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Abstract: The development of clinically viable metformin analogs is a challenge largely
to be overcome. Despite being an extremely efficient drug for the treatment of type 2 dia-
betes mellitus, multiple studies were conducted seeking to improve its hypoglycemic ac-
tivity or to ameliorate aspects such as low oral absorption and the incidence of gastroin-
testinal side effects. Furthermore, efforts have been made to attribute new activities, or
even to expand the pre-existing ones, that could enhance its effects on diabetes, such as
pancreas-protective, antioxidant, and anti-inflammatory activities. In this paper, we de-
scribe the analogs of metformin developed in the last three decades, highlighting the lack
of computationally based rational approaches to guide their development. We also dis-
cuss this is probably a consequence of how unclear the mechanism of action of the parent
drug is and highlight the recent advances towards the establishment of the main molecu-
lar target(s) for metformin. We also explored the binding of metformin, buformin and
phenformin to the mitochondrial respiratory chain complex I through molecular docking
analyses and reviewed the prospects of applying computational tools to improve the suc-
cess in the development of such analogs. Therefore, it becomes evident that the wide
range of molecular targets and the multiple activities displayed by metformin make this
drug a promising prototype for developing novel entities, particularly for treating type 2
diabetes mellitus.
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1. INTRODUCTION

When Werner and Bell first synthesized metformin
(dimethylbiguanide) (Fig. 1, comp. 1) a century ago
[1], they probably would have never imagined the im-
pact this simple molecule could have on our lives. Met-
formin was not the first biguanide synthesized since
Rathke had already reported the synthesis of a

attention in the first three decades since it was less po-
tent in lowering blood glucose levels than other further
marketed biguanides such as buformin (3) or phenfor-
min (4), which were later discontinued due to the high
risk of causing lactic acidosis [4]. The drug only be-
came available in the UK in 1958, in Canada in 1972,
and received USA FDA approval in 1998 [5].

biguanide in 1879, and was not also the first guanidine
drug marketed, considering Synthalin A (2) was
launched in Europe in 1926 by Schering AG to be with-
drawn only two years later because of renal and hepato-
toxicities [2, 3]. In fact, the drug has received little
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Nevertheless, metformin became the first-line drug
for treating patients with type 2 diabetes mellitus (T2D-
M), holding high efficacy, low cost, and no cardiovas-
cular risk, rarely associated with hypoglycemia or
weight gain [6]. Unlike phenformin or buformin, lactic
acidosis is a very rare side effect of metformin (i.e.,
about 1 per 20,000), mostly occurring in diabetic pa-
tients with severe renal failure [7].
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Fig. (1). Structures of metformin (1), Synthalin A (2), buformin (3), and phenformin (4).
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Fig. (2). Tautomeric forms of metformin: (a) major form, (b) minor form.

Although metformin is a centenary antihyperg-
lycemic agent, which has also served as a prototype for
the development of several anticancer biguanides [8],
the general 2D structures of metformin and most of its
derivatives continue to be misrepresented. Although
biguanides are ubiquitously represented as analogous
to diketones (Fig. 2, tautomer b), crystallographic
studies suggest the representation with conjugation
across the -C,=N,-C,=N; bonds as the more appropri-
ate (Fig. 2, tautomer a). Additionally, an intramolecu-
lar hydrogen bond between N, and N, can be inferred
from the nearly planar structure observed, which re-
sults in a higher-than-expected melting point (135°C).
Analogously, the prevalence of a tautomer a as in met-
formin is also supported by crystallographic/theoretical
studies for buformin and phenformin [9], but such in-
formation generally lacks for most other biologically
active biguanides.

Concerning the pharmacokinetic properties of met-
formin, since the small substituents at the side chain
add little to the total lipophilicity of the molecule, pas-
sive diffusion through cell membranes tend to be
small. In this concern, the design of prodrugs with bet-
ter oral absorption than metformin is still a matter of in-
terest. The absorption of metformin first occurs in the
small intestine [10], where the plasma membrane

monoamine transporter (PMAT) and the organic cation
transporter 3 (OCT3) are expressed and play a role in
its absorption. The drug leaves the enterocytes using
the organic cation transporter 1 (OCT1), and its uptake
in the hepatic cells also occurs mainly through the OC-
T1[11, 12]. Accordingly, Wang et al. reported that OC-
T1 knockout mice displayed metformin levels in the
liver 30 times lower than in control mice [13].

Approximately one quarter of the patients taking
metformin suffer from gastrointestinal side effects (in-
cluding nausea, vomiting, and diarrhea), while the ad-
ministration of the drug must be suspended in 5% of
the cases. In patients with reduced OCT1 function,
which consequently display increased levels of metfor-
min on the intestines, intolerance was about four times
more likely to develop. Accordingly, OCT1 inhibitors
(tricyclic antidepressants, proton-pump inhibitors, o-a-
drenoreceptor antagonists, and calcium-channel block-
ers) also increase the risk of gastrointestinal intoler-
ance [14].

As the concentration of metformin in the intestinal
mucosa is higher than in the other tissues, the gastroin-
testinal tract is suggested as an important site of action
for metformin [15]. Studies have shown the drug in-
creases the glucose uptake and use by the intestine,
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Fig. (3). AMP-dependent mechanisms of metformin-induced gluconeogenesis inhibition. Metformin is transported into the hep-
atocyte mainly through OCT1 and accumulates within the mitochondria. Metformin inhibits the complex I activity, causing a
decrease in the ATP generation by mitochondrial oxidative phosphorylation and a consequent accumulation of AMP. Gluco-
neogenesis is then reduced as a result of ATP and NAD" deficit. AMP increased levels also inhibit the FBP1, a critical gluco-
neogenic enzyme. AMP binding to AMPK leads to AMPK phosphorylation by LKB1. AMPK’s activation reduces ACC activi-
ty, an enzyme that catalyzes acetyl-CoA conversion to malonyl-CoA. AMPK also increases MLYCD activity, an enzyme that
catalyzes the conversion of malonyl-CoA to acetyl-CoA. As malonyl-CoA is an allosteric inhibitor of CPT1, when there are
lower levels of malonyl-CoA, CPT1 activity is increased, resulting in the entry of long-chain fatty acyl-CoA into the mitochon-
dria and increased B oxidation. Malonyl-CoA is also a precursor of fatty acid synthesis; therefore, its lower content impairs li-
pogenesis. AMPK activation prevents the CRTC2 from entering the nucleus to activate CREB, a critical component in the in-
duction of gluconeogenesis in the liver. Increased AMP levels inhibit adenylate cyclase, responsible for cAMP production, re-
ducing the activity of PKA and downstream signaling involved in the glucagon signaling pathway. Abbreviations: ACC,
acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; CPT1, carnitine palmitoyltransferase; CREB, cAMP response
element-binding protein; CRTC2, CREB-regulated transcription coactivator 2; FBP1, fructose-1-6-bisphosphatase; GLUT?2,
glucose transporter type 2; LKB1, liver kinase B1; MLYCD, malonyl-CoA decarboxylase; OCT1, organic cation transporters;
PKA, protein kinase A. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

mainly through the stimulation of anaerobic 1.2. Mechanism of Action
metabolism of glucose, which would increase the lac-
tate production in the intestinal enterocytes and could
also contribute to the intolerance for the drug [16].

However, as we will discuss below, there are several al-

1.2.1. Inhibition of the Mitochondrial Respiratory
Chain Complex 1

Metformin lowers the rate of glucose production by

ternative hypotheses concerning the mechanism of ac-
tion of the drug, a fact that considerably hinders the
use of target-centered structural approaches for the de-
velopment of metformin analogs.

reducing gluconeogenesis [17]. Since the 1950s, it has
been suggested that biguanides would exert their effect
through the interaction with mitochondria as some
studies showed metformin could inhibit mitochondrial
oxidative phosphorylation (Fig. 3) [18, 19]. However,
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it was only in this century that two independent re-
search groups reported the pharmacological effects of
metformin are mediated through the inhibition of the
respiratory chain. They proposed its primary mech-
anism of action was through direct [20] or indirect [21]
inhibition of the complex I of the respiratory chain,
which leads to a decrease in ATP generation and accu-
mulation of AMP in hepatocytes.

Bridges et al. suggest metformin as a reversible
non-competitive inhibitor of complex I. The authors
theorize that such inhibition results from an interaction
of the drug with the matrix loop of the subunit ND3,
an amphipathic region at the interface of the hydrophil-
ic and membrane domains. This would lead the en-
zyme to be trapped in an open-loop catalytic inactive
conformation, resulting in the inhibition of NAD-
H-linked respiration [22].

There is still a lack of consensus on whether metfor-
min concentration is higher within the mitochondria of
hepatocytes or not. According to Wang et al., metfor-
min accumulates in the cytosolic fraction of the hepato-
cytes rather than in the mitochondria, so only supra-
pharmacological concentrations of metformin could
disrupt mitochondrial respiration [23]. However,
another study states the positive charge of metformin
allows its accumulation within the matrix of the ener-
gized mitochondria driven by the membrane electro-
chemical potential [20], which would account for the
significant effect of the drug on this organelle.

The wide range of doses used in these studies and
the diversity of experimental models (animals, cell cul-
ture or isolated organelles), though understandable and
relevant, end up leading to conflicting results regard-
ing the exact mechanism of action of the drug. Adapt-
ing in vitro experiments to simulate as much as possi-
ble the in vivo conditions is one of the most challeng-
ing aspects of physiology experimentation. Therefore,
considering the lack of uniformity in the methods and
the resulting apparent discrepant results, it is hard to
achieve a consensus about the exact mechanism
through which metformin exerts its therapeutic effects.

In this context, although some studies suggest only
metformin concentrations higher than the therapeutic
dose could inhibit the mitochondrial respiratory chain
complex I [24-26], most of the publications in this
field support the idea that metformin indeed acts by di-
rectly inhibiting complex I, which would account for
most of its anti-hyperglycemic effect [20, 27, 28].
Owen et al. demonstrated through in vitro and in vivo
studies the direct inhibition of complex I of the respira-
tory chain by using 50 uM of metformin [20], the
same drug concentration found in treated patients, espe-
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cially in the liver and intestine, which contain the high-
er amounts of the drug than in the general circulation
(i.e., 40 -70 uM after 60 min) [15, 29, 30].

Moreover, complex I remains the best elucidated
metformin target from the structural point of view.
Boukalova et al. describe complex I as a molecular tar-
get for the triphenylphosphonium analogs of metfor-
min, the so-called Mito-Mets, but the focus of the
study was the optimization of the structure of metfor-
min for the treatment of pancreatic cancer. According
to their docking simulations, performed with the crys-
tallographic structure of the complex I from Yarrowia
lipolytica (PDB ID 4WZ7), the predicted binding site
for these compounds is placed at the peripheral arm
(Q-module) of complex I [31]. The biological signifi-
cance of such interaction can be inferred from the fact
the oxidation of NADH by the flavin mononucleotide
(FMN) generates a flow of electrons through a chain of
iron-sulfur clusters, which ends at the terminal Fe-S
cluster (N°) in the Q-module, then promoting a confor-
mational change that will affect the intermembrane
pump modules [32].

Interestingly, Rahman et al. used a different dock-
ing method to map the most probable interaction sites
for metformin at the human complex I (PDB ID 5XT-
D) and they also observed the Q-module as the main in-
teraction site for the drug. According to the authors,
the main residues involved in such interaction are
Trp'* (chain H), Ser”, Val*®, Pro® and Pro* (chain I),
Phe®' and Tyr’* (chain P) and Pro™’/Gly™ (chain Q).
However, the information is limited since the authors
focused their discussion mainly on the transport of met-
formin across the membranes via OCT1 and the proba-
ble connection with the development of lactic acidosis
[33].

