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Sulfenamide and Sulfonamide 
Derivatives of Metformin – A New 
Option to Improve Endothelial 
Function and Plasma Haemostasis
Magdalena Markowicz-Piasecka   1, Kristiina M. Huttunen   2, Marlena Broncel3 & 
Joanna Sikora1

Type 2 diabetes mellitus (T2DM) is a multi-factorial disease which can cause multiple organ dysfunction, 
including that of the vascular endothelium. The aim of the present study was to evaluate the effects 
of metformin, and its sulfenamide and sulfonamide derivatives (compounds 1–8) on the selected 
markers of endothelial function and blood coagulation. The integrity of endothelial cells(ECs) was 
examined using the real-time cell electric impedance system. Tissue Factor(TF) production, the release 
of von Willebrand Factor (vWF) and tissue plasminogen activator(t-PA) from ECs were determined 
using immunoenzymatic assays, while the process of platelet thrombus formation using the Total 
Thrombus-Formation Analysis System. Sulfenamide with n-butyl alkyl chain(3) does not interfere 
with ECs integrity, and viability (nCI(24h) = 1.03 ± 0.03 vs. 1.06 ± 0.11 for control), but possesses 
anticoagulation properties manifested by prolonged platelet-dependent thrombus formation 
(Occlusion Time 370.3 ± 77.0 s vs. 286.7 ± 65.5 s for control) in semi-physiological conditions. Both 
p- and o-nitro-benzenesulfonamides (compounds7,8) exhibit anti-coagulant properties demonstrated 
by decreased vWF release and prolonged parameters of platelet thrombus formation and total blood 
thrombogenicity. In conclusion, chemical modification of metformin scaffold into sulfenamides 
or sulfonamides might be regarded as a good starting point for the design and synthesis of novel 
biguanide-based compounds with anticoagulant properties and valuable features regarding endothelial 
function.

Metformin is a commonly used oral drug for the treatment of type 2 diabetes mellitus (T2DM)1. Many stud-
ies have reported a favourable benefit:risk ratio for metformin2 which, together with cost-effectiveness, has 
resulted in it being included as first-line glucose-lowering therapy for T2DM subjects in international treatment 
guidelines and algorithms. Glucose-lowering activity of metformin is based on several mechanisms, including 
inhibition of gastrointestinal absorption of glucose, amelioration of hyperinsulinemia due to increased insulin 
sensitivity, inhibition of hepatic gluconeogenesis, and increase in tissues’ glucose consumption3. In addition, 
metformin might also improve insulin resistance which has found clinical application in the treatment of poly-
cystic ovary syndrome (PCOS)3. Apart from its glucose-lowering properties metformin exerts other favourable 
effects3. Wulffele et al.4 comprehensively reviewed the results of 41 randomized-controlled trials in patients with 
T2DM, and concluded that metformin, independently on its hypoglycemic properties, significantly reduces total 
and LDL cholesterol. Contrarily, the authors did not find the effects on blood pressure, HDL cholesterol and tri-
glycerides4. Metformin is also known to possess anti-inflammatory, anti-oxidative and anti-cancer properties5,6.

Metformin has also been found to have beneficial effects on the cardiovascular system. The results of the 
UKPDS trial showed that metformin can significantly reduce the diabetes-related death (by 42%), and all-cause 
mortality (by 36%) as well as the risk of myocardial infarction in patients with T2DM (by 39%)7. In addition, a 
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UKPDS follow-up study indicated that the cardiovascular risk continued to fall after the study8. Comprehensive 
papers from Hong9, Yang10, Kinsara11, Chi12 and Nesti13 highlight that metformin attenuates ischemia-reperfusion 
injury in myocardium and prevents remodelling induced by humoral and hemodynamic factors. Recent publi-
cations have also found metformin to demonstrate anti-atherosclerotic14 and pro-fibrinolytic properties1. For 
instance, 12-week administration of metformin at a dose of 2550 mg per day contributed to a reduction of PAI-1 
levels (200.7 ng/mL at baseline versus 173.7 ng/mL after 12 weeks)15. Despite all these beneficial pharmacological 
activities metformin is characterized by unfavourable pharmacokinetic properties. Due to the slow and incom-
plete absorption from the gastrointestinal tract, resulting in relatively low bioavailability and considerable inter- 
and intra-individual differences in clinical response to metformin, several derivatives of this drug have been 
synthesized to improve the physico-chemical properties of the parent drug. Our recent in vitro studies16–18 of 
metformin and its sulfenamide and sulfonamide derivatives have shown that some of the tested biguanides are 
characterized by beneficial properties with regard to plasma haemostasis, which is frequently impaired in T2DM 
patients.

