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Abstract: Metformin is the most used oral anti-diabetic drug in the world and consequently is
commonly found in the aquatic environment. Some studies demonstrated that metformin may act as
an endocrine-disrupting-chemical (EDC) in fish, although it does not have a classic EDC structure.
In this sense, the aim of this work was to evaluate the potential disrupting effect of metformin in
the cardiovascular system through in vitro, ex vivo, and in silico studies. For this purpose, human
umbilical artery (HUA) and rat aorta artery (RAA) were used. The toxic concentrations of metformin
were determined by a cytotoxicity assay and in silico simulations were performed to analyze the
interactions of metformin with hormonal receptors. Our results show that metformin decreases
viability of the smooth muscle cells. Moreover, metformin induces a vasorelaxant effect in rat
aorta and human models by an endothelium-dependent and -independent pathways. Furthermore,
docking simulations showed that metformin binds to androgen receptors (AR) and estrogen receptors
(ERoc and ER). In conclusion, the in silico assays suggested that metformin has the potential to be an
endocrine disruptor, acting mainly on ER«. Further studies are needed to use metformin in pregnant
women without impairing the cardiovascular health of the future generation.

Keywords: metformin; endocrine-disrupting chemical; rat aorta artery; A7r5 cell line; human umbilical
artery; molecular docking; endothelium; vasorelaxation

1. Introduction

Metformin (3-(diaminomethylidene)-1,1-dimethylguanidine) belongs to the biguanide
class—antidiabetic drugs with two guanidine rings connected—and derivates from galegine
(isoamylene guanidine), a chemical found in the plant Galega officinalis [1,2]. This drug
has a therapeutic potential well defined in several diseases besides Diabetes mellitus. Its
effects seem to be related to the endocrine and cardiovascular systems, and its off-label use
has been growing in these fields. The molecular targets of metformin are not clear, but it
is already known that biguanides reduce the liver output of glucose, reduce gluconeoge-
nesis, and stimulate glycolysis [3]. Metformin can also reduce glucose absorption in the
gut [4]; increase oxidation of fatty acids [5]; reduce low-density-lipoproteins, very-low-
density-lipoproteins cholesterol, and triglycerides [6-8]; increase high-density-lipoproteins
cholesterol; and reduce blood pressure [8].

In this sense, metformin seems to have beneficial effects on the human cardiovascular
system. In patients with diabetes mellitus, one of these effects is vascular endothelial
protection [9,10], which consequently reduces the risk of atherosclerosis development [11]
and cardiovascular diseases. Overall, metformin protect the endothelial cells by different
mechanisms including, for example, an increase in nitric oxide (NO) production and an
inhibition of inflammation and oxidative stress [10]. Moreover, some studies have reported
that metformin has a protective role in hypertensive disorders of pregnancy (HDP) [12].
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In a clinical practice, metformin is used during pregnancy as a safe drug for treatment
of gestational diabetes mellitus (GDM). The main clinical benefits that support its use are
the reduction in mothers” weight, the adequate glycemic control, and a high degree of
patient acceptability due to the oral administration [13,14]. Moreover, the use of this drug
in women with HDP and with GDM seems to have beneficial effects in the mother, as it
has been postulated that metformin has an anti-inflammatory effect and is protective for
endothelium. In this sense, metformin may have an important role in the prevention and/or
treatment of the HDP [12], manly pre-eclampsia (PE). The pathogenesis of PE is associated
with the reduced AMPK pathway activity, and once this antidiabetic drug is an AMPK
activator, it may be used in the treatment of PE. The a-subunit by liver kinase B1(LKB1) is a
key molecule for AMPK activation, as recently reviewed by Shpakov (2021) [15]. However,
the cellular mechanisms of metformin action remain unclear and future investigations are
urgent to improve the clinical treatments. Furthermore, HDP are also associated with the
increase in the anti-angiogenic factor, fms-like tyrosine kinase 1 (sFlt-1), and it seems that
metformin can also decrease sFlt-1 production from placenta [16]. However, according
to Poniedzialek-Czajkowska et al. there are several randomized controlled trials and
meta-analyses which are ambiguous. Metabolic diseases, such as GDM or obesity, are
well-known risk factors for HDP development, and the majority of the studies evaluated
the effect of metformin on the incidence of HDP [12]. In this sense, this fact may be a
confounding factor to establish the real effect of metformin in pregnant women.

Pregnant women are a susceptible population for endocrine disruption [17]. Worry-
ingly, some studies in fish have reported that metformin can act as an endocrine-disrupting
chemical (EDC) [18-20]. The effect of metformin in aquatic organisms seems to involve an
effect on estrogen receptors with repercussions in the F1 generation [18,20,21]. These nega-
tive effects were also observed in pregnant mice where intrauterine exposure to metformin
lead to reduced testicular size of offspring and reduced number of Sertolli cells [21]. How-
ever, there is still a lack of evidence about its potential effect as a human EDC. Although it
does not structurally resemble identified EDCs [22], it has been recognized that endocrine
disruption can occur by processes other than classic binding to endocrine receptors [23]. In
this sense, identifying these agents is challenging because there are several mechanisms of
endocrine disruption and the time interval that can occur between the exposure to an EDC
and the triggering of symptoms/diseases can further confound these associations [24].