Considering the convergence of the studies of
Boukalova et al. [31] and Rahman et al. [33] in
suggesting the Q-module of complex I as the probable
binding site for the expression of the hypoglycemic, an-
titumoral and effects related to the lactic acidosis trig-
gered by metformin, we used a third independent dock-
ing approach, aiming to reproduce the findings ob-
served by Rahman et al. In this concern, we first pro-
cessed the structure of the human complex I (PDB ID
5XTD) with the Dock Prep module of the UCFS
Chimera [34] which, with a total resolution of 3.7 A
[35], is very prone to display the sidechains of amino
acids with wrong rotamers [36]. By analyzing the ge-
ometry of the metformin binding pocket [37], one may
notice this site, formed by residues from the chains H,
I, P and Q, as described by Rahman et al., but also
from the L chain based in our analyses, could accom-
modate larger ligands than metformin (Fig. 4).
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Fig. (4). Tridimensional structure of the hydrophilic (membrane-protruding) segment of the human complex I (PDB ID 5XT-
D). Highlighting, in the expansion, the segments that compose the putative binding pocket for metformin. The putative resi-
dues involved in metformin binding in the expansion were defined as reported by Rahman et al. [33]. The surface contours of
this putative binding pocket, as identified via cavity prospection [37], are also highlighted in the expansion. The structures of
the iron-sulfur clusters (on the right side) are described as space-filled models. (4 higher resolution / colour version of this fig-

ure is available in the electronic copy of the article).

Performing the ligands and docking simulations as
we previously reported [38, 39], assessed in a 10 A ra-
dius docking sphere from the O atom of Val®, we
could reproduce the binding mode of metformin as re-
ported by Rahman et al. [33]. We have chosen the oxy-
gen of Val® to define the binding site because the au-
thors reported that this residue is involved in a hydro-
gen bond performed with metformin, while all the re-
maining interactions are of hydrophobic nature. In fact,
we confirmed this interaction, but we also observed
two additional H-bonds (Fig. SA and comp. 6) per-
formed with Tyr* and Pro™, a triad responsible for
the establishment of H-bonds also predicted for bufor-
min (Fig. 5B and comp. 6) and phenformin (Fig. 5C
and comp. 6).

The docking poses, ranked using the Piecewise Lin-
ear Potential (PLP) fitness function [40], displayed
docking scores for metformin (31.68), buformin
(36.75) and phenformin (47.86) that correlate both
with their cytotoxicities against HepG2 cells and the
relative potencies in inhibiting the mitochondrial respi-
ration [41]. While the strongest interactions observed
for metformin are only the above-mentioned H-bonds

(Fig. 5A), these interactions are reinforced in phenfor-
min by two additional n-7 stacking interactions, per-
formed with Trp''* (Figs. 5C and 6). While the corre-
sponding interaction in buformin is a weaker n-akyl in-
teraction (Fig. 5B), the overall number of hydrophobic
interactions is higher than in metformin (Figs. SA and
6), which probably contributes to a better affinity for
the target.

To design biguanides with improved pharmacoki-
netic properties, one could benefit from an early assess-
ment of how structural modifications would impact the
overall antihyperglycemic activity and the risk of trig-
gering adverse effects. Considering the molecular dock-
ing results here presented and the available informa-
tion from the literature, it seems clear that molecular
docking studies with complex I can be valuable tools
both to predict the antihyperglycemic effect of a partic-
ular biguanide as to estimate its potential to induce lac-
tic acidosis since the occurrence of lactic acidosis in-
creases with the compound’s ability to inhibit complex
I. Phenformin, for example, is 20-fold more potent
than metformin in inhibiting complex I and was with-
drawn from the market in several countries for causing
lactic acidosis [42].
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Fig. (5). Proposed binding modes for metformin (A), bufor-
min (B) and phenformin (C) at the hydrophilic segment of
the human complex I (PDB ID 5XTD). Hydrogen bonds are
represented as dashed lines between N/O atom pairs for the
three compounds, while the n-akyl (buformin) and n-n (phen-
formin) interactions are depicted as a dashed line between
the aromatic indole ring of tryptophan and the terminal CH
or phenyl ring of the drug. (4 higher resolution / colour ver-
sion of this figure is available in the electronic copy of the
article).

At first glance, biguanides that are strong inhibitors
of the complex I seems unlikely to reach clinical use
unless one could dissociate their risk of inducing lactic
acidosis from the antihyperglycemic effects. However,
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a possible measure to tackle the lactic acidosis induced
by potent complex I inhibitors would be the co-utiliza-
tion of drugs that could reverse the shift to the anaero-
bic metabolism. Methylene blue has been reported to
effectively treat a patient with metformin-associated
lactic acidosis, likely due to its ability to act as an artifi-
cial electron carrier, providing electrons to cytochrome
¢ and restoring the aerobic metabolism despite of the
complex I inhibition [43].

Methyl succinate warranted a similar effect, serv-
ing as a substrate for complex Il when converted to suc-
cinate [44]. Later in vitro assays were unable to repli-
cate the clinical achievement of methylene blue but
attested the effectiveness of succinate prodrugs [45],
the latter being thoroughly discussed as therapeutic al-
ternatives following their promising results [46]. There-
fore, the development of therapeutic alternatives to
avoid lactic acidosis may have a deep impact on the
syntheses of novel antidiabetic biguanides, making the
design of clinically viable potent complex I inhibitors
possible through the use of computational docking
studies with the target.

Alternatively, novel drug candidates could be
planned to better inhibit less established targets of met-
formin, such as mGPDH [47], AMP deaminase [48]
and SHIP2 [49], all of which have been reported to be
directly inhibited by metformin and could be connect-
ed to its hyperglycemic activity due to involvement in
glucose metabolism. Although no attempts of drug de-
velopment have been made in this sense, the inhibition
of complex I appears to account for most of the activi-
ty and would be preferably targeted.

1.2.2. AMP-dependent Mechanisms of Metformin-
induced Gluconeogenesis Inhibition

AMP-activated protein kinase (AMPK) is a sensor
of cellular energy and nutrient status and is activated in
response to increased ADP:ATP and/or AMP:ATP ra-
tios. Zhou et al. suggested for the first time the pharma-
cological effects of metformin could be related to the
activation of AMPK in hepatocytes, an important ele-
ment in the regulation of the metabolism of glucose
and lipids [50]. This activation was later related to the
inhibition of mitochondrial respiratory chain complex I
by metformin, which causes a decrease in the ATP lev-
el while increasing ADP and AMP intracellular levels,
leading to the activation of AMPK [51]. In the skeletal
muscle cells, the activation of AMPK by metformin sti-
mulates glucose uptake by inducing the GTPase Rab4
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expression via the AMPK-AS160-PKCC pathway lead-
ing to translocation of vesicles containing glucose tran-
sporter type 4 (GLUT4) to the plasma membrane [52].

The activation of AMPK by metformin in the liver
results in the induction of fatty acid oxidation and in
the suppression of the expression of lipogenic en-
zymes. It also reduces the acetyl-CoA carboxylase
(ACC) activity, an enzyme that catalyzes the conver-
sion of acetyl-CoA to malonyl-CoA, and increases the
activity of malonyl-CoA decarboxylase (MLYCD), an
enzyme with the opposite effect of ACC. Together, th-
ese effects reduce the intracellular content of malonyl-
CoA, an important precursor of fatty acid biosynthesis
and exerts allosteric regulation in inhibiting the carni-
tine palmitoyltransferase (CPT1) activity, an enzyme
responsible for the entry of long-chain fatty acyl-CoA
into the mitochondria. Therefore, lower levels of mal-
onyl-CoA promote B-oxidation at the same time as it
suppresses the syntheses of fatty acids [50].

AMPK also phosphorylates the Ser'”' residue of
cAMP response element binding protein (CREB)-regu-
lated transcription coactivator 2 (CRTC2, previously
called TORC2). Consequently, CRTC2 is sequestrated
from the nucleus to the cytoplasm by the 14-3-3 pro-

tein and becomes unable to activate CREB. As CREB
is a critical component in the induction of gluconeogen-
esis in the liver, this mechanism could work as a
metabolic checkpoint. Furthermore, liver kinase B1
(LKB1), an enzyme that phosphorylates and activates
AMPK, was believed to be required for the hypog-
lycemic effect of metformin [53, 54].

Interestingly, the same research group also reported
the inhibition of hepatic gluconeogenesis by metfor-
min as independent of LKB1 and AMPK. The drug in-
hibited glucose production even after the forced expres-
sion of gluconeogenic genes through the superexpres-
sion of peroxisome proliferators-activated receptor
gamma (PPARY) co-activator la (PGC-1a), indicating
metformin inhibits the activity of gluconeogenic en-
zymes rather than their gene expression [51].

Based on a series of in vivo and in vitro experi-
ments, Miller et al. proposed that metformin antag-
onizes the action of glucagon by inhibiting the mito-
chondrial respiratory chain complex I, which decreases
the ATP levels and accumulates AMP. As gluconeoge-
nesis is a highly energy-consuming metabolic path-
way, the reduction of ATP levels by itself is enough to
reduce glucose production. Additionally, the accumula-
tion of AMP leads to inhibition of adenylate cyclase
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cation transporters; PFK1, Phosphofructokinase-1. (4 higher resolution / colour version of this figure is available in the elec-
tronic copy of the article).

and, therefore, to decreased levels of cAMP, then re-
ducing the activity of protein kinase A (PKA) and
downstream signaling. Since glucagon signaling de-
pends on adenylate cyclase activation, followed by the
production of the second-messenger cAMP and the ac-
tivation of PKA, metformin would inhibit gluconeogen-
esis through the suppression of the glucagon pathway
[55]. However, another study contradicts this hypothe-
sis as it suggests metformin is unable to inhibit gluca-
gon-stimulated endogenous glucose production in hu-
mans [56]. These clinical results indicate that the de-
crease in gluconeogenesis by metformin seems to be

not related to glucagon production, at least not for the
dose used in the study. Therefore, metformin would
act by modulating the gluconeogenesis pathway at the
enzyme level or by limiting its substrates. As men-
tioned before, these conflicting results are caused by
differences in the doses and in the experimental mod-
els, as the first study was carried out in isolated pri-
mary hepatocytes from mice and the second one mea-
sured hormones and metabolites from human patients.

The enzyme fructose-1-6-bisphosphatase (FBP1) is
a key component in controlling the rate of hepatic glu-
coneogenesis, and, accordingly, FBP1 deficiency has
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been shown to impair glucose production from all the
gluconeogenic precursors, thus causing hypoglycemia
and acute crises of lactic acidosis [57]. Hunter et al.
showed an increased AMP concentration induced by
metformin causes allosteric inhibition of FBP1, which
significantly contributes to the glucose-lowering effect
of metformin [58].

1.2.3. AMP-independent Mechanisms of Metfor-
min-induced Gluconeogenesis Inhibition

Madiraju et al. reported that acute and chronic treat-
ments with metformin promote the non-competitive in-
hibition of the mitochondrial glycerol 3-phosphate de-
hydrogenase (mGPDH) in rats. All biguanides reduced
mGPDH activities by 30-50%. To promote glucose pro-
duction in the liver, glycerol is phosphorylated by the
glycerol kinase to glycerol-3-phosphate and then con-
verted into dihydroxyacetone phosphate by the mG-
PDH. Therefore, inhibition of mGPDH would prevent
glycerol from contributing to gluconeogenic flux. Be-
sides, the inhibition of mGPDH affects the glycerol 3-
phosphate shuttle (GP-shuttle), which is one of the
mechanisms that transfer reducing equivalents from
the cytoplasm to the mitochondria regenerating NAD"
consumed during glycolysis. This inhibition leads to
the accumulation of cytosolic NADH, which impairs
the conversion of lactate into pyruvate by lactate dehy-
drogenase (LDH). Based on these findings, the authors
concluded that the inhibition of the mGPDH alters the
hepatocellular redox state, reducing the conversion of
both lactate and glycerol to glucose, which, consequent-
ly, decreases hepatic gluconeogenesis (Fig. 7) [48].

