulin sensitivity in polycystic ovary syndrome: A randomized, 
double-blind, placebo-controlled 6-month trial, followed by open, long-term clinical evaluation 1, The Journal of Clinical 
Endocrinology & Metabolism, 85 (2000) 139-146. 

[62] J.A. Hasan, G.U. Memon, Impact of metformin therapy in patients with polycystic ovarian syndrome, Journal of the 
College of Physicians and Surgeons-Pakistan: JCPSP, 15 (2005) 712-715. 

[63] C. Bianchi, G. Penno, F. Romero, S. Del Prato, R. Miccoli, Treating the metabolic syndrome, Expert Review of 
Cardiovascular Therapy, 5 (2007) 491-506. 

[64] F. Zi, H. Zi, Y. Li, J. He, Q. Shi, Z. Cai, Metformin and cancer: An existing drug for cancer prevention and therapy, 
Oncology Letters, 15 (2018) 683-690. 

[65] H.C. Zisser, Polycystic ovary syndrome and pregnancy: is metformin the magic bullet?, Diabetes Spectrum, 20 (2007) 
85-89. 

[66] R.S. Lindsay, M.R. Loeken, Metformin use in pregnancy: promises and uncertainties, Diabetologia, 60 (2017) 1612-
1619. 

[67] V.N. Anisimov, Metformin: do we finally have an anti-aging drug?, Cell Cycle, 12 (2013) 3483-3489. 

[68] M. Podhorecka, B. Ibanez, A. Dmoszyńska, Metformin-its potential anti-cancer and anti-aging effects, Advances in 
Hygiene & Experimental Medicine/Postepy Higieny i Medycyny Doswiadczalnej, 71 (2017) 170-175. 

[69] K. Ogata, M. Jomain-Baum, R.W. Hanson, Phenethylbiguanide and the inhibition of hepatic gluconeogenesis in the 
guinea pig, Biochemical Journal, 144 (1974) 49-57. 

[70] A. Klip, L.A. Leiter, Cellular Mechanism of Action of Metformin, Diabetes Care, 13 (1990) 696-704. 

[71] N. Hotta, T. Komori, M. Kobayashi, F. Sakakibara, N. Koh, N. Sakamoto, The inhibitory action of buformin, a 
biguanide on gluconeogenesis from alanine and its transport system in rat livers, Diabetes Research and Clinical Practice, 19 
(1993) 49-58. 

[72] A.K. Madiraju, D.M. Erion, Y. Rahimi, X.-M. Zhang, D.T. Braddock, R.A. Albright, B.J. Prigaro, J.L. Wood, S. 
Bhanot, M.J. MacDonald, M.J. Jurczak, J.-P. Camporez, H.-Y. Lee, G.W. Cline, V.T. Samuel, R.G. Kibbey, G.I. Shulman, 
Metformin suppresses gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase, Nature, 510 (2014) 
542-546. 

[73] J.E. Gunton, P.J. Delhanty, S.-I. Takahashi, R.C. Baxter, Metformin rapidly increases insulin receptor activation in 
human liver and signals preferentially through insulin-receptor substrate-2, The Journal of Clinical Endocrinology & 
Metabolism, 88 (2003) 1323-1332. 

[74] F. Alengrin, G. Grossi, B. Canivet, J. Dolais-Kitabgi, Inhibitory effects of metformin on insulin and glucagon action in 
rat hepatocytes involve post-receptor alterations, Diabete & Metabolisme, 13 (1986) 591-597. 



[75] R.A. Miller, Q. Chu, J. Xie, M. Foretz, B. Viollet, M.J. Birnbaum, Biguanides suppress hepatic glucagon signalling by 
decreasing production of cyclic AMP, Nature, 494 (2013) 256-260. 

[76] M. Stumvoll, N. Nurjhan, G. Perriello, G. Dailey, J.E. Gerich, Metabolic effects of metformin in non-insulin-dependent 
diabetes mellitus, New England Journal of Medicine, 333 (1995) 550-554. 

[77] Y. Fischer, J. Thomas, P. Rösen, H. Kammermeier, Action of metformin on glucose transport and glucose transporter 
GLUT1 and GLUT4 in heart muscle cells from healthy and diabetic rats, Endocrinology, 136 (1995) 412-420. 

[78] L.S. Hermann, Metformin: a review of its pharmacological properties and therapeutic use, Diabete & Metabolisme, 5 
(1979) 233-245. 

[79] J.M. Lenhard, D.K. Croom, D.T. Minnick, Reduced serum dipeptidyl peptidase-IV after metformin and pioglitazone 
treatments, Biochemical and Biophysical Research Communications, 324 (2004) 92-97. 

[80] A. Maida, B. Lamont, X. Cao, D. Drucker, Metformin regulates the incretin receptor axis via a pathway dependent on 
peroxisome proliferator-activated receptor-α in mice, Diabetologia, 54 (2011) 339-349. 

[81] Y. Cho, T. Kieffer, New aspects of an old drug: metformin as a glucagon-like peptide 1 (GLP-1) enhancer and 
sensitiser, Diabetologia, 54 (2011) 219-222. 