Due to this evidence, the main objective of this study was to analyze the potential
disrupting effect of metformin in the cardiovascular system through in vitro, ex vivo, and in
silico studies. For this purpose, two models were used: rat aorta arteries (RAA) and human
umbilical arteries (HUA). RAA are low-cost model for studying several signaling pathways
involved in the contractility response [25]. Moreover, RAA can simultaneously enable
study of the smooth muscle cells and the endothelial cells that are primary constituents
of vascular tone regulation [26]. On the other hand, the HUA is a good human model for
studying the effects of EDCs in the vascular system of pregnant women. The use of human
umbilical artery smooth muscle cells (HUASMC) allows us to perform arterial and cellular
contractility studies, and to understand how exposome impairs the normal physiological
regulation. Moreover, this human model also allows us to analyze the contribution of
endothelium in vascular response SMC. Overall, the use of this model contributes to
understanding how the pregnant exposome is related to cardiovascular and metabolic
diseases [17].

2. Materials and Methods
2.1. Cell Culture of Vascular Smooth Muscle Cells (SMC)

The cells used to perform the viability assay were A7r5, a vascular smooth muscle cell
line obtained from an embryonic rat aorta (Promochem, Barcelona, Spain). The cells were
cultured according to Melissa et al. (2018) [27] in a 5% CO, atmosphere at 37 °C. The compo-
sition of culture medium for cell growth was: DMEM-F12 (Sigma Aldrich, Lisboa, Portugal)
supplemented with bovine serum albumin (0.5%; Sigma-Aldrich); heat-inactivated fetal
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bovine serum (FBS; 10%; Biochrom, Harvard, UK); and a mixture of penicillin (100 U/mL),
streptomycin (100 g/mL), and amphotericin B (250 ng/mL) (Sigma-Aldrich).

2.2. Assessment of Viability (MTT Assay)

The MTT assay is established on the conversion of a substrate (tetrazolium salt—
MTT) to a chromogenic product (purple formazan) by cellular dehydrogenase enzymes to
evaluate the cell viability and proliferation in vitro in response to an external factor [28].
Briefly, the culture is more purple, which can be evaluated by spectrophotometry after
dimethyl sulfoxide (DMSO) dilution of the crystals, as more viable cells exist.

Since vascular tonus response is due to smooth muscle cells, we placed conflu-
ent A7r5 cells in 96-well plates and exposed them to different metformin concentra-
tions (0.0001 umol/L, 0.001 pumol/L, 0.01 pmol/L, 0.1 umol/L, 1 umol/L, 10 umol/L,
100 umol/L, 1000 wumol /L, 10,000 pmol/L, 20,000 umol/L and 100,000 umol /L) for 24 h.
After that period, 100 pL of MTT solution (0.5 mg/mL) was added to each well, and after
4 h (in a 5% CO, atmosphere at 37 °C), this solution was removed. The culture was diluted
in 100 pL of DMSO to solubilize the colored formazan crystals. The amount of formazan
production was measured by absorbance at 570 nm with a photometer (EZ Read 400,
Microplate Reader, Biochrom).

2.3. Rat Aorta Artery (RAA)

Six adult Wistar rats (3 to 5 months old) were used, after being hosted and acclimatized
in cycles of light (12 h light/12 h darkness), with food and water ad libitum for at least
1 week before the experiment. The procedures with the animals were done according
to the European guidelines for animal protection [29] and the “Guide for the Care and
Use of Laboratory Animals” proclaimed by the USA National Institute of Health (NIH
Publication No.85-23, revised 1996). First, the animals were euthanized with carbon
monoxide. Afterward, to remove the aorta, a thoracotomy was performed in a Krebs-
bicarbonate solution with a carbogen at 37 °C.

2.4. Human Umbilical Artery (HUA)

Eleven HUAs were provided from human umbilical cords, according to a procedure
approved by the local ethics committee (CHUCB, No.33/2018, 18 July 2018, Centro Hospita-
lar Universitario da Cova da Beira E.P.E.). The samples were collected in the Obstetrics and
Gynecology Service of CHUCB, resulting from eutocic deliveries at the end of pregnancy.
The collection was carried out by the nurses of this service within intervals of no more
than 30 min after the births. After obtaining 3 to 7 cm of the umbilical cord from the
proximal half to the newborn, its integrity was preserved in a sterile saline solution (PSS)
at 4 °C. The solution was enriched with antibiotics—penicillin (5 U/mL), streptomycin
(5 ug/mL), and amphotericin B (12.5 ng/mL)—to avoid contamination and antiproteases—
leupeptin (0.45 mg/L), benzamidine (26 mg/L), and trypsin inhibitor (10 mg/L)—to
prevent cell degradation.

Healthy pregnant women gave written informed consent following the principles of
the Declaration of Helsinki. All umbilical cords belonging to mothers who had pathologies
during pregnancy were excluded. All donor mothers were supplemented with folic acid
during the first trimester of gestation, and some of them also took iron supplementation
throughout the pregnancy.