They later provided evidence that rats treated with
clinically relevant doses of metformin displayed gluco-
neogenesis inhibition that could not be explained by
any of the previously proposed mechanisms for the
drug. However, the study also concluded that the inhi-
bition of hepatic glucose production by metformin was
a consequence of the cell redox state, considering that
only the gluconeogenesis from lactate and pyruvate
(substrates dependent on cytosolic NADH) were sup-
pressed [59].

A study by Alshawi and Agius also suggested that
metformin could inhibit gluconeogenesis independent-
ly from the inhibition of mGPDH or mitochondrial res-
piratory chain complex 1. The researchers proposed the
accumulation of the drug in the mitochondria causes
the depolarization of the mitochondrial membrane and
leads to the inhibition of the malate-aspartate shuttle
(MA-shuttle). MA-shuttle and GP-shuttle, together
with the production of lactate by the enzyme LDH, are
the three significant mechanisms in the liver that are in-
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volved in the regeneration of NAD". Therefore, they
propose the membrane depolarization caused by met-
formin inhibits the MA-shuttle resulting in GP-shuttle
stimulation as a compensatory mechanism that would
cause a decrease in glycerol-3-phosphate content, a po-
tent allosteric inhibitor of the enzyme phosphofructoki-
nase 1 (PFK1). This mechanism, together with the ac-
tion of other allosteric regulators of PFK1 and FBP1,
would direct the flux towards glycolysis and inhibition
of gluconeogenesis [60].

Variable Region 1

(R1) Variable Region 3

(R3)

Variable Region 2
(R2)

Fig. (8). The variable substituents explored in the acyclic
biguanides are revised in this study. Despite these sub-
stituents, N,, N, and N, tend to act as hydrogen donors or ac-
ceptors depending on the interaction with the target. (4 high-
er resolution / colour version of this figure is available in
the electronic copy of the article).

2. ANTI-DIABETIC ANALOGS OF METFOR-
MIN

In the book “Oral anti-diabetics”, published in 1996
by Kuhlmann and Puls, the authors compiled the infor-
mation for biguanides with anti-diabetic activity, re-
ported from 1971 to 1996. In this context, the authors
describe the structure-activity relationships for metfor-
min analogs where the R, and R, (Fig. 8) are alkyl/ ar-
alkyl substituents. The highest effect on the blood su-
gar content was observed for R, = n-pentyl (please no-
tice that in buformin, R, = n-butyl), with a continuous
decrease in the activities from n-octyl to n-decyl (no ac-
tivity). However, the best activities were observed
when R, = H, biguanides with a methyl group (e.g.,
metformin) were also active. For biguanides with a sin-
gle aralkyl substituent, the highest activity was ob-
served for the phenethyl analog (i.e., phenformin) [2].
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Fig. (9). Structures of metformin analogs reported by Reitz et al. (1989) [61].

Although we will depict the 2D structures of the
subsequent biguanides based on the most prevalent tau-
tomer of metformin (Fig. 2, b) [9], the reader must
have in mind they are indeed misrepresented in the
original referenced papers. Additionally, we have point-
ed out in Fig. (8) that the R, substituents are linked to
the imine nitrogen (N,) because this is supported by
the current data reported for buformin and phenformin
(Fig. 1) [9] but, again, in the original papers they are
(mis)represented as N, substituents.

O

NH, N)SASH
|

N” NH,

13

Fig. (10). Structures of a metformin analog reported by Liu
et al. (2008) [62].

In 1989, Reitz et al. idealized and synthesized car-
bohydrate biguanides (Fig. 9, comps. 5-12), which
were tested as hypoglycemic agents in vivo (i.e., they
were subjected to glucose tolerance tests in non-diabet-
ic rats). The idea behind the design of these com-
pounds was based on the evidence that biguanides in-
hibit the uptake of monosaccharide by the cells. There-
fore, by coupling a biguanide to different
monosaccharides, the authors expected an improve-
ment in specificity, then carrying the biguanides direct-

ly to the ligand site of the hexose transporter to in-
crease their hypoglycemic activity. Two O-protected
glucose biguanide derivatives (7 and 10) provided satis-
factory biological results, comparable to those ob-
tained for metformin. However, when the authors dou-
bled the concentration of these two analogs in the oral
glucose tolerance test, they observed a dose-indepen-
dent activity [61].

To design an analog with enhanced activity and ad-
ditional pancreas-protecting effects, Liu et al. synthe-
sized a hybrid from metformin and cysteine (Fig. 10,
comp. 13), a compound with a potentially improved li-
posolubility and, consequently, a better bioavailability
for an anti-diabetic drug. Additionally, cysteine has
been reported to exert protective effects on beta cells,
similarly to its precursor, N-Acetylcysteine. Com-
pound 13 promoted a hypoglycemic effect superior to
the observed for metformin while maintaining a simi-
lar hypolipidemic effect. The levels of insulin in the
blood of alloxan-induced (insulin-deficient) animals
were increased upon treatment, whereas in streptozo-
tocin-induced animals fed with high lipid diet (hyperin-
sulinemic), the same parameter was decreased, indica-
tive of improvement in beta cell function. The drug re-
duced oxidative stress (similarly to cysteine) and res-
tored the activity of several key antioxidants (super-
oxide dismutase, reduced glutathione, catalase and the
pancreatic exocrine enzyme amylase). In contrast, met-
formin and
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Fig. (11). Structures of sulfenamide and sulfonamide pro-drugs of metformin.

cysteine had their influence limited to superoxide dis-
mutase. The suppression of edema in diabetic rats was
the final evidence reported by the author to suggest 13
as a robust protective agent against oxidative stress
and a potential tool for the treatment of both type 1 and
2 diabetes [62].

Huttunen and colleagues published the first of
many studies concerning the development and charac-
terization of sulfenamide and sulfonamide pro-drugs.
This alteration intended to mask hydrogen bonding
groups from the parent molecule with a bioreversible
modification, therefore improving the lipophilicity and
the bioavailability of the active compound. This would
allow a decrease in the therapeutic dose, reducing the
probability of gastrointestinal side effects. In the first
studies, two sulfenamides (Fig. 11, comps. 14 and 15)
were tested in vitro and in vivo and displayed im-
proved lipophilicities and oral bioavailabilities when
compared to metformin [63, 64].

A later work conducted at the same research group
explored the design and syntheses of sulfonamides
(20-22), aiming to achieve compounds that could be
bioactivated after oral absorption, a characteristic not
observed for most sulfenamides. Bioconversion tests re-

vealed only 22 was able to release metformin after in-
cubation with liver homogenates. The authors argue
this is likely to occur because of the para-trifluoro
group, which decreases the electron density of the ring
as is also performed by the nitro group, then easing the
bioconversion by the glutathione-S-transferase. In or-
der to further evaluate the bioconversion of this pro-
drug, kinetic studies demonstrated a good affinity for
the glutathione-S-transferase [65].

The group continued to explore sulfonamide deriva-
tives of metformin by designing and synthesizing nine
new benzenesulfonamide derivatives with halogen sub-
stituents (23-31). Considering diabetic patients have an
increased risk for cardiovascular diseases, the authors
studied the anti-coagulation properties of these com-
pounds. Interestingly, the ortho-derivatives (23, 26,
and 29) prolonged the prothrombin time and the partial-
ly activated thromboplastin time. Additionally, the bro-
mo- (26) and fluoro- (29) substituted compounds in-
duced fibrin polymerization and produced an increased
thrombin time. Satisfactory results were obtained for
the ortho-derivatives (23, 26 and 29) and the para-fluo-
rine substituted (31) in the clot formation and fibrinoly-
sis test. The authors selected benzenesulfonamides
with ortho-substituents to be further studied as anti-dia-



Entering the Sugar Rush Era

betic agents with anti-coagulant properties, particularly
considering they displayed low cytotoxicity at concen-
trations up to 1.5 pmol/ml [66].

X

~

| 32

Fig. (12). Structure of imeglimin, (6R)-3,6-Dihydro-N,,
N,,6-trimethyl-1,3,5-triazine-2,4-diamine.

Among the metformin analogs, imeglimin
(TWYMEGG?®, Fig. 12, comp. 32) is one of the most
broadly explored [67-70] and the only one that
achieved clinical practice, with recent approval for use
in Japan [71]. Although closely resembling and being
inspired by metformin [72], 32 does not belong to the
biguanide family but is classified as a glimin, which
arises from the cyclization of the biguanide into a dihy-
dro-1,3,5-trizine [73]. The drug displayed a variety of
different mechanisms through which it acts in glucose
homeostasis, including increased insulin sensitivity in
muscle and hepatic tissues [74], decreased hepatic glu-
cose production [73], decreased liver steatosis [74], im-

o\
/©/ -NH;
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proved glucose-stimulated insulin secretion in beta
cells [73-75], and protective effects on endothelial and
beta cells from cell death induced by glucotoxicity
[73-76]. In clinical trials, 32 positively improved
glycemic control in humans as monotherapy or com-
bined with traditionally used drugs, including metfor-
min [77-80]. Like metformin, its precise mechanism of
action is not completely elucidated, but some studies
have associated its effects with the modulation of mito-
chondrial bioenergetics [70, 74, 76].

The anti-diabetic activities of three novel 1-substi-
tuted-biguanide derivatives (Fig. 13, comps. 33-35)
were described by Abbas et al., while this study evalu-
ated the effects of the compounds on rats previously in-
duced to develop T2DM. Multiple analyses were per-
formed to characterize these compounds concerning
their hypoglycemic activities, cholesterol- and triglyc-
eride-reducing properties, liver enzyme activities (as-
partate aminotransferase and alanine aminotrans-
ferase), kidney function (urea and creatinine) and their
protective actions on liver, pancreas, and kidney. Al-
though all the three compounds displayed significant
improvements concerning the studied activities when
compared to metformin, the 2,4-Dimethoxyphenyl-
biguanide (33) was the most promising derivative of
the series [81].

_NH
O\
33 34 35
o
) N oA
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0
36 37 38
H H X
_N -N H | —+R
N —
10g ]

0
39 40 41.R=2-Br
42.R = 3-Cl
43.R = 4-Cl

H 44.R = 4-OH

Nj(\o 45.R = 4-CH,

o}
46

Fig. (13). Structures of metformin analogs reported by Abbas et al. (2016) and Basyouni et al. (2017) [81-83].



2554 Current Medicinal Chemistry, 2023, Vol. 30, No. 22

In a second study conducted by Abbas et al., five
new biguanides (36-40) were tested concerning their
hypoglycemic activities. Although none was superior
to metformin, all promoted some reduction in mean
glucose levels. Similar results were obtained concern-
ing liver enzyme activities and the analyses of lipid pro-
files. All the analogs improved the activities of the en-
zymes aspartate aminotransferase, alanine aminotrans-
ferase, and alkaline phosphatase and reduced the levels
of triglycerides and cholesterol but not as efficiently as
metformin. Although none of these compounds dis-
played improved anti-hyperglycemic effects, they were
superior to metformin concerning their antioxidant
properties and protective effects on the morphology of
the pancreas, liver, and kidney [82].

The same group envisioned the synthesis of six
new l-arylamidebiguanide derivatives (41-46). In addi-
tion to the same properties explored in the previous
work, the authors evaluate the expression of adhesion
molecules [intercellular (ICAM) and wvascular (V-
CAM)], inflammatory markers [tumor necrosis factor
alfa (TNF-a) and interleukin 10 (IL-10)], and a growth
factor [vascular endothelial growth factor (VEGF)]. Th-
ese compounds also displayed superior antioxidant
properties and additional pancreas protective effects

when compared to metformin [83].
H O
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51. R = gaba residue

Fig. (14). Structures of metformin analogs reported by Mah-
di et al. (2016) [84].