[82] E. Bahne, M. Hansen, A. Brønden, D.P. Sonne, T. Vilsbøll, F.K. Knop, Involvement of glucagon‐like peptide‐1 in the 
glucose‐lowering effect of metformin, Diabetes, Obesity and Metabolism, 18 (2016) 955-961. 

[83] J. Grisouard, K. Timper, T.M. Radimerski, D.M. Frey, R. Peterli, B. Kola, M. Korbonits, P. Herrmann, S. Krähenbühl, 
H. Zulewski, Mechanisms of metformin action on glucose transport and metabolism in human adipocytes, Biochemical 
Pharmacology, 80 (2010) 1736-1745. 

[84] B.D. Green, N. Irwin, N.A. Duffy, V.A. Gault, F.P.M. O'Harte, P.R. Flatt, Inhibition of dipeptidyl peptidase-IV activity 
by metformin enhances the antidiabetic effects of glucagon-like peptide-1, European Journal of Pharmacology, 547 (2006) 
192-199. 

[85] N. Yasuda, T. Inoue, T. Nagakura, K. Yamazaki, K. Kira, T. Saeki, I. Tanaka, Enhanced secretion of glucagon-like 
peptide 1 by biguanide compounds, Biochemical and Biophysical Research Communications, 298 (2002) 779-784. 

[86] S.A. Hinke, K. Kühn-Wache, T. Hoffmann, R.A. Pederson, C.H. McIntosh, H.-U. Demuth, Metformin effects on 
dipeptidylpeptidase IV degradation of glucagon-like peptide-1, Biochemical and Biophysical Research Communications, 
291 (2002) 1302-1308. 

[87] T. Wu, S.S. Thazhath, M.J. Bound, K.L. Jones, M. Horowitz, C.K. Rayner, Mechanism of increase in plasma intact 
GLP-1 by metformin in type 2 diabetes: stimulation of GLP-1 secretion or reduction in plasma DPP-4 activity?, Diabetes 
Research and Clinical Practice, 106 (2014) e3-e6. 

[88] J.M. McKiney, N. Irwin, P.R. Flatt, C.J. Bailey, N.H. McClenaghan, Acute and long-term effects of metformin on the 
function and insulin secretory responsiveness of clonal β-cells, Biological Chemistry 391 (2010) 1451-1459. 

[89] Y. Liu, T. Hong, Combination therapy of dipeptidyl peptidase‐4 inhibitors and metformin in type 2 diabetes: rationale 
and evidence, Diabetes, Obesity and Metabolism, 16 (2014) 111-117. 

[90] B.A. Kefas, Y. Cai, K. Kerckhofs, Z. Ling, G. Martens, H. Heimberg, D. Pipeleers, M.V.d. Casteele, Metformin-
induced stimulation of AMP-activated protein kinase in β-cells impairs their glucose responsiveness and can lead to 
apoptosis, Biochemical Pharmacology, 68 (2004) 409-416. 

[91] C. Langelueddecke, M. Jakab, N. Ketterl, L. Lehner, C. Hufnagl, S. Schmidt, J.P. Geibel, J. Fuerst, M. Ritter, Effect of 
the AMP-Kinase Modulators AICAR, Metformin and Compound C on Insulin Secretion of INS-1E Rat Insulinoma Cells 
under Standard Cell Culture Conditions, Cellular Physiology and Biochemistry, 29 (2012) 75-86. 

[92] I. Leclerc, W.W. Woltersdorf, G.d.S. Xavier, R.L. Rowe, S.E. Cross, G.S. Korbutt, R.V. Rajotte, R. Smith, G.A. Rutter, 
Metformin, but not leptin, regulates AMP-activated protein kinase in pancreatic islets: impact on glucose-stimulated insulin 
secretion, American Journal of Physiology-Endocrinology and Metabolism, 286 (2004) E1023-E1031. 

[93] B. Viollet, B. Guigas, N.S. Garcia, J. Leclerc, M. Foretz, F. Andreelli, Cellular and molecular mechanisms of 
metformin: an overview, Clinical Science, 122 (2012) 253-270. 

[94] G. Rena, E.R. Pearson, K. Sakamoto, Molecular mechanism of action of metformin: old or new insights?, Diabetologia, 
56 (2013) 1898-1906. 

[95] M.R. Owen, E. Doran, A.P. Halestrap, Evidence that metformin exerts its anti-diabetic effects through inhibition of 
complex 1 of the mitochondrial respiratory chain, Biochemical Journal, 348 (2000) 607-614. 

[96] B. Brunmair, K. Staniek, F. Gras, N. Scharf, A. Althaym, R. Clara, M. Roden, E. Gnaiger, H. Nohl, W. Waldhäusl, 
Thiazolidinediones, like metformin, inhibit respiratory complex I, Diabetes, 53 (2004) 1052-1059. 

[97] E. Doran, A.P. Halestrap, Evidence that metformin exerts its anti-diabetic effects through inhibition of complex 1 of the 
mitochondrial respiratory chain, Biochemical Journal, 348 (2000) 607-614. 