2.5. Arteries Isolation and Organ Bath

Both RAAs and HUAs were carefully isolated from rat tissue and umbilical cord,
according to the methodology described by Mariana et al. (2017) [27] and Cairrao et al.
(2008) [30] respectively. Briefly, the HUA isolation procedure was performed on ice, unlike
the procedure with the rat aorta, which was always done with solutions heated to physiolog-
ical temperature. Afterward, the isolated arteries were segmented into small vascular rings
of 3 to 4 mm suitable for organ bath (LE01.004, Letica, Madrid, Spain) containing a 37 °C
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Krebs-bicarbonate solution continuously aerated with carbogen (95% O, and 5% COs,).
The vascular endothelium was mechanically removed by inserting a needle and a cotton
thread in half of the samples in the arterial lumen. The solution for the HUA experiments
was composed by NaCl 119 mmol/L, KC1 5.0 mmol/L, NaHCO3 25 mmol/L, KH;PO4
1.2 mmol/L, CaCl, 0.5 mmol/L, MgSO4 1.2 mmol/L, EDTA 0.03 mmol/L, and glucose
11 mmol/L (pH 7.4) [27,30]. For the RAA, the composition of the Krebs” modified solution
included an additional amount of CaCl,, making the final concentration 1.5 mmol /L.

2.6. Artery Tension Recordings

The artery rings were dipped in the organ bath and suspended between two parallel
stainless-steel wires. The tension exerted by the rings was measured through isometric
transducers (TRI201, Panlab SA, Spain), an amplifier (ML118/D Quad Bridge, ADInstru-
ments, Oxford, UK), a PowerLab/4SP interface (ML750, ADInstruments, Oxford, UK),
and a computer system with Chart5 PowerLab software (ADInstruments, Oxford, UK).
The organ bath solution was changed every 15 min during the rest periods. This period
of establishment of equilibrium (45 min) was performed to achieve a baseline tension of
0.025 N.

The first contraction of the aortic rings with noradrenaline was performed (NA
1 umol/L) to check the viability of the arteries. The RAAs with contractions below 0.01 N
were excluded according to the tensions used in previous works of Mariana et al., 2018 [27].
Then, the arteries were subjected to 1 umol/L of acetylcholine (Ach) to check the func-
tionality of the endothelium for relaxation. Rings with more than 90% of relaxation were
considered intact-endothelium rings, whereas rings with less than 10% relaxation were
deemed to be denuded-endothelium rings [31]. Afterward, the rings were washed for a
minimum of 45 min before the next stimulus. In the rat aorta arteries, the contraction was
induced with NA (1 umol/L) to study if metformin has an indirect effect on the calcium
channels [24] and KCl (60 mmol/L) to see if that effect is a direct one [32].

The first contraction of the HUA rings was done with serotonin (5-HT; 1 umol/L)
to check the viability of the arteries. The HUAs with contractions below 0.01 N were
excluded according to the tensions used in previous works of Cairrao et al., 2008 [30]. These
arteries were then contracted with different agents to evaluate possible mechanisms of
actions of metformin in the vascular tonus: Hist (10 mmol/L), to study the involvement of
metformin in the PLC/IP3 pathway (phospholipase C/inositol 1,4,5-triphosphate) [32,33];
KCl1 (60 mmol/L) to test the interaction with L-type voltage-dependent calcium channel
(L-CDC) [32] and 5-HT (1 umol/L) to study both phospholipase C pathway and adenylate
cyclase/cAMP pathway [33].

After the contractions, the effect of metformin concentrations between 0.01 umol/L
and 2000 pmol/L was analyzed. In parallel, control measurements with solvent (water)
were always performed. The concentrations used in this study were based on metformin
concentrations in the umbilical cord plasma at the time of delivery [34].

2.7. Molecular Docking

In order to calculate the binding energy and to study the types of interaction of
metformin with the androgen receptor (AR) and the estrogen alpha and beta receptor
(ERx and ERp), the Autodock4 program (http://autodock.scripps.edu/, accessed on
8 September 2021) was chosen. The 3D structure of the target proteins (sex hormone
receptors) and the drug in a study (Metformin) were obtained from the Protein Data
Bank (PDB): we downloaded the crystal structure of the AR (PDB ID: 2PKL) at 2.49 A
co-complexed with its natural ligand 5-alpha-dihydrotestosterone (DHT); the ERoc (PBD
ID: 1GWR) at 2.40 A and the ERB (PDB ID: 5TOA) at 2.10 A co-complexed with their
natural ligand estradiol (E2). The crystal structure of metformin (PDB ID: 5G5]J) at 2.60 A
complexed to the structure of human CYP3A4 was also obtained from PDB.
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The proteins and ligands downloaded were prepared for docking by removing water
molecules, merging non-polar hydrogen atoms, and adding Gasteiger partial charges in
the Autodock tools 1.5.6 and Chimera 1.15 software [35].

Autogrid 4 was used to perform the calculations of the grid map based on the coordi-
nates of each crystal protein structure active center. The grid boxes were constructed with a
grid spacing of 0.375 A around the active site of AR, ERe, and ERB with the dimension sizes
of 20 x 26 x 10 A (along with x, y, and z); 21 x 8 x 30 A and 14 x 32 x 14 A, respectively.