Aiming to improve oral bioavailability, Mahdi and
colleagues synthesized ten analogs (Fig. 14, comps.
47-56) by linking amino acids or methyl ester deriva-
tives of amino acids to the structure of metformin, us-
ing glycolic acid as a spacer. Considering the presence
of di/tripeptide transporters in the membrane of entero-
cytes, the insertion of the amino acid moieties would
theoretically increase the absorption and bioavailabili-
ty of the anti-diabetic drugs. In the in vivo anti-hyperg-
lycemic activity tests, compounds 48, 49, 51, and 54
were superior to metformin in reducing blood glucose
levels after 5 hours (reduction of 58-69%, when com-
pared to a 50% decrease promoted by metformin),
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while compounds 50, 51 and 53-56 produced profound
effects after 24 hours (50-59%, compared to 41% for
metformin). These results validate the approach pro-
posed by the authors, while 51 was the most promising
compound, promoting a reduction in the blood glucose
levels of 58%-59% from 5 to 24 hours [84].

More recently, Ramya and colleagues conducted a
study on seven new (F)-2-(4-(1H-indol-3-yl)-6-p-sub-
stituted phenylpyrimidin-2-yl) dimethylguanidine deri-
vatives (Fig. 15, comps. 57-63) as anti-diabetic drugs.
The analog with the unsubstituted phenyl ring (57) dis-
played particularly good results. The authors assessed
these compounds concerning their in vitro antimicro-
bial activities, which are uncommon for metformin
analogs. After measurement of the minimum inhibitory
concentrations and the diameters of the zones of inhibi-
tion, all analogs exhibited good antimicrobial activities
against one or more classes of microorganisms (Gram-
positive, Gram-negative bacteria and fungus). Subse-
quently, the authors demonstrated all the seven new
biguanides inhibit two carbohydrate-hydrolyzing en-
zymes in vitro (alpha-amylase and alpha-glucosidase,
both related to postprandial hyperglycemia). Finally,
the in vivo anti-diabetic activity assays revealed 57 and
63 as the most promising analogs of the series [85].

HN O 57.R=H
N 58. R = CH,
59. R = OCH,

N 60. R = NO,
61.R=F

~ z 62.R = Cl
| O 63. R = Br
R

Fig. (15). Structures of metformin analogs reported by
Ramya et al. (2017) [85].

The strategy of hybridization was used for the de-
velopment of three structurally distinctive compounds,
which contain a 1,3,5-triazine ring derived from the cy-
clization of metformin (Fig. 16, comps. 64-66). The
new ring was linked to berberine (64 and 65) or mag-
nolol (66), natural products used in traditional Chinese
medicine for the treatment of diabetes, cancers, inflam-
mations, and hyperlipidemia. These compounds were
tested for their anti-inflammatory activities by measur-
ing the expression of cyclooxygenase-2 and the produc-
tion of prostaglandin E2 by monocyte/macrophage
cells in vitro, which were both effectively reduced af-
ter treatment with the synthesized compounds. A se-
cond analysis was performed to evaluate their effects
on insulin secretion, which was successfully stimulated
in insulinoma cells in vitro [86].



Entering the Sugar Rush Era

Current Medicinal Chemistry, 2023, Vol. 30, No. 22 2555

64 65

Fig. (16). Structures of metformin analogs reported by Cao et al. (2017) [86].

Although all three compounds have great potential
as anti-inflammatory and anti-diabetic agents, the ber-
berine analog MD568 (65) was selected for the assess-
ment of anti-obesity activity. Obese rats treated with
the hybrid compound reduced body weight, blood lipid
contents, white adipose tissue, and liver mass com-
pared to the control group. The in vitro results revealed
that MD568 inhibits lipogenesis and lipid accumula-
tion in 3T3-L1 pre-adipocytes. The authors applied mi-
croarray to investigate the mechanism of action respon-
sible for the activity of MD568 and concluded this
compound can regulate genes related to lipid
metabolism both in vitro and in vivo [87]. Using obese
rats with T2DM as a model, the authors demonstrated
that MD568 reduces body weight, plasma glucose lev-
els, total cholesterol, triglycerides, and low-density
lipoprotein cholesterol levels, while also reduces the in-
sulin resistance in obese T2DM rats [88].

The magnolol analog BMH473 (66) was also select-
ed for studies regarding its therapeutic effects on obese

Lk @

67 68

'y

71 72

74 75

o

T2DM animals. Besides displaying notable anti-hyper-
glycaemic and anti-hyperlipidemic activities, no signifi-
cant toxicity was observed. Moreover, BMH473 pro-
moted a considerable reduction in the inflammatory re-
sponse in cells of the white adipose tissue by down-reg-
ulating the expression of p-NF-kB and pro-inflammato-
ry cytokines to control the inflammatory process in
obese T2DM rats. Although the authors displayed evi-
dence of increased AMPK activity, the specific molecu-
lar mechanisms by which the compound works are still
unknown. Overall, the results suggest its potential in
maintaining glucose and lipid homeostasis in obese
T2DM rats, displaying better effects than the proto-
types [89].

Gutierrez-Lara et al. designed a series of ten cy-
cloalkyl/alkarylbiguanides based on the structure of
metformin and phenformin (Fig. 17, comp. 67-76).
The biguanide group, which represents the pharma-
cophore, was maintained, while the dimethyl and

76

Fig. (17). Structures of metformin and phenformin analogs reported by Gutierrez-Lara et al. (2017) [90].
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phenylethyl side chains were replaced by the cy-
cloalkyl/alkaryl substituents. The principle of chain-
ring transformation was also used to produce conforma-
tionally-constrained analogs (67 vs 68-71). The pyrroli-
dine (68) and piperidine (69) analogs were based on
the concept of homologous series of alkyl substituents,
while the morpholine and 4-methylpiperazine moieties
were selected as isosteric replacements for piperidine
(70 and 71). Analogs containing benzyl or 4-substitut-
ed phenyl rings were designed as homologues (71-75)
of phenformin [90].

All compounds were tested in vitro for their poten-
tial to activate AMPK in hepatocytes, and most were
inactive, including the aliphatic, alicyclic, and aromat-
ic compounds. However, three compounds (70-72) dis-
played similar or better effects when compared to met-
formin. Docking analyses were then performed to eval-
uate the putative binding modes of these three com-
pounds at the regulatory y-subunit of AMPK. The simu-
lations indicated these analogs access the nu-
cleotide-binding pocket of the enzyme and interact
with amino acid residues essential for its activation.
Among the compounds designed, EGL-6M (72) dis-
played the best docking results, which agreed with
both the in vitro and the posterior anti-diabetic in vivo
assays. Although all three compounds reduced the plas-
matic glucose levels, only the most promising was eval-
uated in a glucose tolerance test, providing similar re-
sults to metformin. Besides characterizing the therapeu-
tic aspects of these three molecules, the authors also as-
sessed the in silico potential for toxicity and monitored
the in vivo models for lactic acidosis. Both analyses
confirmed the analogs as promising anti-diabetic drugs
[90].

CONCLUSION

After nearly a century, metformin remains the only
biguanide used for the treatment of diabetes. The
absence of analogs with clinical usefulness probably re-
flects the lack of consensus information concerning the
molecular target of the drug. As a considerable amount
of new information has been published, including the
crystallographic structures of some targets, in silico
techniques can now be explored more thoroughly. Al-
though multiple targets are suggested for metformin in
the literature, most of its biological activities are as-
cribed to the inhibition of the mitochondrial respiratory
chain complex 1. Herein, we performed a detailed ex-
ploration of this target using molecular docking simula-
tions, and we could effectively correlate the in vitro po-
tencies of metformin, buformin and phenformin with
their predicted affinities for the complex I. In this con-
text, we provided further evidence for the inhibition of
the Q-module of complex I by metformin and its main
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analogs, possibly serving as a guide for future research
seeking to develop antidiabetic metformin analogs.

LIST OF ABBREVIATIONS

ACC = Acetyl-CoA carboxylase

AMPK = AMP-activated protein kinase

CPT1 = Carnitine palmitoyltransferase

CREB = cAMP response element binding pro-
tein

CRTC2 = cAMP regulated transcription coactiva-
tor 2

FMN = Flavin mononucleotide

FBP1 = Fructose-1-6-bisphosphatase

GLUT4 = Glucose transporter type 4

GP-shuttle = Glycerol 3-phosphate shuttle

IL-10 = Interleukin 10

LDH = Lactate dehydrogenase

LKBI1 = Liver kinase B1

MA-shuttle = Malate-aspartate shuttle

mGPDH = Mitochondrial glycerol 3-phosphate de-
hydrogenase

MLYCD = Malonyl-CoA decarboxylase

OCT1 = QOrganic cation transporter 1

OCT3 = QOrganic cation transporter 3

PFK1 = Phosphofructokinase 1

PKA = Protein kinase A

PLP = Piecewise linear potential

PMAT = Plasma membrane monoamine trans-
porter

PPARy = Peroxisome proliferators-activated re-
ceptor gamma

T2DM = Type 2 diabetes mellitus

TNF-a = Tumor necrosis factor alfa

VEGF = Vascular endothelial growth factor

CONSENT FOR PUBLICATION

Not applicable.
FUNDING

The authors thank the funding agencies FAPESP
(Fundacdo de Amparo a Pesquisa do Estado de Sao



Entering the Sugar Rush Era

Paulo, Grants N. 2018/22817-2, 2019/11193-0, 2021/
11189-3,2022/01239-6 and 2022/02484-4) and PRP-U-
NICAMP for the financial support. This study was fi-
nanced in part by the Coordenacdo de Aperfeicoamen-
to de Pessoal de Nivel Superior - Brasil (CAPES) - Fi-
nance Code 001.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial
or otherwise.

ACKNOWLEDGEMENTS

Declared none.

SUPPLEMENTARY MATERIALS

Supplementary material is available on the publish-
er’s website along with the published article.

REFERENCES

(1]

[4]

(5]

(6]

(7]

(8]

Werner, E.A.; Bell, J. The preparation of methylguanidine,
and of BB-dimethylguanidine by the interaction of dicyandi-
amide, and methylammonium and dimethylammonium
chlorides respectively. J. Chem. Soc. Trans., 1922, 121(0),
1790-1794.

http://dx.doi.org/10.1039/CT9222101790

Prugnard, E.; Noel, M. Chemistry and structure-activity re-
lationships of biguanides. In: Oral Antidiabetics; Kuhl-
mann, J.; Puls, W., Eds.; Springer: Berlin Heidelberg: Ber-
lin, 1996; pp. 263-285.
http://dx.doi.org/10.1007/978-3-662-09127-2_10

Sneader, W. Drug discovery: A history, 1" ed; John Wiley
& Sons Ltd: Chichester, UK, 2005, pp. 269-286.
http://dx.doi.org/10.1002/0470015535

Bailey, C.J. Metformin: Historical overview. Diabetologia,
2017, 60(9), 1566-1576.
http://dx.doi.org/10.1007/s00125-017-4318-z
28776081

U.S. Food and Drug Administration, Center for Drug Eval-
uation and Research. Aproval package for Glucophage
tablets, application number 020357, S010. 1998. Available
from: https://www.accessdata.fda.gov/drugsatfda_docs/
nda/98/020357s010_appltr medr chemr EA.pdf  (Ac-
cessed on: Feb 17, 2022).