[98] M.-Y. El-Mir, V. Nogueira, E. Fontaine, N. Avéret, M. Rigoulet, X. Leverve, Dimethylbiguanide inhibits cell 
respiration via an indirect effect targeted on the respiratory chain complex I, Journal of Biological Chemistry, 275 (2000) 
223-228. 

[99] H.R. Bridges, A.J. Jones, M.N. Pollak, J. Hirst, Effects of metformin and other biguanides on oxidative phosphorylation 
in mitochondria, Biochemical Journal, 462 (2014) 475-487. 

[100] R.A. DeFronzo, M.A. Abdul-Ghani, Preservation of β-cell function: the key to diabetes prevention, The Journal of 
Clinical Endocrinology & Metabolism, 96 (2011) 2354-2366. 

[101] G. Zhou, R. Myers, Y. Li, Y. Chen, X. Shen, J. Fenyk-Melody, M. Wu, J. Ventre, T. Doebber, N. Fujii, Role of AMP-
activated protein kinase in mechanism of metformin action, The Journal of Clinical Investigation, 108 (2001) 1167-1174. 

[102] E.A. Bradley, D. Premilovac, A.C. Betik, D. Hu, E. Attrill, S.M. Richards, S. Rattigan, M.A. Keske, Metformin 
improves vascular and metabolic insulin action in insulin-resistant muscle, Journal of Endocrinology, 243 (2019) 85-96. 

[103] C. Wang, F. Liu, Y. Yuan, J. Wu, H. Wang, L. Zhang, P. Hu, Z. Li, Q. Li, J. Ye, Metformin suppresses lipid 
accumulation in skeletal muscle by promoting fatty acid oxidation, Clin Lab, 60 (2014) 887-896. 

[104] C.A. Collier, C.R. Bruce, A.C. Smith, G. Lopaschuk, D.J. Dyck, Metformin counters the insulin-induced suppression 
of fatty acid oxidation and stimulation of triacylglycerol storage in rodent skeletal muscle, American Journal of Physiology-
Endocrinology and Metabolism, 291 (2006) E182-E189. 

[105] M. Foretz, S. Hébrard, J. Leclerc, E. Zarrinpashneh, M. Soty, G. Mithieux, K. Sakamoto, F. Andreelli, B. Viollet, 
Metformin inhibits hepatic gluconeogenesis in mice independently of the LKB1/AMPK pathway via a decrease in hepatic 
energy state, The Journal of Clinical Investigation, 120 (2010) 2355-2369. 

[106] S. Turban, C. Stretton, O. Drouin, C.J. Green, M.L. Watson, A. Gray, F. Ross, L. Lantier, B. Viollet, D.G. Hardie, 
Defining the contribution of AMP-activated protein kinase (AMPK) and protein kinase C (PKC) in regulation of glucose 
uptake by metformin in skeletal muscle cells, Journal of Biological Chemistry, 287 (2012) 20088-20099. 

[107] A.K. Madiraju, Y. Qiu, R.J. Perry, Y. Rahimi, X.-M. Zhang, D. Zhang, J.-P.G. Camporez, G.W. Cline, G.M. Butrico, 
B.E. Kemp, G. Casals, G.R. Steinberg, D.F. Vatner, K.F. Petersen, G.I. Shulman, Metformin inhibits gluconeogenesis via a 
redox-dependent mechanism in vivo, Nature Medicine, 24 (2018) 1384-1394. 

[108] A. Sliwinska, J. Drzewoski, Molecular action of metformin in hepatocytes: an updated insight, Current Diabetes 
Reviews, 11 (2015) 175-181. 

[109] R. Song, Mechanism of metformin: a tale of two sites, Diabetes Care, 39 (2016) 187-189. 

[110] G. Rena, D.G. Hardie, E.R. Pearson, The mechanisms of action of metformin, Diabetologia, 60 (2017) 1577-1585. 

[111] T.E. LaMoia, G.I. Shulman, Cellular and Molecular Mechanisms of Metformin Action, Endocrine Reviews, 42 (2020) 
77-96. 

[112] S.L. Shapiro, V.A. Parrino, L. Freedman, Hypoglycemic Agents. I. Chemical Properties of β-Phenethylbiguanide. A 
New Hypoglycemic Agent, Journal of the American Chemical Society, 81 (1959) 2220-2225. 

[113] J. Deruiter, Overview of the antidiabetic agents, Endocrine Pharmacotherapy Module, (2003) 1-33. 

[114] Y. Sogame, A. Kitamura, M. Yabuki, S. Komuro, A comparison of uptake of metformin and phenformin mediated by 
hOCT1 in human hepatocytes, Biopharmaceutics & Drug Disposition, 30 (2009) 476-484. 

[115] Y. Sogame, A. Kitamura, M. Yabuki, S. Komuro, M. Takano, Transport of biguanides by human organic cation 
transporter OCT2, Biomedicine & Pharmacotherapy, 67 (2013) 425-430. 

[116] S.A. Hawley, D.A. Pan, K.J. Mustard, L. Ross, J. Bain, A.M. Edelman, B.G. Frenguelli, D.G. Hardie, Calmodulin-
dependent protein kinase kinase-β is an alternative upstream kinase for AMP-activated protein kinase, Cell Metabolism, 2 
(2005) 9-19. 