The validation of molecular docking was obtained if root mean square deviation
(RMSD) values were less than 2 A for the complex between the receptor and the natural
ligand [36]. Then, the results were confirmed with AutoDock Vina. All docking calculations
were performed with the Lamarckian genetic algorithm (from Autodock 4), and docking
parameters were established by default. For each simulation, we obtained 10 hybrid runs
and analyzed the dominating configuration of the binding complex—the one with the
minimum binding energy (AG, expressed in kcal/mol). Chimera 1.15 was used to analyze
the interactions (amino acid residues, hydrogen bonds, and hydrophobic environment)
between metformin and the receptors. The atomic interactions were analyzed using PMV
(v. 1.5.6) tool and the visualization of the main interactions was achieved with the Discovery
Studio Visualizer software (BIOVIA, v. 21.1.0.20298) [37].

All files to open and visualize these in silico simulations can be found in Supplemen-
tary Materials and GitHub repository (https://github.com/ecairrao/Molecular-Docking-
of-Metformin.git, accessed on 17 March 2022).

2.8. Drugs

All drugs and chemicals used were purchased from Sigma-Aldrich Quimica (Sintra,
Portugal). Metformin was kindly offered by AcoFarma (metformin hydrochloride 95% (Lot:
171569, Barcelona, Spain). The stock solutions were dissolved in distilled and demineral-
ized water. For each experiment, the different dilutions of metformin in the study were
prepared daily.

2.9. Statistical Analysis

The SigmaStat Statistical Analysis System, version 3.5 (2005), was used to perform
the statistical treatment. The results were expressed as mean =+ standard deviation (SD) of
6 rats and 11 umbilical cords. These homoscedasticity and normality were evaluated by
Levene’s mean test [38] and the Kolmogorov-Smirnov [39], respectively.

The Student’s t-test [40] was used for different metformin concentrations and to
compare the presence of endothelium. This statistical test was used since the number of
samples was less than 100, and for this reason it is considered the most robust test for
analyzing statistical differences between more than two groups. The corresponding non-
parametric method, Mann-Whitney rank sum test [41] were also used when the criteria of
normality and/or homoscedasticity were not achieved. Probability levels below 5% were
considered significant (p < 0.05).

The cell viability after the incubation with metformin was calculated through the
absorbance’s values obtained at the end of the MTT assay, according to the following
formula: cell viability (%) = x/y x 100%, where x and y were averages of the absorbances
after incubation with metformin and averages of the absorbances of the control, respectively.
The Student’s t-test was used to compare the cellular viability of the control and treated
groups (p < 0.05).

3. Results
3.1. Assessment of Viability (MTT Assay)
To investigate the cellular viability of A7r5 cells under the effect of metformin, MTT

assay was performed. As shown in Figure 1, the cellular viability decreased at the highest
concentrations of metformin (10,000; 20,000; and 100,000 umol /L) used.
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Figure 1. MTT assay results. Percentage of cell viability of A7r5 cells (n = 12) under the effect of
metformin (Metf). The bars represent the mean and the lines of the SD. * p < 0.05 versus control
performed with the vehicle, Student’s ¢-test.

3.2. Rat Aorta

The metformin effect in the rat aorta artery is shown in Figure 2. The control group
was subjected only to the solvent (water), and there was not a significant change in the
contractile response (data not shown).
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Figure 2. Vasorelaxant effects of metformin on rat aorta artery. Vasorelaxant effects of metformin
(0.01-2000 umol/L) on with and without endothelium aorta rings contracted with (a) potassium
chloride (KCl, 60 mmol/L) and (b) noradrenaline (NA, 1 umol/L). Data are expressed as a percentage
(%) of relaxation on contractile effects. The bars represent the mean values and the lines of the SD at
least three different rats. * p < 0.05 versus different metformin concentrations, Student’s ¢-test and
#p < 0.05 with versus without endothelium, Student’s t-test, and Mann-Whitney test.

After contraction with KCI 60 mmol/L (Figure 2a) and subsequent addition of cu-
mulative concentrations of metformin (from 0.01 umol/L to 2000 umol/L), there was a
significant relaxation in arteries without endothelium from the concentration greater than
100 umol/L. Conversely, in the arteries with endothelium, metformin induces a greater
relaxation effect. Moreover, at concentrations of 1, 100, 1000, and 2000 umol/L, it was
found that there is a significant difference in metformin response between arteries with and
without endothelium.
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In Figure 2b, we can observe the relationship between metformin concentration
with the average percentages of relaxation in the rat aorta previously contacted with NA
1 umol/L. In arteries without endothelium, metformin did not induce a significative con-
tractility response. Concerning the arteries with endothelium, metformin in 2000 pmol/L
induces a significant relaxation effect. Significant differences in the metformin responses
between arteries with and without endothelium were verified for the concentrations of 10,
1000, and 2000 umol/L of metformin.