Davies, M.J.; D’Alessio, D.A.; Fradkin, J.; Kernan, W.N.;
Mathieu, C.; Mingrone, G.; Rossing, P.; Tsapas, A.;
Wexler, D.J.; Buse, J.B. Management of hyperglycemia in
type 2 diabetes. A consensus report by the American Dia-
betes Association (ADA) and the European Association
for the Study of Diabetes (EASD). Diabetes Care, 2018,
41(12), 2669-2701.

http://dx.doi.org/10.2337/dci18-0033 PMID: 30291106
Belcher, G.; Lambert, C.; Edwards, G.; Urquhart, R.; Mat-
thews, D.R. Safety and tolerability of pioglitazone, metfor-
min, and gliclazide in the treatment of type 2 diabetes. Dia-
betes Res. Clin. Pract., 2005, 70(1), 53-62.
http://dx.doi.org/10.1016/j.diabres.2005.02.011
16002175

Ben Sahra, 1.; Le Marchand-Brustel, Y.; Tanti, J-F.; Bost,

PMID:

PMID:

[9]

[10]

[14]

[16]

[17]

(18]

[19]

Current Medicinal Chemistry, 2023, Vol. 30, No. 22 2557

F. Metformin in cancer therapy: A new perspective for an
old antidiabetic drug? Mol. Cancer Ther., 2010, 9(5),
1092-1099.
http://dx.doi.org/10.1158/1535-7163.MCT-09-1186
PMID: 20442309

Bharatam, P.V_; Patel, D.S.; Igbal, P. Pharmacophoric fea-
tures of biguanide derivatives: An electronic and structural
analysis. J. Med. Chem., 2005, 48(24), 7615-7622.
http://dx.doi.org/10.1021/jm050602z PMID: 16302801
Marathe, P.H.; Wen, Y.; Norton, J.; Greene, D.S.; Barb-
haiya, R.H.; Wilding, I.R. Effect of altered gastric empty-
ing and gastrointestinal motility on metformin absorption.
Br. J. Clin. Pharmacol., 2000, 50(4), 325-332.
http://dx.doi.org/10.1046/j.1365-2125.2000.00264.x
PMID: 11012555

Zhou, M.; Xia, L.; Wang, J. Metformin transport by a new-
ly cloned proton-stimulated organic cation transporter
(plasma membrane monoamine transporter) expressed in
human intestine. Drug Metab. Dispos., 2007, 35(10),
1956-1962.
http://dx.doi.org/10.1124/dmd.107.015495
17600084

He, L.; Wondisford, F.E. Metformin action: Concentra-
tions matter. Cell Metab., 2015, 21(2), 159-162.
http://dx.doi.org/10.1016/j.cmet.2015.01.003
25651170

Wang, D.S.; Jonker, J.W.; Kato, Y.; Kusuhara, H.;
Schinkel, A.H.; Sugiyama, Y. Involvement of organic ca-
tion transporter 1 in hepatic and intestinal distribution of
metformin. J. Pharmacol. Exp. Ther., 2002, 302(2),
510-515.
http://dx.doi.org/10.1124/jpet.102.034140
12130709

Dujic, T.; Zhou, K.; Donnelly, L.A.; Tavendale, R.;
Palmer, C.N.A.; Pearson, E.R. Association of organic ca-
tion transporter 1 with intolerance to metformin in type 2
diabetes: A GoDARTS study. Diabetes, 2015, 64(5),
1786-1793.

http://dx.doi.org/10.2337/db14-1388 PMID: 25510240
Wilcock, C.; Bailey, C.J. Accumulation of metformin by
tissues of the normal and diabetic mouse. Xenobiotica,
1994, 24(1), 49-57.
http://dx.doi.org/10.3109/00498259409043220
8165821

McCreight, L.J.; Bailey, C.J.; Pearson, E.R. Metformin
and the gastrointestinal tract. Diabetologia, 2016, 59(3),
426-435.
http://dx.doi.org/10.1007/s00125-015-3844-9
26780750

Hundal, R.S.; Krssak, M.; Dufour, S.; Laurent, D.; Lebon,
V.; Chandramouli, V.; Inzucchi, S.E.; Schumann, W.C.;
Petersen, K.F.; Landau, B.R.; Shulman, G.I. Mechanism
by which metformin reduces glucose production in type 2
diabetes. Diabetes, 2000, 49(12), 2063-2069.
http://dx.doi.org/10.2337/diabetes.49.12.2063
11118008

Hollunger, G. Guanidines and oxidative phosphorylations.
Acta Pharmacol. Toxicol. (Copenh.), 1955, 11(Suppl. 1),
1-84.
http://dx.doi.org/10.1111/.1600-0773.1955.tb02972.x
PMID: 13248572

Schifer, G. Site-specific uncoupling and inhibition of
oxidative phosphorylation by biguanides. II. Biochim. Bio-
phys. Acta, 1969, 172(2), 334-337.
http://dx.doi.org/10.1016/0005-2728(69)90077-2 PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:


http://dx.doi.org/10.1039/CT9222101790
http://dx.doi.org/10.1007/978-3-662-09127-2_10
http://dx.doi.org/10.1002/0470015535
http://dx.doi.org/10.1007/s00125-017-4318-z
http://www.ncbi.nlm.nih.gov/pubmed/28776081
https://www.accessdata.fda.gov/drugsatfda_docs/nda/98/020357s010_appltr_medr_chemr_EA.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/98/020357s010_appltr_medr_chemr_EA.pdf
http://dx.doi.org/10.2337/dci18-0033
http://www.ncbi.nlm.nih.gov/pubmed/30291106
http://dx.doi.org/10.1016/j.diabres.2005.02.011
http://www.ncbi.nlm.nih.gov/pubmed/16002175
http://dx.doi.org/10.1158/1535-7163.MCT-09-1186
http://www.ncbi.nlm.nih.gov/pubmed/20442309
http://dx.doi.org/10.1021/jm050602z
http://www.ncbi.nlm.nih.gov/pubmed/16302801
http://dx.doi.org/10.1046/j.1365-2125.2000.00264.x
http://www.ncbi.nlm.nih.gov/pubmed/11012555
http://dx.doi.org/10.1124/dmd.107.015495
http://www.ncbi.nlm.nih.gov/pubmed/17600084
http://dx.doi.org/10.1016/j.cmet.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25651170
http://dx.doi.org/10.1124/jpet.102.034140
http://www.ncbi.nlm.nih.gov/pubmed/12130709
http://dx.doi.org/10.2337/db14-1388
http://www.ncbi.nlm.nih.gov/pubmed/25510240
http://dx.doi.org/10.3109/00498259409043220
http://www.ncbi.nlm.nih.gov/pubmed/8165821
http://dx.doi.org/10.1007/s00125-015-3844-9
http://www.ncbi.nlm.nih.gov/pubmed/26780750
http://dx.doi.org/10.2337/diabetes.49.12.2063
http://www.ncbi.nlm.nih.gov/pubmed/11118008
http://dx.doi.org/10.1111/j.1600-0773.1955.tb02972.x
http://www.ncbi.nlm.nih.gov/pubmed/13248572
http://dx.doi.org/10.1016/0005-2728(69)90077-2

2558

[20]

(21]

[22]

(23]

[24]

(25]

[26]

(27]

(28]

[29]

[30]

[31]

Current Medicinal Chemistry, 2023, Vol. 30, No. 22

4304727

Owen, M.R.; Doran, E.; Halestrap, A.P. Evidence that met-
formin exerts its anti-diabetic effects through inhibition of
complex 1 of the mitochondrial respiratory chain.
Biochem. J., 2000, 348(Pt 3), 607-614.
http://dx.doi.org/10.1042/bj3480607 PMID: 10839993
El-Mir, M.Y.; Nogueira, V.; Fontaine, E.; Avéret, N.; Ri-
goulet, M.; Leverve, X. Dimethylbiguanide inhibits cell re-
spiration via an indirect effect targeted on the respiratory
chain complex 1. J. Biol. Chem., 2000, 275(1), 223-228.
http://dx.doi.org/10.1074/jbc.275.1.223 PMID: 10617608
Bridges, H.R.; Jones, A.J.Y.; Pollak, M.N.; Hirst, J. Ef-
fects of metformin and other biguanides on oxidative phos-
phorylation in mitochondria. Biochem. J., 2014, 462(3),
475-487.

http://dx.doi.org/10.1042/BJ20140620 PMID: 25017630
Wang, Y.; An, H.; Liu, T.; Qin, C.; Sesaki, H.; Guo, S.; Ra-
dovick, S.; Hussain, M.; Maheshwari, A.; Wondisford,
F.E.; O’Rourke, B.; He, L. Metformin improves mitochon-
drial respiratory activity through activation of AMPK. Cell
Rep., 2019, 29(6), 1511-1523.¢5.
http://dx.doi.org/10.1016/j.celrep.2019.09.070
31693892

Vial, G.; Detaille, D.; Guigas, B. Role of mitochondria in
the mechanism(s) of action of metformin. Front. Endocri-
nol. (Lausanne), 2019, 10, 294.
http://dx.doi.org/10.3389/fendo.2019.00294
31133988

LaMoia, T.E.; Shulman, G.I. Cellular and molecular mech-
anisms of metformin action. Endocr. Rev., 2021, 42(1),
77-96.
http://dx.doi.org/10.1210/endrev/bnaa023
32897388

Fontaine, E. Metformin-induced mitochondrial complex I
inhibition: Facts, uncertainties, and consequences. Front.
Endocrinol. (Lausanne), 2018, 9, 753.
http://dx.doi.org/10.3389/fendo.2018.00753
30619086

Pernicova, I.; Korbonits, M. Metformin-mode of action
and clinical implications for diabetes and cancer. Nat. Rev.
Endocrinol., 2014, 10(3), 143-156.
http://dx.doi.org/10.1038/nrendo.2013.256
24393785

Feng, J.; Wang, X.; Ye, X.; Ares, 1.; Lopez-Torres, B.;
Martinez, M.; Martinez-Larrafiaga, M-R.; Wang, X
Anadon, A.; Martinez, M-A. Mitochondria as an important
target of metformin: The mechanism of action, toxic and
side effects, and new therapeutic applications. Pharmacol.
Res., 2022, 177, 106114.
http://dx.doi.org/10.1016/j.phrs.2022.106114
35124206

Gormsen, L.C.; Sundelin, E.I.; Jensen, J.B.; Vendelbo,
M.H.; Jakobsen, S.; Munk, O.L.; Hougaard Christensen,
M.M.; Bresen, K.; Frokier, J.; Jessen, N. In vivo imaging
of human 11C-metformin in peripheral organs: Dosimetry,
biodistribution, and kinetic analyses. J. Nucl. Med., 2016,
57(12), 1920-1926.
http://dx.doi.org/10.2967/jnumed.116.177774
27469359

He, L. Metformin and systemic metabolism. 7rends Phar-
macol. Sci., 2020, 41(11), 868-881.
http://dx.doi.org/10.1016/j.tips.2020.09.001
32994049

Boukalova, S.; Stursa, J.; Werner, L.; Ezrova, Z.; Cerny,
J.; Bezawork-Geleta, A.; Pecinova, A.; Dong, L.; Drahota,

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

[32]

[33]

[34]

[33]

[38]

[41]

[42]

de Oliveira Neto et al.