[117] L. Di Magno, S. Manni, F. Di Pastena, S. Coni, A. Macone, S. Cairoli, M. Sambucci, P. Infante, M. Moretti, M. 
Petroni, C. Nicoletti, C. Capalbo, E. De Smaele, L. Di Marcotullio, G. Giannini, L. Battistini, B.M. Goffredo, E. Iorio, E. 
Agostinelli, M. Maroder, G. Canettieri, Phenformin Inhibits Hedgehog-Dependent Tumor Growth through a Complex I-
Independent Redox/Corepressor Module, Cell Reports, 30 (2020) 1735-1752. 

[118] D. Luft, R. Schmülling, M. Eggstein, Lactic acidosis in biguanide-treated diabetics, Diabetologia, 14 (1978) 75-87. 

[119] C.L. Meinert, S. Tonascia, Clinical Trials. Design, Conduct, and Analysis: Oxford University Press, New York, 1986. 

[120] J.E.F. Reynolds, Martindale, the Extra Pharmacopoeia, Pharmaceutical Press, London, 1993. 

[121] J.A. Dykens, J. Jamieson, L. Marroquin, S. Nadanaciva, P.A. Billis, Y. Will, Biguanide-induced mitochondrial 
dysfunction yields increased lactate production and cytotoxicity of aerobically-poised HepG2 cells and human hepatocytes 
in vitro, Toxicology and Applied Pharmacology, 233 (2008) 203-210. 



[122] S. Almarzooqi, A.S. Alfazari, A. Albawardi, D. Saraswathiamma, H.M. Abdul-Kader, S. Shaban, A.-K. Souid, 
Modulation of Cardiomyocyte and Hepatocyte Bioenergetics by Biguanides, Journal of Clinical Toxicology, 4 (2014) 
1000203. 

[123] H. Gelband, C. B. Panosian, K. J. Arrow, (Eds.), Saving Lives, Buying Time: Economics of Malaria Drugs in an Age 
of Resistance, The National Academies Press, Washington DC, 2004. 

[124] Global report on antimalarial drug efficacy and drug resistance: 2000-2010, World Health Organization, 2010. 

[125] P. Wang, R.K. Brobey, T. Horii, P.F. Sims, J.E. Hyde, Utilization of exogenous folate in the human malaria parasite 
Plasmodium falciparum and its critical role in antifolate drug synergy, Molecular Microbiology, 32 (1999) 1254-1262. 

[126] A. Bell, Antimalarial drug synergism and antagonism: mechanistic and clinical significance, Federation of European 
Microbiological Societies Microbiology Letters, 253 (2005) 171-184. 

[127] Y. Talawanich, S. Kamchonwongpaisan, W. Sirawaraporn, Y. Yuthavong, Use of bacterial surrogates as a tool to 
explore antimalarial drug interaction: Synergism between inhibitors of malarial dihydrofolate reductase and dihydropteroate 
synthase, Acta Tropica, 149 (2015) 64-69. 

[128] H. Carrington, A. Crowther, D. Davey, A. Levi, F. Rose, A metabolite of ‘Paludrine’ with high antimalarial activity, 
Nature, 168 (1951), 1080. 

[129] J. Ryley, The mode of action of proguanil and related antimalarial drugs, British Journal of Pharmacology and 
Chemotherapy, 8 (1953) 424-430. 

[130] E. Petersen, Malaria chemoprophylaxis: when should we use it and what are the options?, Expert Review of Anti-
infective Therapy, 2 (2004) 119-132. 

[131] B. Høgh, P.D. Clarke, D. Camus, H.D. Nothdurft, D. Overbosch, M. Günther, I. Joubert, K.C. Kain, D. Shaw, N.S. 
Roskell, Atovaquone-proguanil versus chloroquine-proguanil for malaria prophylaxis in non-immune travellers: a 
randomised, double-blind study, The Lancet, 356 (2000) 1888-1894. 

[132] K.C. Kain, Current status and replies to frequently posed questions on atovaquone plus proguanil (Malarone®) for the 
prevention of malaria, BioDrugs, 17 (2003) 23-28. 

[133] I.K. Srivastava, A.B. Vaidya, A mechanism for the synergistic antimalarial action of atovaquone and proguanil, 
Antimicrobial Agents and Chemotherapy, 43 (1999) 1334-1339. 

[134] M.M. Thapar, S. Gupta, C. Spindler, W.H. Wernsdorfer, A. Björkman, Pharmacodynamic interactions among 
atovaquone, proguanil and cycloguanil against Plasmodium falciparum in vitro, Transactions of the Royal Society of 
Tropical Medicine and Hygiene, 97 (2003) 331-337. 

[135] A.K. Boggild, R. Lau, D. Reynaud, K.C. Kain, M. Gerson, Failure of atovaquone-proguanil malaria chemoprophylaxis 
in a traveler to Ghana, Travel Medicine and Infectious Disease, 13 (2015) 89-93. 