3.3. Human Umbilical Artery

The metformin effect in the HUA is shown in Figure 3. The control group was subjected
only to the solvent (water), and there was not a significant change in the contractile response
(data not shown).
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Figure 3. Vasorelaxant effects of metformin on human umbilical artery. Vasorelaxant effects of
metformin (0.01-2000 pmol/L) on with and without endothelium human umbilical artery rings
contracted with (a) potassium chloride (KCI, 60 mmol/L), (b) serotonin (5-HT, 1 pmol/L), and
(c) histamine (Hist, 10 umol/L). Data are expressed as a percentage (%) of relaxation on contractile
effects. The bars represent the mean values and the lines of the SD at least three different umbilical
cords. * p < 0.05 versus different metformin concentrations, Student’s t-test and # p < 0.05 with versus
without endothelium, Student’s t-test and Mann-Whitney test.

The arteries with endothelium contracted with KCl relaxed significantly in the highest
concentrations of metformin tested, unlike the arteries without endothelium. There was
a significant difference in the percentages of relaxation of the HUAs with and without
endothelium at metformin 100, 1000, and 2000 pmol/L (Figure 3a).

The HUA without endothelium and contracted with 5-HT (Figure 3b) relaxed signifi-
cantly in response to the highest five concentrations of metformin tested (1, 10, 100, 1000,
and 2000 umol/L). However, HUA with endothelium showed little response to metformin
concentrations (p > 0.05). In addition, there was a statistically significant difference between
the percentage of relaxation of the HUAs with and without endothelium at 2000 pmol/L.

Concerning the HUA with and without endothelium contracted by histamine (Figure 3c),
metformin at a concentration of 100 umol/L has become sufficient to produce significant
relaxation. Additionally, we found a significant difference in the contractile response of the
arteries in the presence and absence of endothelium at the highest concentration.

3.4. Molecular Docking Simulations

Rigid docking of metformin was performed with the active site of AR, Erx, and ERf.
The molecular docking results are present in Table 1, and the docking views are shown in
Figures 4-6.



Biomedinformatics 2022, 2

224

Interactions

D Conventional Hydrogen bond
[:[ Hydrophobic bond

LEU
A:873 333

Interactions

D Conventional Hydrogen bond

E Carbon Hydrogen bond

Figure 4. Docking views of the complex between the ligands with androgen receptor (AR).
(A—C) show the interaction between natural 5-alpha-dihydrotestosterone (DHT) and (D-F) met-
formin within the AR active center. (A,D) 3D representations of the interactions and preferred
conformation, using PyMOL 2.3.2 software. (B,E) Interaction of the amino acid residues in the AR
active center, using Autodock. (C,F) Atomic interactions, using Discovery Studio.
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interactions, using Discovery Studio.

Table 1. Binding energies (kcal/mol) of ligands 5-alpha-dihydrotestosterone (DHT), estradiol (E2),
and metformin (1-10) calculated from molecular docking studies.

Compound AR ERx ERB
DHT —11.28 / /

E2 / —-10.24 —-10.24
Metformin_1 —2.7 —4.34 —3.55
Metformin_2 -2.7 —4.29 —3.54
Metformin_3 —2.7 —4.27 —3.54
Metformin_4 —2.7 —4.09 —3.54
Metformin_5 -2.7 —4.09 —3.54
Metformin_6 —2.7 —4.09 —3.54
Metformin_7 —2.7 —4.09 —3.53
Metformin_8 -2.7 —4.09 —3.53
Metformin_9 —2.7 —4.09 —3.53
Metformin_10 —2.7 —4.08 —351

As shown in Figure 4, the molecular docking of natural ligand DHT with AR shows
that this molecule involves hydrophobic interactions with amino acid residues Leu 704,
Met 742, Leu 873, and Phe 876. DHT formed three H-bonds with residues Arg 752 at
2.06 A, Asn 705 at 1.96 A, and Thr 877 at 2.29 A, and is in a hydrophobic environment.
Compared with the control, the molecular docking of metformin with the AR does not show
hydrophobic interactions. However, there are three H-bonds between metformin and the
AR at Leu 704 (distances of 2.00 and 1.99 A) and at Met 895 with distance of 2.85 A. Moreover,
a carbon hydrogen bond was observed for Leu 873 at 3.33 A. The binding energies of DHT
and metformin to the active center of AR were —11.28 and —2.7 kcal /mol, respectively.

As shown in Figure 5, the molecular docking of natural ligand E2 with ERo shows that
this molecule involves hydrophobic interactions with amino acid residues Leu 525, Ile 424,
Leu 384, Leu 387, Leu 391, Ala 350, Met 388, and Phe 404. E2 formed three H-bonds with
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residues Gly 521 at 2.25 A, His 524 at 2.21 A, and Glu 353 at 1.85 A, and is in a hydrophobic
environment. Compared to the control, the molecular docking of metformin with the
ERa does not show hydrophobic interactions. However, there are two H-bonds between
metformin and the ER« at Leu 346 (distance of 2.15 A) and at Glu 353 with distance of
1.90 A. Moreover, two carbon hydrogen bonds were observed for Phe 404 at 3.44 A and
Leu 387 at 3.70 A. Furthermore, one electrostatic bond was observed for Glu 353 with
distance of 4.69 A. The binding energies of E2 and metformin to the active center of ERx
were —10.24 and —4.34 kcal/mol, respectively.