Z.; Neuzil, J. Mitochondrial targeting of metformin en-
hances its activity against pancreatic cancer. Mol. Cancer
Ther., 2016, 15(12), 2875-2886.
http://dx.doi.org/10.1158/1535-7163.MCT-15-1021
PMID: 27765848

Giachin, G.; Bouverot, R.; Acajjaoui, S.; Pantalone, S.; Sol-
er-Lopez, M. Dynamics of human mitochondrial complex
I assembly: Implications for neurodegenerative diseases.
Front. Mol. Biosci., 2016, 3, 43.
http://dx.doi.org/10.3389/fmolb.2016.00043
27597947

Rahman, S.; Ahsan, T.; Hossain, R.; Ahmed, T.; Sajib,
A.A. molecular mechanism of metformin associated lactic
acidosis (MALA)-an in silico exploration. Curr. Phar-
macogenom. Person. Med., 2018, 16(3), 199-209.
http://dx.doi.org/10.2174/1875692117666181207121639
Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.;
Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimer-
a-a visualization system for exploratory research and analy-
sis. J. Comput. Chem., 2004, 25(13), 1605-1612.
http://dx.doi.org/10.1002/jcc.20084 PMID: 15264254
Guo, R.; Zong, S.; Wu, M.; Gu, J.; Yang, M. Architecture
of human mitochondrial respiratory megacomplex I21I-
121V2. Cell, 2017, 170(6), 1247-1257.e12.
http://dx.doi.org/10.1016/j.cell.2017.07.050
28844695

Blow, D.M. Outline of crystallography for biologists; Ox-
ford University Press: Oxford, UK, 2002.
http://dx.doi.org/10.1093/0s0/9780198510512.001.0001
Oliveira, S.H.P.; Ferraz, F.A.N.; Honorato, R.V.; Xavier-
Neto, J.; Sobreira, T.J.P.; de Oliveira, P.S.L. KVFinder:
Steered identification of protein cavities as a PyMOL plu-
gin. BMC Bioinformatics, 2014, 15(1), 197.
http://dx.doi.org/10.1186/1471-2105-15-197
24938294

Oliveira Neto, X.A.; Alves, A.C.S.; Dias, R.A., Junior; Ro-
drigues, R.P.; Lancellotti, M.; Almeida, W.P.; Kawano,
D.F. Molecular docking reveals the binding modes of anti-
cancer alkylphospholipids and lysophosphatidylcholine
within the catalytic domain of cytidine triphosphate: Phos-
phocholine cytidyltransferase. Eur. J. Lipid Sci. Technol.,
2020, /22(7), 1900422.
http://dx.doi.org/10.1002/¢j1t.201900422

Stierand, K.; Rarey, M. PoseView-Molecular interaction
patterns at a glance. J. Cheminform., 2010, 2(S1), 50.
http://dx.doi.org/10.1186/1758-2946-2-S1-P50

Gehlhaar, D.K.; Verkhivker, G.M.; Rejto, P.A.; Sherman,
C.J.; Fogel, D.B.; Fogel, L.J.; Freer, S.T. Molecular recog-
nition of the inhibitor AG-1343 by HIV-1 protease: Confor-
mationally flexible docking by evolutionary programming.
Chem. Biol., 1995, 2(5), 317-324.
http://dx.doi.org/10.1016/1074-5521(95)90050-0 PMID:
9383433

Dykens, J.A.; Jamieson, J.; Marroquin, L.; Nadanaciva, S.;
Billis, P.A.; Will, Y. Biguanide-induced mitochondrial dys-
function yields increased lactate production and cytotoxici-
ty of aerobically-poised HepG2 cells and human hepato-
cytes in vitro. Toxicol. Appl. Pharmacol., 2008, 233(2),
203-210.
http://dx.doi.org/10.1016/j.taap.2008.08.013
18817800

Piel, S.; Ehinger, J.K.; Elmér, E.; Hansson, M.J. Metfor-
min induces lactate production in peripheral blood mononu-
clear cells and platelets through specific mitochondrial
complex I inhibition. Acta Physiol. (Oxf.), 2015, 213(1),

PMID:

PMID:

PMID:

PMID:


http://www.ncbi.nlm.nih.gov/pubmed/4304727
http://dx.doi.org/10.1042/bj3480607
http://www.ncbi.nlm.nih.gov/pubmed/10839993
http://dx.doi.org/10.1074/jbc.275.1.223
http://www.ncbi.nlm.nih.gov/pubmed/10617608
http://dx.doi.org/10.1042/BJ20140620
http://www.ncbi.nlm.nih.gov/pubmed/25017630
http://dx.doi.org/10.1016/j.celrep.2019.09.070
http://www.ncbi.nlm.nih.gov/pubmed/31693892
http://dx.doi.org/10.3389/fendo.2019.00294
http://www.ncbi.nlm.nih.gov/pubmed/31133988
http://dx.doi.org/10.1210/endrev/bnaa023
http://www.ncbi.nlm.nih.gov/pubmed/32897388
http://dx.doi.org/10.3389/fendo.2018.00753
http://www.ncbi.nlm.nih.gov/pubmed/30619086
http://dx.doi.org/10.1038/nrendo.2013.256
http://www.ncbi.nlm.nih.gov/pubmed/24393785
http://dx.doi.org/10.1016/j.phrs.2022.106114
http://www.ncbi.nlm.nih.gov/pubmed/35124206
http://dx.doi.org/10.2967/jnumed.116.177774
http://www.ncbi.nlm.nih.gov/pubmed/27469359
http://dx.doi.org/10.1016/j.tips.2020.09.001
http://www.ncbi.nlm.nih.gov/pubmed/32994049
http://dx.doi.org/10.1158/1535-7163.MCT-15-1021
http://www.ncbi.nlm.nih.gov/pubmed/27765848
http://dx.doi.org/10.3389/fmolb.2016.00043
http://www.ncbi.nlm.nih.gov/pubmed/27597947
http://dx.doi.org/10.2174/1875692117666181207121639
http://dx.doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://dx.doi.org/10.1016/j.cell.2017.07.050
http://www.ncbi.nlm.nih.gov/pubmed/28844695
http://dx.doi.org/10.1093/oso/9780198510512.001.0001
http://dx.doi.org/10.1186/1471-2105-15-197
http://www.ncbi.nlm.nih.gov/pubmed/24938294
http://dx.doi.org/10.1002/ejlt.201900422
http://dx.doi.org/10.1186/1758-2946-2-S1-P50
http://dx.doi.org/10.1016/1074-5521(95)90050-0
http://www.ncbi.nlm.nih.gov/pubmed/9383433
http://dx.doi.org/10.1016/j.taap.2008.08.013
http://www.ncbi.nlm.nih.gov/pubmed/18817800

Entering the Sugar Rush Era

[43]

[44]

[43]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

171-180.

http://dx.doi.org/10.1111/apha.12311 PMID: 24801139
Plumb, B.; Parker, A.; Wong, P. Feeling blue with metfor-
min-associated lactic acidosis. BMJ Case Rep., 2013,
2013(1), 2-5.
http://dx.doi.org/10.1136/bcr-2013-008855
23456165

Hinke, S.A.; Martens, G.A.; Cai, Y.; Finsi, J.; Heimberg,
H.; Pipeleers, D.; Van de Casteele, M. Methyl succinate an-
tagonises biguanide-induced AMPK-activation and death
of pancreatic -cells through restoration of mitochondrial
electron transfer. Br. J. Pharmacol, 2007, 150(8),
1031-1043.

http://dx.doi.org/10.1038/sj.bjp.0707189 PMID: 17339833
Piel, S.; Ehinger, J.K.; Chamkha, 1.; Frostner, E.A.; Sjo-
vall, F.; Elmér, E.; Hansson, M.J. Bioenergetic bypass us-
ing cell-permeable succinate, but not methylene blue, atten-
uates metformin-induced lactate production. Intensive
Care Med. Exp., 2018, 6(1), 22.
http://dx.doi.org/10.1186/s40635-018-0186-1
30069806

Protti, A. Succinate and the shortcut to the cure of metfor-
min-induced lactic acidosis. /ntensive Care Med. Exp.,
2018, 6(1), 35.
http://dx.doi.org/10.1186/s40635-018-0202-5
30251134

Madiraju, A.K.; Erion, D.M.; Rahimi, Y.; Zhang, X.M.;
Braddock, D.T.; Albright, R.A.; Prigaro, B.J.; Wood, J.L.;
Bhanot, S.; MacDonald, M.J.; Jurczak, M.J.; Camporez,
J.P.; Lee, H-Y.; Cline, G.W.; Samuel, V.T.; Kibbey, R.G.;
Shulman, G.I. Metformin suppresses gluconeogenesis by
inhibiting mitochondrial glycerophosphate dehydrogenase.
Nature, 2014, 510(7506), 542-546.
http://dx.doi.org/10.1038/nature13270 PMID: 24847880
Ouyang, J.; Parakhia, R.A.; Ochs, R.S. Metformin acti-
vates AMP kinase through inhibition of AMP deaminase.
J. Biol. Chem., 2011, 286(1), 1-11.
http://dx.doi.org/10.1074/jbc.M110.121806
21059655

Polianskyte-Prause, Z.; Tolvanen, T.A.; Lindfors, S.; Du-
mont, V.; Van, M.; Wang, H.; Dash, S.N.; Berg, M.;
Naams, J.B.; Hautala, L.C.; Nisen, H.; Mirtti, T.; Groop,
P.H.; Wihil4, K.; Tienari, J.; Lehtonen, S. Metformin in-
creases glucose uptake and acts renoprotectively by reduc-
ing SHIP2 activity. FASEB J., 2019, 33(2), 2858-2869.
http://dx.doi.org/10.1096/j.201800529RR PMID:
30321069

Zhou, G.; Myers, R.; Li, Y.; Chen, Y.; Shen, X.; Fenyk-
Melody, J.; Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.;
Musi, N.; Hirshman, M.F.; Goodyear, L.J.; Moller, D.E.
Role of AMP-activated protein kinase in mechanism of
metformin action. J. Clin. Invest., 2001, 108(8),
1167-1174.

http://dx.doi.org/10.1172/JC113505 PMID: 11602624
Foretz, M.; Hébrard, S.; Leclerc, J.; Zarrinpashneh, E.; So-
ty, M.; Mithieux, G.; Sakamoto, K.; Andreelli, F.; Viollet,
B. Metformin inhibits hepatic gluconeogenesis in mice in-
dependently of the LKB1/AMPK pathway via a decrease
in hepatic energy state. J. Clin. Invest., 2010, 120(7),
2355-2369.

http://dx.doi.org/10.1172/JC140671 PMID: 20577053

Lee, J.O.; Lee, S.K.; Jung, J.H.; Kim, J.H.; You, G.Y;
Kim, S.J.; Park, S.H.; Uhm, K-O.; Kim, H.S. Metformin in-
duces Rab4 through AMPK and modulates GLUT4 translo-
cation in skeletal muscle cells. J. Cell. Physiol., 2011,

PMID:

PMID:

PMID:

PMID:

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Current Medicinal Chemistry, 2023, Vol. 30, No. 22 2559

226(4), 974-981.

http://dx.doi.org/10.1002/jcp.22410 PMID: 20857458
Koo, S.H.; Flechner, L.; Qi, L.; Zhang, X.; Screaton, R.A.;
Jeffries, S.; Hedrick, S.; Xu, W.; Boussouar, F.; Brindle,
P.; Takemori, H.; Montminy, M. The CREB coactivator
TORC?2 is a key regulator of fasting glucose metabolism.
Nature, 2005, 437(7062), 1109-1111.
http://dx.doi.org/10.1038/nature03967 PMID: 16148943
Screaton, R.A.; Conkright, M.D.; Katoh, Y.; Best, J.L.;
Canettieri, G.; Jeffries, S.; Guzman, E.; Niessen, S.; Yates,
J.R., III; Takemori, H.; Okamoto, M.; Montminy, M. The
CREB coactivator TORC2 functions as a calcium- and
cAMP-sensitive coincidence detector. Cell, 2004, 119(1),
61-74.
http://dx.doi.org/10.1016/j.cell.2004.09.015
15454081

Miller, R.A.; Chu, Q.; Xie, J.; Foretz, M.; Viollet, B.; Birn-
baum, M.J. Biguanides suppress hepatic glucagon sig-
nalling by decreasing production of cyclic AMP. Nature,
2013, 494(7436), 256-260.
http://dx.doi.org/10.1038/nature11808 PMID: 23292513
Konopka, A.R.; Esponda, R.R.; Robinson, M.M.; Johnson,
M.L.; Carter, R.E.; Schiavon, M.; Cobelli, C.; Wondisford,
F.E.; Lanza, I.R.; Nair, K.S. Hyperglucagonemia mitigates
the effect of metformin on glucose production in predia-
betes. Cell Rep., 2016, 15(7), 1394-1400.
http://dx.doi.org/10.1016/j.celrep.2016.04.024
27160898