[136] R. Visser, Q. de Mast, I. Munnix, A. van der Ven, T. Dofferhoff, Failure of atovaquone-proguanil chemoprophylaxis 
and chloroquine treatment in Plasmodium malariae infection, Travel Medicine and Infectious Disease, 14 (2016) 644-645. 

[137] F.H.S. Curd, D.G. Davey, J.A. Hendry, F.L. Rose, N1-3:4-dichlorophenyl-N5-isopropyl diguanide, a derivative of 
proguanil highly active in avian malaria, British Journal of Pharmacology and Chemotherapy, 5 (1950) 438-444. 

[138] L. Charles, Field trials with chlorproguanil in the prophylaxis of malaria in Ghana, Bulletin of the World Health 
Organization, 24 (1961) 457. 

[139] J. Farrar, P. Hotez, T. Junghanss, G. Kang, D. Lalloo, N.J. White, Manson's Tropical Diseases E-Book, Elsevier 
Health Sciences, 2013. 

[140] I. Rooth, H. Sinani, A. Björkman, Proguanil daily or chlorproguanil twice weekly are efficacious against falciparum 
malaria in a holoendemic area of Tanzania, The Journal of Tropical Medicine and Hygiene, 94 (1991) 45-49. 

[141] W. Peters, Malaria. Chemoprophylaxis and chemotherapy, British Medical Journal, 2 (1971) 95. 

[142] E. Onori, G. Majori, Recent acquisitions on chemotherapy and chemoprophylaxis of malaria, Annali dell'Istituto 
Superiore di Sanita, 25 (1988) 659-673. 

[143] W. Wernsdorfer, Chemoprophylaxis of malaria: underlying principles and their realization, Medecine Tropicale: 
Revue du Corps de Sante Colonial, 50 (1989) 119-124. 

[144] C. Van Malderen, J.-P. Van Geertruyden, S. Machevo, R. González, Q. Bassat, A. Talisuna, A. Yeka, C. Nabasumba, 
P. Piola, A. Daniel, Glucose-6-phosphate dehydrogenase deficiency, chlorproguanil-dapsone with artesunate and post-
treatment haemolysis in African children treated for uncomplicated malaria, Malaria Journal, 11 (2012) 1. 

[145] World Health Organization, Antimalarial chlorproguanil-dapsone (LapDapTM) withdrawn following demonstration of 
post-treatment haemolytic anaemia in G6PD deficient patients in a Phase III trial of chlorproguanil-dapsoneartesunate 
(DacartTM) versus artemether-lumefantrine (Coartem) and confirmation of findings in a comparative trial of LapDapTM 
versus DacartTM, WHO, Switzerland, 2008. 



[146] A. Nzila, The past, present and future of antifolates in the treatment of Plasmodium falciparum infection, Journal of 
Antimicrobial Chemotherapy, 57 (2006) 1043-1054. 

[147] D. Knight, W. Peters, The antimalarial activity of N-benzyloxydihydrotriazines: I. The activity of clociguanil (BRL 
50216) against rodent malaria, and studies on its mode of action, Annals of Tropical Medicine & Parasitology, 74 (1980) 
393-404. 

[148] R. Baurain, P.E. Carson, R. Ferone, C. Fitch, W. Hofheinz, A. Hudson, R. Leimer, P. Mamalis, M. Masquelier, E. 
McChesney, Antimalarial Drug II: Current Antimalarial and New Drug Developments, Springer Science & Business Media, 
2012. 

[149] A. Laing, Studies on the chemotherapy of malaria (III) treatment of falciparum malaria in The Gambia, with BRL 
50216 (4, 6-diamino-(3, 4-dichlorobenzylosy)-1, 2-dihydro-2 2-dimethyl-1, 3, 5-triazine hydrochloride) alone and in 
combination with sulphonamides, Transactions of the Royal Society of Tropical Medicine and Hygiene, 68 (1974) 133-138. 

[150] B. Roth, C.C. Cheng, Recent Progress in the Medicinal Chemistry of 2,4-Diaminopyrimidines, in: G.P. Ellis, G.B. 
West (Eds.) Progress in Medicinal Chemistry, Elsevier, 1982, pp. 269-331. 

[151] W. Peters, J. Portus, B. Robinson, The chemotherapy of rodent malaria, XXII: the value of drug-resistant strains of P. 
berghei in screening for blood schizontocidal activity, Annals of Tropical Medicine & Parasitology, 69 (1975) 155-171. 

[152] Chemotherapy of malaria and resistance to antimalarials: report of a WHO scientific group [meeting held in Geneva 
from 17 to 24 October 1972], World Health Organization, 1973. 

[153] Y. Yuthavong, B. Tarnchompoo, T. Vilaivan, P. Chitnumsub, S. Kamchonwongpaisan, S.A. Charman, D.N. 
McLennan, K.L. White, L. Vivas, E. Bongard, Malarial dihydrofolate reductase as a paradigm for drug development against 
a resistance-compromised target, Proceedings of the National Academy of Sciences, 109 (2012) 16823-16828. 