As shown in Figure 6, the molecular docking of natural ligand E2 with ERf3 shows
that this molecule involves hydrophobic interactions with amino acid residues Leu 298,
His 475, Met 336, ILe 376, Leu 380, Met 340, Leu 343, Leu 339, and Phe 356. E2 formed
three H-bonds with residues Gly 472 at 2.05 A, Glu 305 at 1.79 A, and Arg 346 at 2.31 A,
and is in a hydrophobic environment. Compared to the control, the molecular docking of
metformin with the ER do not show hydrophobic interactions. However, there are two
H-bonds between metformin and the ERB at Leu 339 (distance of 2.05 A) and at Glu 305
with distance of 2.11 A. Moreover, two electrostatic bonds were observed for Glu 305 with
distances of 2.19 A and 4.58 A. The binding energies of E2 and metformin to the active
center of ER(3 were —10.24 and —3.55 kcal/mol, respectively.

4. Discussion

In the present study, we analyzed the mechanisms of the cardiovascular and endocrine
effects of metformin through in vitro, ex vivo, and in silico studies. Firstly, we evaluated
the effect of metformin in SMC viability with the MTT assay, and a decrease of 20% in the
viability of this cells in the supra-therapeutic dosages (10,000; 20,000; and 100,000 umol/L).
Moreover, metformin is a hydrophilic cationic base at physiological pH that crosses the
placenta. At the time of delivery, the umbilical cord concentrations are at least half of the
maternal ones [2,34]. In one study, metformin blood levels found in the umbilical cord were
higher than maternal levels (3.16 pumol/L vs. 1.50 umol/L) [34]. In this sense, the maximum
metformin concentration used in the organ bath was determined. Using this technique,
the contractile response of RAA and HUA were also analyzed, and metformin causes
vasorelaxation in these two different models and this effect in the vascular tonus was more
prominent in 5-HT-contracted HUA and NA-contracted RAA. The in silico studies showed
metformin’s ability to compete with sex hormones for the binding to their receptors, which
may suggest that this oral antidiabetic may have an endocrine disruptive effect.

4.1. Effects of Metformin in Arterial Contractility

The vasorelaxation effect of metformin in RAA and HUA was observed for the first
time. The contractility studies performed with the organ bath aimed to clarify the mech-
anism behind the cardiovascular effects of metformin. For this purpose, two different
models (RAA and HUA) were chosen to study the mode of action of this oral antidiabetic.
The RAA is considered a good model which enables the separate study of endothelial and
smooth muscle pathways [42]. Regarding the HUA, this human vessel has recently been
described as an excellent model for studying endocrine-disrupting chemicals (EDC) in the
vascular system of pregnant women and fetuses [17]. Moreover, these two arteries were
already used to study the cardiovascular effects of different EDCs [28,36,43,44].

Smooth muscle cells (SMC) are highly specialized in the contraction and regulation
of vascular tonus, blood pressure, and circulation. In the blood vessels, they maintain
the tonus in response to different stimuli—the autonomic nervous system, the endocrine
system, and local mediators of paracrine action through chemical vasodilating and vasocon-
stricting agents such as serotonin (5-HT) and histamine (His), and physical stimuli [43,45].
Endothelial cells regulate vascular tone through production of vasoactive substances (such
as NO, hydrogen sulfide (H2S) and carbon monoxide (CO), angiotensin II (AnglI), endothe-
lin 1 (ET-1), thromboxane A2 (TXA2), and thrombin) [10]. In this sense, endothelium can
interact with SMC to produce a contractile or relaxant response: the increase in intracellular
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calcium in SMC induces vasoconstriction, while the increase in calcium in endothelial cells
causes vasorelaxation of SMC [25], by increase the NO production. The production of
basal NO levels by endothelial cells contributes to the regulation of vascular tone and the
preservation of a non-thrombogenic behavior of the vasculature [11].

Regarding the experiment with rat aorta, with and without endothelium, the data
show that metformin causes vasodilation via endothelium-dependent and endothelium-
independent mechanisms in the contraction with KCL. The endothelium-dependent mech-
anism may be related to the activation of AMPK and eNOS [1] but also with the expression
of vasoconstrictive molecules (namely Endothelin-1, Angiotensin II, and tissue factors) [10].
On the other hand, the endothelium-independent mechanisms may be related to a de-
crease in the intracellular calcium levels (by influx decrease and/or by the release of the
intracellular reserves), inhibition of phospholipase C pathways, the opening of potassium
channels, direct inhibition of soluble guanylate cyclase or the contractile apparatus, as
has been observed in a similar study with sodium ferulate [44]. However, the contraction
induced by KCl in rat aorta is mainly due to the depolarization of SMC and consequent
calcium influx through the L-CDC [32].