Bijarnia-Mahay, S.; Bhatia, S.; Arora, V. Fructose-1,6-bis-
phosphatase deficiency. In: GeneReviews"; Adam, M.P.,
Ed.; Seattle: University of Washington: Washington, 2019.
Hunter, R.W.; Hughey, C.C.; Lantier, L.; Sundelin, E.L;
Peggie, M.; Zeqiraj, E.; Sicheri, F.; Jessen, N.; Wasser-
man, D.H.; Sakamoto, K. Metformin reduces liver glucose
production by inhibition of fructose-1-6-bisphosphatase.
Nat. Med., 2018, 24(9), 1395-1406.
http://dx.doi.org/10.1038/s41591-018-0159-7
30150719

Madiraju, A.K.; Qiu, Y.; Perry, R.J.; Rahimi, Y.; Zhang,
X-M.; Zhang, D.; Camporez, J.G.; Cline, G.W.; Butrico,
G.M.; Kemp, B.E.; Casals, G.; Steinberg, G.R.; Vatner,
D.F.; Petersen, K.F.; Shulman, G.I. Metformin inhibits glu-
coneogenesis via a redox-dependent mechanism in vivo.
Nat. Med., 2018, 24(9), 1384-1394.
http://dx.doi.org/10.1038/s41591-018-0125-4
30038219

Alshawi, A.; Agius, L. Low metformin causes a more
oxidized mitochondrial NADH/NAD redox state in hepato-
cytes and inhibits gluconeogenesis by a redox-independent
mechanism. J. Biol. Chem., 2019, 294(8), 2839-2853.
http://dx.doi.org/10.1074/jbc.RA118.006670 PMID:
30591586

Reitz, A.B.; Tuman, R.W.; Marchione, C.S.; Jordan, A.D.,
Jr; Bowden, C.R.; Maryanoff, B.E. Carbohydrate
biguanides as potential hypoglycemic agents. J. Med.
Chem., 1989, 32(9), 2110-2116.
http://dx.doi.org/10.1021/jm00129a015 PMID: 2769683
Liu, Z.; Li, J.; Zeng, Z.; Liu, M.; Wang, M. The antidiabet-
ic effects of cysteinyl metformin, a newly synthesized
agent, in alloxan- and streptozocin-induced diabetic rats.
Chem. Biol. Interact., 2008, 173(1), 68-75.
http://dx.doi.org/10.1016/j.cbi.2007.11.012
18377884

Huttunen, K.M.; Mannila, A.; Laine, K.; Kemppainen, E.;
Leppénen, J.; Vepsildinen, J.; Jarvinen, T.; Rautio, J. The

PMID:

PMID:

PMID:

PMID:

PMID:


http://dx.doi.org/10.1111/apha.12311
http://www.ncbi.nlm.nih.gov/pubmed/24801139
http://dx.doi.org/10.1136/bcr-2013-008855
http://www.ncbi.nlm.nih.gov/pubmed/23456165
http://dx.doi.org/10.1038/sj.bjp.0707189
http://www.ncbi.nlm.nih.gov/pubmed/17339833
http://dx.doi.org/10.1186/s40635-018-0186-1
http://www.ncbi.nlm.nih.gov/pubmed/30069806
http://dx.doi.org/10.1186/s40635-018-0202-5
http://www.ncbi.nlm.nih.gov/pubmed/30251134
http://dx.doi.org/10.1038/nature13270
http://www.ncbi.nlm.nih.gov/pubmed/24847880
http://dx.doi.org/10.1074/jbc.M110.121806
http://www.ncbi.nlm.nih.gov/pubmed/21059655
http://dx.doi.org/10.1096/fj.201800529RR
http://www.ncbi.nlm.nih.gov/pubmed/30321069
http://dx.doi.org/10.1172/JCI13505
http://www.ncbi.nlm.nih.gov/pubmed/11602624
http://dx.doi.org/10.1172/JCI40671
http://www.ncbi.nlm.nih.gov/pubmed/20577053
http://dx.doi.org/10.1002/jcp.22410
http://www.ncbi.nlm.nih.gov/pubmed/20857458
http://dx.doi.org/10.1038/nature03967
http://www.ncbi.nlm.nih.gov/pubmed/16148943
http://dx.doi.org/10.1016/j.cell.2004.09.015
http://www.ncbi.nlm.nih.gov/pubmed/15454081
http://dx.doi.org/10.1038/nature11808
http://www.ncbi.nlm.nih.gov/pubmed/23292513
http://dx.doi.org/10.1016/j.celrep.2016.04.024
http://www.ncbi.nlm.nih.gov/pubmed/27160898
http://dx.doi.org/10.1038/s41591-018-0159-7
http://www.ncbi.nlm.nih.gov/pubmed/30150719
http://dx.doi.org/10.1038/s41591-018-0125-4
http://www.ncbi.nlm.nih.gov/pubmed/30038219
http://dx.doi.org/10.1074/jbc.RA118.006670
http://www.ncbi.nlm.nih.gov/pubmed/30591586
http://dx.doi.org/10.1021/jm00129a015
http://www.ncbi.nlm.nih.gov/pubmed/2769683
http://dx.doi.org/10.1016/j.cbi.2007.11.012
http://www.ncbi.nlm.nih.gov/pubmed/18377884

2560 Current Medicinal Chemistry, 2023, Vol. 30, No. 22

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

first bioreversible prodrug of metformin with improved
lipophilicity and enhanced intestinal absorption. J. Med.
Chem., 2009, 52(14), 4142-4148.
http://dx.doi.org/10.1021/jm900274q PMID: 19522462
Huttunen, K.M.; Leppénen, J.; Vepsildinen, J.; Sirvio, J.;
Laine, K.; Rautio, J. In vitro and in vivo evaluation of a
sulfenamide prodrug of basic metformin. J. Pharm. Sci.,
2012, 7101(8), 2854-2860.
http://dx.doi.org/10.1002/jps.23221 PMID: 22648910
Rautio, J.; Vernerova, M.; Aufderhaar, I.; Huttunen, K.M.
Glutathione-S-transferase selective release of metformin
from its sulfonamide prodrug. Bioorg. Med. Chem. Lett.,
2014, 24(21), 5034-5036.
http://dx.doi.org/10.1016/j.bmcl.2014.09.019
25248681

Markowicz-Piasecka, M.; Sikora, J.; Zajda, A.; Huttunen,
K.M. Novel halogenated sulfonamide biguanides with an-
ti-coagulation properties. Bioorg. Chem., 2020, 94,
103444,
http://dx.doi.org/10.1016/j.bioorg.2019.103444
31776031

Crabtree, T.S.; DeFronzo, R.A.; Ryder, R.E.J.; Bailey, C.J.
Imeglimin, a novel, first in-class, blood glucose-lowering
agent: A systematic review and meta-analysis of clinical
evidence. Br. J. Diabetes, 2020, 20(1), 28-31.
http://dx.doi.org/10.15277/bjd.2020.247

Yaribeygi, H.; Maleki, M.; Sathyapalan, T.; Jamialahmadi,
T.; Sahebkar, A. Molecular mechanisms by which
imeglimin improves glucose homeostasis. J. Diabetes Res.,
2020, 2020, 8768954.
http://dx.doi.org/10.1155/2020/8768954 PMID: 32215274
Yendapally, R.; Sikazwe, D.; Kim, S.S.; Ramsinghani, S.;
Fraser-Spears, R.; Witte, A.P.; La-Viola, B. A review of
phenformin, metformin, and imeglimin. Drug Dev. Res.,
2020, 81(4), 390-401.

http://dx.doi.org/10.1002/ddr.21636 PMID: 31916629
Johansson, K.S.; Brenden, A.; Knop, F.K.; Christensen,
M.B. Clinical pharmacology of imeglimin for the treat-
ment of type 2 diabetes. Expert Opin. Pharmacother.,
2020, 21(8), 871-882.
http://dx.doi.org/10.1080/14656566.2020.1729123 PMID:
32108532

Poxel, S.A. TWYMEEG"® (Imeglimin) 2022. Available
from: https://www.poxelpharma.com/en_us/pipeline/dia-
betes (Accessed on: Apr 28, 2022).

Cravo, D.; Helmreich, M. Separation of triazine deriva-
tives enantiomers using tartaric acid. Patent
US8742103B2, 2012.

Fouqueray, P.; Leverve, X.; Fontaine, E.; Baquié, M.;
Wollheim, C. Imeglimin-a new oral anti-diabetic that tar-
gets the three key defects of type 2 diabetes. J. Diabetes
Metab., 2011, 2(4), 1000126.
http://dx.doi.org/10.4172/2155-6156.1000126

Vial, G.; Chauvin, M.A.; Bendridi, N.; Durand, A.; Meug-
nier, E.; Madec, A.M.; Bernoud-Hubac, N.; Pais de Barros,
J.P.; Fontaine, E.; Acquaviva, C.; Hallakou-Bozec, S.;
Bolze, S.; Vidal, H.; Rieusset, J. Imeglimin normalizes glu-
cose tolerance and insulin sensitivity and improves mito-
chondrial function in liver of a high-fat, high-sucrose diet
mice model. Diabetes, 2015, 64(6), 2254-2264.
http://dx.doi.org/10.2337/db14-1220 PMID: 25552598
Perry, R.J.; Cardone, R.L.; Petersen, M.C.; Zhang, D.; Fou-
queray, P.; Hallakou-Bozec, S.; Bolze, S.; Shulman, G.L;
Petersen, K.F.; Kibbey, R.G. Imeglimin lowers glucose pri-
marily by amplifying glucose-stimulated insulin secretion

PMID:

PMID:

[76]

[77]

[80]

(81]

[82]

(83]

(84]

[85]

de Oliveira Neto et al.

in high-fat-fed rodents. Am. J. Physiol. Endocrinol.
Metab., 2016, 311(2), E461-E470.
http://dx.doi.org/10.1152/ajpendo.00009.2016
27406738

Detaille, D.; Vial, G.; Borel, A.L.; Cottet-Rouselle, C.; Hal-
lakou-Bozec, S.; Bolze, S.; Fouqueray, P.; Fontaine, E.
Imeglimin prevents human endothelial cell death by inhibit-
ing mitochondrial permeability transition without inhibit-
ing mitochondrial respiration. Cell Death Discov., 2016,
2(1), 15072.
http://dx.doi.org/10.1038/cddiscovery.2015.72
27551496

Pirags, V.; Lebovitz, H.; Fouqueray, P. Imeglimin, a novel
glimin oral antidiabetic, exhibits a good efficacy and safe-
ty profile in type 2 diabetic patients. Diabetes Obes.
Metab., 2012, 14(9), 852-858.
http://dx.doi.org/10.1111/j.1463-1326.2012.01611.x
PMID: 22519919

Pacini, G.; Mari, A.; Fouqueray, P.; Bolze, S.; Roden, M.
Imeglimin increases glucose-dependent insulin secretion
and improves B-cell function in patients with type 2 dia-
betes. Diabetes Obes. Metab., 2015, 17(6), 541-545.
http://dx.doi.org/10.1111/dom.12452 PMID: 25694060
Fouqueray, P.; Pirags, V.; Inzucchi, S.E.; Bailey, C.J.; Sch-
ernthaner, G.; Diamant, M.; Lebovitz, H.E. The efficacy
and safety of imeglimin as add-on therapy in patients with
type 2 diabetes inadequately controlled with metformin
monotherapy. Diabetes Care, 2013, 36(3), 565-568.
http://dx.doi.org/10.2337/dc12-0453 PMID: 23160726
Fouqueray, P.; Pirags, V.; Diamant, M.; Schernthaner, G.;
Lebovitz, H.E.; Inzucchi, S.E.; Bailey, C.J. The efficacy
and safety of imeglimin as add-on therapy in patients with
type 2 diabetes inadequately controlled with sitagliptin
monotherapy. Diabetes Care, 2014, 37(7), 1924-1930.
http://dx.doi.org/10.2337/dc13-2349 PMID: 24722500
Abbas, S.Y.; Basyouni, W.M.; El-Bayouki, K.A.M.; Ab-
del-Rahman, R.F. Synthesis and Evaluation of 1-substitut-
ed-biguanide derivatives as anti-diabetic agents for type II
diabetes insulin resistant. Drug Res. (Stuttg.), 2016, 66(7),
377-383.