[154] K.H. Rieckmann, A.E. Yeo, M.D. Edstein, Activity of PS-15 and its metabolite, WR99210, against Plasmodium 
falciparum in an in vivo-in vitro model, Transactions of the Royal Society of Tropical Medicine and Hygiene, 90 (1996) 
568-571. 

[155] M. Edstein, S. Bahr, B. Kotecka, G. Shanks, K. Rieckmann, In vitro activities of the biguanide PS-15 and its 
metabolite, WR99210, against cycloguanil-resistant Plasmodium falciparum isolates from Thailand, Antimicrobial Agents 
and Chemotherapy, 41 (1997) 2300-2301. 

[156] C. Canfield, W. Milhous, A.L. Ager, R. Rossan, T. Sweeney, N. Lewis, D. Jacobus, PS-15: a potent, orally active 
antimalarial from a new class of folic acid antagonists, The American Journal of Tropical Medicine and Hygiene, 49 (1993) 
121-126. 

[157] N.P. Jensen, A.L. Ager, R.A. Bliss, C.J. Canfield, B.M. Kotecka, K.H. Rieckmann, J. Terpinski, D.P. Jacobus, 
Phenoxypropoxybiguanides, prodrugs of DHFR-inhibiting diaminotriazine antimalarials, Journal of Medicinal Chemistry, 44 
(2001) 3925-3931. 

[158] M.D. Edstein, K.D. Corcoran, G.D. Shanks, M. Ngampochjana, P. Hansukjariya, J. Sattabongkot, H.K. Webster, K.H. 
Rieckmann, Evaluation of WR250417 (A Proguanil Analog) for Causal Prophylactic Activity in the Plasmodium cynomolgi-
Macaca mulatta Model, The American Journal of Tropical Medicine and Hygiene, 50 (1994) 181-186. 

[159] E.J. Mui, D. Jacobus, W.K. Milhous, G. Schiehser, H. Hsu, C.W. Roberts, M.J. Kirisits, R. McLeod, Triazine inhibits 
Toxoplasma gondii tachyzoites in vitro and in vivo, Antimicrobial Agents and Chemotherapy, 49 (2005) 3463-3467. 

[160] F.L. Rose, G. Swain, 850. Bisdiguanides having antibacterial activity, Journal of the Chemical Society, (1956) 4422-
4425. 

[161] S. Mathur, T. Mathur, R. Srivastava, R. Khatri, Chlorhexidine: The gold standard in chemical plaque control, Natl J 
Physiol Pharm Pharmacol, 1 (2011) 45-50. 

[162] N. Ranganathan, Chlorhexidine, Handbook of disinfectants and antiseptics, Marcel Dekker, New York, 1996, pp. 235-
264. 

[163] A. Russell, B.D. Jones, P. Milburn, Reversal of the inhibition of bacterial spore germination and outgrowth by 
antibacterial agents, International Journal of Pharmaceutics, 25 (1985) 105-112. 

[164] A. Russell, Activity of biocides against mycobacteria, Journal of Applied Bacteriology, 81 (1996) 87S-101S. 

[165] S.P. Denyer, Mechanisms of action of antibacterial biocides, International Biodeterioration & Biodegradation, 36 
(1995) 227-245. 

[166] S.J. Hiom, J. Furr, A. Russell, J. Dickinson, Effects of chlorhexidine diacetate on Candida albicans, C. glabrata and 
Saccharomyces cerevisiae, Journal of Applied Bacteriology, 72 (1992) 335-340. 

[167] J. Furr, Sensitivity of protozoa to disinfection B. Acanthamoeba and contact lens solutions, Principles and Practice of 
Disinfection, Preservation and Sterilization, 3rd ed., in press. Blackwell Science, Oxford, England, 1999. 

[168] N.A. Turner, Sensitivity of Protozoa to Disinfectants, in:  Russell, Hugo & Ayliffe's Principles and Practice of 
Disinfection, Preservation & Sterilization, 2004, pp. 241-257. 



[169] J.B. Park, N.-H. Park, Effect of chlorhexidine on the in vitro and in vivo herpes simplex virus infection, Oral Surgery, 
Oral Medicine, Oral Pathology, 67 (1989) 149-153. 

[170] Z. Mohammadi, P.V. Abbott, The properties and applications of chlorhexidine in endodontics, International 
Endodontic Journal, 42 (2009) 288-302. 

[171] A. Russell, W. Hugo, Perturbation of homeostatic mechanisms in bacteria by pharmaceuticals, Homeostatic 
Mechanisms in Microorganisms, Bath University Press, Bath, England, 1988, pp 206-219. 

[172] K.A. Fitzgerald, A. Davies, A. Russell, Uptake of 14C-chlorhexidine diacetate to Escherichia coli and Pseudomonas 
aeruginosa and its release by azolectin, FEMS Microbiology Letters, 60 (1989) 327-332. 

[173] T.E. Moug, D.T. Rogers, J.R. Furr, B.M.A. El-Falaha, A.D. Russell, Antiseptic-induced changes in the cell surface of 
a chlorhexidine-sensitive and a chlorhexidine-resistant strain of Providencia stuartii, Journal of Antimicrobial 
Chemotherapy, 16 (1986) 685-689. 