The vasorelaxant metformin effect in the arteries previously contracted with NA was
only observed in arteries with endothelium. It has been previously described that met-
formin was more powerful in relaxing SMC contractions induced by adrenergic vasoactive
agents [46], but to our knowledge the importance of endothelial cells in this effect was
never reported. This vasorelaxant effect induced by metformin may be due to the activa-
tion of the adrenergic aorta receptors present in the endothelium [25], which induced the
production of NO or the activation of the soluble guanylate cyclase (sGC) and consequently
led to the SMC relaxation. The activation of 32 and 33-adrenoceptors, which are present in
endothelium, may cause stimulation of the eNOS activity, which may increase the release
of endothelial NO. This mechanism may explain the vasorelaxant effect of metformin
observed in RAA with intact endothelium [47,48].

In conclusion, these data suggest that the endothelium-independent mechanism of
metformin seems to be related to calcium channel inhibition since it was only observed
on the contractions triggered by KCl. The NA capacity to activate the L-CDC is lower
and only an indirect consequence of the phospholipase C pathway [48]. Regarding the
endothelium-dependent mechanism of metformin, and in accordance with Matsuda et al.,
the NO release is dependent from vasocontractile agents used [49].

Regarding the experiments with HUA, metformin caused significant vasorelaxation of
the HUA contacted with KCl in the presence of endothelium. These results are according to
Vitale et al., who demonstrated the improvement of metformin-induced vasodilatation by
an endothelial-dependent mechanism in patients with metabolic syndrome [48]. It should
be noted that the presence of an healthy endothelium is mandatory to keep normal vascular
tonus responses, since the balance between secreted vasoconstrictors and vasodilators is es-
sential [10,50,51]. Concerning the serotonin contraction in HUA, this contractile agent acts
by activating the 5-HT»a and 5-HT1p,/1p receptors, favoring the phospholipase C pathway
and inhibiting the adenylyl cyclase/cAMP pathway, respectively [33]. Our results show
that the five highest concentrations of metformin used were able to significantly relax HUA
without endothelium, and the arteries with endothelium did not experience any effect. Con-
cerning histamine, its contractile effect is mainly due to the activation of H; receptor that is
coupled to the Gq-protein, which activates the phospholipase C/IP5 cascade and increases
intracellular calcium [33,52]. After histamine-triggered contraction, a relaxation was ob-
served from metformin 100 umol/L in all the arteries (with and without endothelium). This
vasorelaxant effect is higher than that observed with serotonin, and this fact may be due to
the differences in the number of receptors that trigger vasoconstriction and vasodilation. In
this sense, the activation of 5-HT7 receptors, H2-receptors, and H3-receptors are linked to
the vasoresponse in the HUA [28,30]. Moreover, Sharma et al. suggested that metformin
induced the vasorelaxant effects due to inhibition of some contractile agents that increase
intracellular calcium—such as the platelet-derived growth factor (PDGF) pathway and
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angiotensin II pathway [53]. In this case, metformin could be interacting with serotonin or
histamine receptors and, consequently, disfavoring the phospholipase C and activating the
adenyl cyclase/cAMP pathway. As it has already been found, metformin increases active
AMPK by increasing circulating cAMP [54], so the hypothesis that seems more plausible is
that metformin has caused vasorelaxation in arteries without endothelium by interfering
with the cAMP/adenyl cyclase pathway. The endothelium response in the histamine and
serotonin contracted HUA are in accordance, and may suggest that endothelium can release
some vasocontractile agents (endothelin [55], urotensin [56], adenosine [57], angiotensin II
(ANG-II), thromboxane A2 (TxA2), prostacyclin H2 [12], and even some reactive oxygen
species (ROS) [58]) which may inhibit the metformin vasorelaxant response. However,
further investigation will be necessary to understand the molecular pathway involved in
this response.

In summary, and comparing these two ex vivo models, different effects of metformin
were obtained. A much more significant relaxation in the HUA (the maximum percentage
was around 65%) than in the RAA (the maximum percentage was around 25%) was
observed. However, in the potassium chloride contraction, which were tested in both
models, the highest relaxation was observed in the RAA. The effect of the endothelium was
similar in both vessels, thus—as expected—metformin in the presence of the endothelium
induced a greater relaxing effect. In conclusion, these results demonstrate that RAA and
HUA are good models for the study of the contractile response of metformin. Thus, we
can infer that although the results are not the same, they are complementary and suggest
the same vasorelaxant response to metformin. However, HUA presents a larger number
of advantages over RAA; namely, HUA is a human tissue obtained from a safe, painless,
and easy procedure for both mother and fetus; the collection of the tissue is very cheap
because it does not require any special material and allows accurate results in the study of
the arterial tonus, determining the adverse outcome pathways.

4.2. Interaction of Metformin with Steroid Hormone Receptors

According to the last scientific statement of the International Endocrine Society about
EDCs, it is now accepted that an EDC does not have to be obesogenic or diabetogenic
to predispose to cardiovascular disease (and they give the example of Bisphenol A) [23].
Therefore, despite the beneficial effects of metformin in diabetes, obesity, lipid metabolism,
and even hypertension [44,58], some studies in fish have already reported that metformin
can act as an EDC [17-19]. The hypothesis is that metformin alters the gene expression of
ERs in a sex-dependent manner, probably via the hypothalamus-pituitary—gonadal axis,
instead of direct binding to the receptors [17]. The results obtained by Ayas et al. (2020) and
Mansfield (2003) are in agreement with this hypothesis, that show that metformin affects
the estradiol production in the ovaries [59,60]. However, the in silico interaction between
metformin and the steroid hormones has never been demonstrated. In this sense, our in
silico data could give a new perspective about the receptor binding of metformin.