http://dx.doi.org/10.1055/s-0042-107349 PMID: 27191826
Abbas, S.Y.; Basyouni, W.M.; El-Bayouk, K.A.M.; To-
hamy, W.M.; Aly, H.F.; Arafa, A.; Soliman, M.S. New
biguanides as anti-diabetic agents part I: Synthesis and
evaluation of 1-substituted biguanide derivatives as anti-di-
abetic agents of type II diabetes insulin resistant. Drug
Res. (Stuttg.), 2017, 67(10), 557-563.
http://dx.doi.org/10.1055/s-0043-102692 PMID: 28651259
Basyouni, W.M.; Abbas, S.Y.; El Shehry, M.F.; El-Bayou-
ki, K.A.M.; Aly, HF.; Arafa, A.; Soliman, M.S. New
biguanides as anti-diabetic agents, part II: Synthesis and an-
ti-diabetic properties evaluation of 1-arylamidebiguanide
derivatives as agents of insulin resistant type Il diabetes.
Arch. Pharm. (Weinheim), 2017, 350(11), 1700183.
http://dx.doi.org/10.1002/ardp.201700183
29027251

Mahdi, M.F.; Arif, 1.S.; Jubair, N.K. Design, synthesis and
preliminary pharmacological evaluation of new metformin
derivatives. Int. J. Pharm. Pharm. Sci., 2016, 9(1),
239-245.

http://dx.doi.org/10.22159/ijpps.2017v9i1.15250

Ramya, V.; Vembu, S.; Ariharasivakumar, G.; Gopalakrish-
nan, M. Synthesis, characterisation, molecular docking, an-
ti-microbial and anti-diabetic screening of substituted 4-in-
dolylphenyl-6-arylpyrimidine-2-imine Derivatives. Drug

PMID:

PMID:

PMID:


http://dx.doi.org/10.1021/jm900274q
http://www.ncbi.nlm.nih.gov/pubmed/19522462
http://dx.doi.org/10.1002/jps.23221
http://www.ncbi.nlm.nih.gov/pubmed/22648910
http://dx.doi.org/10.1016/j.bmcl.2014.09.019
http://www.ncbi.nlm.nih.gov/pubmed/25248681
http://dx.doi.org/10.1016/j.bioorg.2019.103444
http://www.ncbi.nlm.nih.gov/pubmed/31776031
http://dx.doi.org/10.15277/bjd.2020.247
http://dx.doi.org/10.1155/2020/8768954
http://www.ncbi.nlm.nih.gov/pubmed/32215274
http://dx.doi.org/10.1002/ddr.21636
http://www.ncbi.nlm.nih.gov/pubmed/31916629
http://dx.doi.org/10.1080/14656566.2020.1729123
http://www.ncbi.nlm.nih.gov/pubmed/32108532
https://www.poxelpharma.com/en_us/pipeline/diabetes
https://www.poxelpharma.com/en_us/pipeline/diabetes
http://dx.doi.org/10.4172/2155-6156.1000126
http://dx.doi.org/10.2337/db14-1220
http://www.ncbi.nlm.nih.gov/pubmed/25552598
http://dx.doi.org/10.1152/ajpendo.00009.2016
http://www.ncbi.nlm.nih.gov/pubmed/27406738
http://dx.doi.org/10.1038/cddiscovery.2015.72
http://www.ncbi.nlm.nih.gov/pubmed/27551496
http://dx.doi.org/10.1111/j.1463-1326.2012.01611.x
http://www.ncbi.nlm.nih.gov/pubmed/22519919
http://dx.doi.org/10.1111/dom.12452
http://www.ncbi.nlm.nih.gov/pubmed/25694060
http://dx.doi.org/10.2337/dc12-0453
http://www.ncbi.nlm.nih.gov/pubmed/23160726
http://dx.doi.org/10.2337/dc13-2349
http://www.ncbi.nlm.nih.gov/pubmed/24722500
http://dx.doi.org/10.1055/s-0042-107349
http://www.ncbi.nlm.nih.gov/pubmed/27191826
http://dx.doi.org/10.1055/s-0043-102692
http://www.ncbi.nlm.nih.gov/pubmed/28651259
http://dx.doi.org/10.1002/ardp.201700183
http://www.ncbi.nlm.nih.gov/pubmed/29027251
http://dx.doi.org/10.22159/ijpps.2017v9i1.15250

Entering the Sugar Rush Era

(86]

[87]

(88]

Res. (Stuttg.), 2017, 67(9), 515-526.
http://dx.doi.org/10.1055/s-0043-106444 PMID: 28628926
Cao, H.; Liao, S.; Zhong, W.; Xiao, X.; Zhu, J.; Li, W.;
Wu, X.; Feng, Y. Synthesis, characterization, and biologi-
cal evaluations of 1,3,5-triazine derivatives of metformin
cyclization with berberine and magnolol in the presence of
sodium methylate. Molecules, 2017, 22(10), 1752.
http://dx.doi.org/10.3390/molecules22101752
29057810

Jia, D.; Li, Z.; Gao, Y.; Feng, Y.; Li, W. A novel triazine
ring compound (MD568) exerts in vivo and in vitro effects
on lipid metabolism. Biomed. Pharmacother., 2018, 103,
790-799.
http://dx.doi.org/10.1016/j.biopha.2018.04.065
29684858

Chen, D.; Jia, D.; Wu, X.; Shi, K.; Ren, C.; Dou, Y.; Guo,
M.; Wang, J.; Ma, M.; Wu, Z.; Shi, H-Y.; Li, W.; Feng,
Y.; Wu, F. A novel metformin derivative showed improve-

PMID:

PMID:

(89]

[90]

Current Medicinal Chemistry, 2023, Vol. 30, No. 22 2561

ment of lipid metabolism in obese rats with type 2 dia-
betes. Clin. Exp. Pharmacol. Physiol., 2020, 47(8),
1382-1392.
http://dx.doi.org/10.1111/1440-1681.13302
32155673

Jia, D.; Li, Z.W.; Zhou, X.; Gao, Y.; Feng, Y.; Ma, M,;
Wu, Z.; Li, W. A novel berberine-metformin hybrid com-
pound exerts therapeutic effects on obese type 2 diabetic
rats. Clin. Exp. Pharmacol. Physiol., 2019, 46(6), 533-544.
http://dx.doi.org/10.1111/1440-1681.13085 PMID:
30883863

Gutiérrez-Lara, E.; Martinez-Conde, C.; Rosales-Ortega,
E.; Ramirez-Espinosa, J.J.; Rivera-Leyva, J.C.; Centurion,
D.; Carvajal, K.; Ortega-Cuellar, D.; Estrada-Soto, S.; Na-
varrete-Vazquez, G. Synthesis and in vitro AMPK activa-
tion of cycloalkyl/ alkarylbiguanides with robust in vivo an-
tihyperglycemic action. J. Chem., 2017, 2017, 1212609.
http://dx.doi.org/10.1155/2017/1212609

PMID:


http://dx.doi.org/10.1055/s-0043-106444
http://www.ncbi.nlm.nih.gov/pubmed/28628926
http://dx.doi.org/10.3390/molecules22101752
http://www.ncbi.nlm.nih.gov/pubmed/29057810
http://dx.doi.org/10.1016/j.biopha.2018.04.065
http://www.ncbi.nlm.nih.gov/pubmed/29684858
http://dx.doi.org/10.1111/1440-1681.13302
http://www.ncbi.nlm.nih.gov/pubmed/32155673
http://dx.doi.org/10.1111/1440-1681.13085
http://www.ncbi.nlm.nih.gov/pubmed/30883863
http://dx.doi.org/10.1155/2017/1212609

	00-aCMC_CONTENT
	00-aContents-CMC 30-22
	00-bDr. El-Sheekh_MOBM
	01-Dr. Polyzos (BMS-CMC-2022-468)-MS
	02-BMS-CMC-2022-125
	Therapeutic  Potential   of  Genistein:  Preclinical  Studies,  Clinical Evidence,  and  Nanotechnology  Application 
	1. INTRODUCTION
	1.1. History of Genistein
	1.2. Natural Sources of Genistein
	1.3. Chemistry and Biosynthesis of Genistein
	1.4. Bioavailability, Pharmacokinetics, and ADMET Studies of Genistein
	1.4.1. Absorption
	1.4.2. Distribution
	1.4.3. Metabolism
	1.4.4. Elimination
	1.4.5. Toxicity


	2. HEALTH BENEFITS OF GENISTEIN
	2.1. Cancer Chemoprevention
	2.2. Neuroprotective Effects
	2.3. Cardiovascular Protection
	2.4. Anti-inflammatory Action
	2.5. Antioxidant Activity
	2.6. Obesity Prevention

	3. NANOCARRIERS USED FOR GENISTEIN DELIVERY
	3.1. Properties and Characterization of Genistein Carriers
	3.2. Lipid Nanoparticles
	3.2.1. Tocotrienol-Rich Nanoemulsions

	3.3. Liposomes
	3.4. Polymeric Nanoparticles
	3.4.1. Cyclodextrin Complexes
	3.4.2. Chitosan Complexes

	3.5. Metal Nanoparticles
	3.5.1. Gold Nanoparticles
	3.5.2. Magnetic Nanoparticles


	4. CLINICAL TRIALS AND MARKETED FORMULATIONS
	CONCLUSION
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES


	03-Dr. Choi (BMS-CMC-2022-133)-MS (1)
	04-BMS-CMC-2022-95
	Entering   the  Sugar  Rush  Era:  Revisiting  the  Antihyperglycemic
Activities of Biguanides after a Century of Metformin Discovery 
	1. INTRODUCTION
	1.2. Mechanism of Action
	1.2.1. Inhibition of the Mitochondrial Respiratory Chain Complex I
	1.2.2. AMP-dependent Mechanisms of Metformin-
induced Gluconeogenesis Inhibition
	1.2.3. AMP-independent Mechanisms of Metformin-induced Gluconeogenesis Inhibition


	2. ANTI-DIABETIC ANALOGS OF METFORMIN
	CONCLUSION
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	SUPPLEMENTARY MATERIALS
	REFERENCES


	05-Dr. Momtaz (BMS-CMC-2022-25)-MS
	06-BMS-CMC-2022-220
	HDAC3 Impairs Cardiac Function in Chronic Heart Failure Rats via Mediating MicroRNA-26b-3p to Target High Mobility Group
AT-Hook 2 
	1. INTRODUCTION
	2. MATERIALS AND METHODS 
	2.1. Ethics Statement
	2.2. Animals and Modeling
	2.3. Animal Grouping
	2.4. Echocardiographic Evaluation
	2.5. Hemodynamic Assessment
	2.6. Sample Collection
	2.7. Enzyme-linked Immunosorbent Assay (ELISA)
	2.8. TUNEL Staining
	2.9. HE Staining
	2.10. Masson Staining
	2.11. Reverse Transcription-quantitative Polymerase Chain Reaction (RT-qPCR)
	2.12. Western Blot Assay
	2.13. Chromatin Immunoprecipitation (ChIP)
	2.14. RNA Immunoprecipitation (RIP) Assay
	2.15. Dual-luciferase Reporter Gene Assay
	2.16. Statistical Analysis

	3. RESULTS
	3.1. Successful Establishment of CHF Rat Models
	3.2. MiR-26b-3p Represses Pathological Changes in CHF Rats
	3.3. Depletion of HDAC3 or HMGA2 Inhibits the Progression of CHF in Rats
	3.4. MiR-26b-3p Targets HMGA2
	3.5. Inhibition of the miR-26b-3p or Elevation of HMGA2 Reverses the Effect of Reduced HDAC3 on CHF Rats

	4. DISCUSSION
	CONCLUSION
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	HUMAN AND ANIMAL RIGHTS
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


	07-CMC_BACK