[174] W. Hugo, Inhibition and destruction of the microbial cell, Elsevier, 2012. 

[175] S.J. Hiom, J. Furr, A. Russell, J. Dickinson, Effects of chlorhexidine diacetate and cetylpyridinium chloride on whole 
cells and protoplasts of Saccharomyces cerevisiae, Microbios, 74 (1992) 111-120. 

[176] J. Elks (Eds.) Dictionary of drugs. Chemical data, structures and bibliographies, Springer US, 1990. 

[177] K.W. Yip, E. Ito, X. Mao, P.B. Au, D.W. Hedley, J.D. Mocanu, C. Bastianutto, A. Schimmer, F.-F. Liu, Potential use 
of alexidine dihydrochloride as an apoptosis-promoting anticancer agent, Molecular Cancer Therapeutics, 5 (2006) 2234-
2240. 

[178] S. Bley, Antibacterial agents in the control of supragingival plaque - a review, British Dental Journal, 186 (1999) 286-
296. 

[179] J.A. Chawner, P. Gilbert, Interaction of the bisbiguanides chlorhexidine and alexidine with phospholipid vesicles: 
evidence for separate modes of action, Journal of Applied Bacteriology, 66 (1989) 253-258. 

[180] M. Zorko, R. Jerala, Alexidine and chlorhexidine bind to lipopolysaccharide and lipoteichoic acid and prevent cell 
activation by antibiotics, Journal of Antimicrobial Chemotherapy, 62 (2008) 730-737. 

[181] R. Barrios, C.M. Ferrer-Luque, M.T. Arias-Moliz, M. Ruiz-Linares, M. Bravo, P. Baca, Antimicrobial substantivity of 
alexidine and chlorhexidine in dentin, Journal of Endodontics, 39 (2013) 1413-1415. 

[182] H. Alizadeh, S. Neelam, H.D. Cavanagh, Amoebicidal activities of alexidine against 3 pathogenic strains of 
acanthamoeba, Eye & Contact Lens, 35 (2009) 1-5. 

[183] J.W. James, L.F. Wiggins, Heterocyclic biguanide with antibacterial activity, British Patent, UK, 855,017. 

[184] J. Seale, The Health Service in an affluent society, British Medical Journal, 2 (1962) 598-602. 

[185] A. Gordon, Observations on a new disinfectant, Journal of Clinical Pathology, 22 (1969) 496-500. 

[186] B. Rawal, J. Hardy, Inhibition Of Streptococcus-Mutans By Picloxydine-Some Aspects Of Mode Of Action, 
Microbios, 14 (1975) 135-142. 

[187] G. Newcomb, G. McKellar, B. Rawal, An in vivo comparison of chlorhexidine and picloxydine mouthrinses: A 
possible association between chemical structure and antiplaque activity, Journal of Periodontology, 48 (1977) 282-284. 

[188] D. Stickler, B. Thomas, Antiseptic and antibiotic resistance in Gram-negative bacteria causing urinary tract infection, 
Journal of Clinical Pathology, 33 (1980) 288-296. 

[189] A. Loesche, J. Wiese, S. Sommerwerk, V. Simon, W. Brandt, R. Csuk, Repurposing N, N'-bis-(arylamidino)-1, 4-
piperazinedicarboxamidines: An unexpected class of potent inhibitors of cholinesterases, European Journal of Medicinal 
Chemistry, 125 (2017) 430-434. 

[190] A. Obikili, E. Oji, R. Shonekan, P. Otti, A double-blind comparison of picloxydine dihydrochloride (Vitabact eye 
drops) and sulfacetamide eye drops in the topical therapy of trachoma, Rev Int Trach Pathol Ocul Trop Subtrop Sante 
Publique, 65 (1987) 119-132. 

[191] G.F. De Paula, G.I. Netto, L.H.C. Mattoso, Physical and chemical characterization of poly (hexamethylene biguanide) 
hydrochloride, Polymers, 3 (2011) 928-941. 

[192] N.-O. Hübner, A. Kramer, Review on the efficacy, safety and clinical applications of polihexanide, a modern wound 
antiseptic, Skin Pharmacology and Physiology, 23 (2010) 17-27. 

[193] T. Koburger, N.-O. Hübner, M. Braun, J. Siebert, A. Kramer, Standardized comparison of antiseptic efficacy of 
triclosan, PVP–iodine, octenidine dihydrochloride, polyhexanide and chlorhexidine digluconate, Journal of Antimicrobial 
Chemotherapy, 65 (2010) 1712-1719. 

[194] M. Brecx, E. Decker, H. Freitag, G. Maier, C. Von Ohle, The effect of polihexanide on dental biofilm formation in 
vivo, in:  Pan European Federation of the International Association for Dental Research, London, UK, 2008. 



[195] T.B. Gray, K.A. Gross, R.T. Cursons, J.F. Shewan, Acanthamoeba keratitis: a sobering case and a promising new 
treatment, Australian and New Zealand Journal of Ophthalmology, 22 (1994) 73-76. 

[196] A. Azuara-Blanco, A.S. Sadiq, M. Hussain, J.H. Lloyd, H.S. Dua, Successful medical treatment of Acanthamoeba 
keratitis, International Ophthalmology, 21 (1997) 223-227. 