The endocrine disruptor effects are related to their interaction with different nuclear
receptors (by mimicking or blocking natural ligands): ERoc and ERf, AR, the pregnane X
receptor (PXR), the peroxisome proliferator activated receptors o and v (PPAR«x, PPARY),
thyroid receptors « and 3 (TR« and TRf3), retinoid X receptors (RXRe, RXR3 and RXRy),
constitutive androstane receptor (CAR), and the estrogen related receptor y (ERRy) [61].
The ER«, Erf3, and AR were the chosen receptors for in silico simulations, which are the
most important in endocrine disruptor effects.

Our results show that metformin interacts with AR (binding energy = —2.7 kcal/mol),
ER« (binding energy = —4.34 kcal/mol), and ERf3 (binding energy = —3.55 kcal/mol). How-
ever, the binding energies between metformin and the receptors are too high when com-
pared to the binding energies for the natural ligands (—11.28, —10.24, and —10.24 kcal/mol).
We cannot exclude that metformin binds to these receptors, because metformin is a
polypharmacological agent with multiple weak binding partners [62]. Indeed, polypharma-
cology is a common phenomenon, when weak interactions with many targets contribute
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to the final effect of a specific drug [63], such as has already been demonstrated with
metformin in cancer [61].

Considering in silico simulations for AR, our results show that DHT forms H-bond
interactions with Thr877, Arg752, and Asn705. These results are in accordance with
previous studies performed by Sakkiah et al. (2018). Moreover, the authors also show
that DHT is an AR agonist that binds mainly through van der Waals interactions, and
the remaining polar amino acids forms H-bonds [64]. The 3D structures of the complex
AR-natural ligand reveal interactions with AR active sites through hydrophobic amino
acids [64]. Our results show that DHT interact with AR active site through hydrophobic
interactions, but the same results were not observed for metformin. Thus, these results
suggest that metformin may have a weak agonist activity on AR, even if metformin forms
H-bonds to AR with Leu 704 and at Met 895, and a weak interaction of a carbon hydrogen
bond with Leu 873.

Considering in silico simulations for ER«, our results show that metformin forms
two H-bond interactions with Leu 346 and Glu 353. Moreover, two carbon H-bonds for
Phe 404 and Leu 387, and one electrostatic bond for Glu 353 were observed. The H-
bond interactions with Glu 353 and Leu 387 in ER« are indicative of the “active” binding
mode of EDCs to active this receptor [65]. Thus, these results show that metformin may
act as EDC by an agonist of ERx. Moreover, compared to the control, the interactions
with Glu 353 and Leu 387 were increased, with the interaction with Glu 353 being the
strongest interaction (electrostatic bond). Concordantly, other authors have also shown that
metformin heightened bonding preference toward Glu residues [65].

Considering in silico simulations for ER(3, our results show that metformin forms two
H-bond interactions with Leu 339 and Glu 305. Moreover, two electrostatic bonds for Glu
305 were observed. Compared to the control, and similarly to the data obtained for ER«,
the interactions with Glu 305 were strong (electrostatic bonds), which shows again the
binding preference of metformin for Glu residues.

In summary, the conformational changes observed in the binding of metformin to
steroid receptors may explain the metformin-induced contractility changes observed in
this study [62]. Although metformin does not have a classic structure of EDC, nor does
it have a very similar structure to DHT or E2 [22]. Its activity as a polypharmacological
agent—acting weakly on multiple targets—induces a strong end effect, which may be the
explanation for its adverse effects on human reproductive health. Moreover, the preferential
binding of metformin to ERa points to an estrogenic activity, which agrees with the effects
of other EDCs at the vascular level [66,67]. Regarding its androgenic activity, this effect
seems to be weaker, explaining the dissonance of the data between the animal and human
models. Concordantly, similar results were obtained for testosterone in rat aortic artery [68]
and human umbilical artery [69], suggesting also a possible agonist effect of metformin.

5. Conclusions

In conclusion, this study enabled an understanding of the potential mechanism of
metformin cytotoxicity, by ex vivo assays and a cell viability analysis together with in
silico studies. Our results showed that metformin induces a vasorelaxant effect in rat
aorta and human models by an endothelium-dependent and -independent pathways. The
in silico assays suggested that metformin has a potential to be an endocrine disruptor
acting mainly in ER«. Future evidence will allow us to confirm the use of metformin in
pregnant women without impairing the cardiovascular health of the future generation.
The knowledge of metformin’s effect in the cardiovascular and endocrine systems will be
decisive in approving metformin’s off-label uses and in determining whether it is more
beneficial when compared with the classic therapeutics, mainly for women with gestational
diabetes, where insulin remains the first line of treatment.
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