[197] K. Schmit-Neuerburg, C. Bettag, W. Schlickewei, W. Fabry, J. Hanke, K. Renzing-Köhler, H. Hirche, H.-J. Kock, 
Wirksamkeit eines neuartigen Antisepticum in der Behandlung kontaminierter Weichteilwunden, Der Chirurg, 72 (2001) 61-
71. 

[198] A.E. Andriessen, T. Eberlein,  Assessment of a wound cleansing solution in the treatment of problem wounds, 
Wounds: a Compendium of Clinical Research and Practice, 20 (2008) 171-175. 

[199] A. Valenzuela, N. Perucho, The effectiveness of a 0.1% polyhexanide gel, Revista de Enfermeria (Barcelona, Spain), 
31 (2008) 7-12. 

[200] B. Roth, R. Neuenschwander, F. Brill, F. Wurmitzer, C. Wegner, O. Assadian, A. Kramer, Effect of antiseptic 
irrigation on infection rates of traumatic soft tissue wounds: a longitudinal cohort study, Journal of Wound Care, 26 (2017) 
79-87. 

[201] H. Willenegger, Zum ‘Comeback’der lokalen Antiseptika in der Chirurgie. Festvortrag anlässlich der Verleihung der 
Ehrendoktorwürde der Med. Fak. der Univ, Gesamthochschule Essen (Germany), 1990. 

[202] A. Kramer, K. Wallhäußer, Wirkungsspektrum und Anwendungseigenschaften häufig aus prophylaktischer Indikation 
angewandter Antiseptika, in:  Klinische Antiseptik, Springer, 1993, pp. 23-65. 

[203] J. Hölzl, W. Juretzek, G. Schneider, E. Stahl-Biskup, Kava-kava rhizoma (Kavakavawurzelstock), Hagers Handbuch 
der Pharmazeutischen Praxis. Berlin, Heidelberg, New York: Springer, 1994, pp191-220. 

[204] T. Ikeda, A. Ledwith, C.H. Bamford, R.A. Hann, Interaction of a polymeric biguanide biocide with phospholipid 
membranes, Biochimica et Biophysica Acta (BBA)-Biomembranes, 769 (1984) 57-66. 

[205] K. Yasuda, C. Ohmizo, T. Katsu, Potassium and tetraphenylphosphonium ion-selective electrodes for monitoring 
changes in the permeability of bacterial outer and cytoplasmic membranes, Journal of Microbiological Methods, 54 (2003) 
111-115. 

[206] P. Gilbert, L. Moore, Cationic antiseptics: diversity of action under a common epithet, Journal of Applied 
Microbiology, 99 (2005) 703-715. 

[207] T. Ikeda, S. Tazuke, M. Watanabe, Interaction of biologically active molecules with phospholipid membranes: I. 
Fluorescence depolarization studies on the effect of polymeric biocide bearing biguanide groups in the main chain, 
Biochimica et Biophysica Acta (BBA)-Biomembranes, 735 (1983) 380-386. 

[208] C.R. Messick, S.L. Pendland, M. Moshirfar, R.G. Fiscella, K.J. Losnedahl, C.A. Schriever, P.C. Schreckenberger, In-
vitro activity of polyhexamethylene biguanide (PHMB) against fungal isolates associated with infective keratitis, Journal of 
Antimicrobial Chemotherapy, 44 (1999) 297-298. 

[209] M. Rosin, A. Welk, O. Bernhardt, M. Ruhnau, F.A. Pitten, T. Kocher, A. Kramer, Effect of a polyhexamethylene 
biguanide mouthrinse on bacterial counts and plaque, Journal of Clinical Periodontology, 28 (2001) 1121-1126. 

[210] G. Müller, A. Kramer, Biocompatibility index of antiseptic agents by parallel assessment of antimicrobial activity and 
cellular cytotoxicity, Journal of Antimicrobial Chemotherapy, 61 (2008) 1281-1287. 

[211] F.C. Krebs, S.R. Miller, M.L. Ferguson, M. Labib, R.F. Rando, B. Wigdahl, Polybiguanides, particularly polyethylene 
hexamethylene biguanide, have activity against human immunodeficiency virus type 1, Biomedicine & Pharmacotherapy, 59 
(2005) 438-445. 

[212] S. Valluri, T.P. Fleming, K.A. Laycock, I.S. Tarle, M.A. Goldberg, F.J. Garcia-Ferrer, L.R. Essary, J.S. Pepose, In 
vitro and in vivo effects of polyhexamethylene biguanide against herpes simplex virus infection, Cornea, 16 (1997) 556-559. 

[213] E. De Clercq, G. Li, Approved antiviral drugs over the past 50 years, Clinical Microbiology Reviews, 29 (2016) 695-
747. 

[214] A.B. Kabi, Improvements in or relating to biguanides, UK,1957, British Patent: 776,176. 

[215] B. Schersten, Herpes zoster treated with N', N-anhydrobis (2-hydroxyethyl)-biguanide HCl (ABOB), Svenska 
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