Metformin affects positively the functions of the endothelium, mainly by protection from oxidative stress and 
inflammation, and the negative effects of angiotensin II19. Furthermore, metformin appears to attenuate cardiac 
remodelling by reducing smooth muscle cell proliferation, hypertrophy, and inflammation-induced damage13,20. 
Also other authors confirm beneficial effects of metformin on endothelial function21–24. However, as Nesti13 high-
lights the beneficial effects of metformin on endothelial function, proved in an animal model, still have to be 
convincingly confirmed in humans. The results of one clinical trial have shown treatment with metformin to be 
associated with improvement in some markers of endothelial functions, including von Willebrand factor (vWF) 
and vascular cell adhesion molecule 1 (VCAM-1)21.

With the multidirectional effects of metformin on plasma, platelets and vascular haemostasis in mind, the 
objective of this paper was to assess the effects of metformin, phenformin and eight recently published sulfena-
mide and sulfonamide derivatives of metformin (Fig. 1) on the selected parameters of vascular and plasma hae-
mostasis. In the first stage of the research, the viability and barrier properties of human umbilical vein endothelial 
cells (HUVECs) were evaluated. To further characterize the mode of action of biguanides, their effect on apop-
tosis was determined. Following this, the study examines the effects of biguanides on intracellular levels of tissue 
factor (TF), release of vWF and tissue plasminogen activator (t-PA) from HUVECs and surface expression of 
intercellular adhesion molecule 1 (ICAM-1). The final part of the current paper estimates the influence of met-
formin derivatives on the platelet thrombus formation, and the blood coagulation.
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Figure 1.  Chemical structure of tested biguanide derivatives – metformin, phenformin and compounds 1–8.
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Results
The effect of biguanides on the integrity of human endothelium and smooth muscle cells ana-
lysed in the RTCA-DP system.  Upon the stimulation with metformin over the entire concentration range 
(Figs 2a, 3a, Supplementary Table S1) the normalized cell index (nCI) of the HUVECs increased with regard 
to that of untreated cells up to 12 hours. However, the reported differences were not of statistical significance 
(p > 0.05). In the case of phenformin the highest concentration contributed to the significant decrease (p = 0.037) 
in nCI three hours after the drug addition (Fig. 3b). Despite the fact that phenformin is no longer clinically used, 
we decided to examine it to see how the presence of the aromatic ring and the lack of N-methyl groups affect the 
parameters determined. Sulfenamide 1 with cyclohexyl substituent appeared to be the most toxic of all tested 
compounds since even the lowest concentration (0.006 µmol/mL) was associated with a significant decrease 
(depending on the time point p = 0.025–0.001) in nCI value (Fig. 3c). In contrast, compound 3 with an n-butyl 

Figure 2.  The effect of the exposure of biguanides (a – metformin, b – phenformin, c – comp. 3, d – comp. 7)  
on human vascular endothelial cells (HUVECs) measured by RTCA-DP system. The pictures present 
representative plots of one experiment conducted in duplicates (the results are presented as a mean (solid 
line) ± standard deviation). For the statistical analysis there were conducted three independent experiments. 
Red line – control (unstimulated cells); green line – compounds at the concentration of 0.006 µmol/mL; navy 
blue line − 0.06 µmol/mL; pink line − 0.3 µmol/mL; light blue line − 1.5 µmol/mL. CI – Cell index.
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chain, did not affect endothelial integrity at any of the analyzed time-points over the entire concentration range 
(p > 0.05) (Fig. 3c). Other sulfenamides (compounds 2, 4 and 5) significantly decreased endothelial cells (EC) 
integrity only at the highest concentration tested (1.5 µmol/mL) (p < 0.001). In the case of the sulfonamides, the 
nCI values fell considerably during three hours, and then returned to control levels. Only the highest concentra-
tion sulfonamides demonstrated a significant reduction in nCI values at all time-points of the analysis (p < 0.001) 
(Fig. 3d).

Another part of the experiments was the evaluation of biguanide effects on viability and integrity of human aortal 
smooth muscle cells (AoSMC). Upon the 6 hours stimulation with metformin over the entire concentration range 

Figure 3.  The effect of the stimulation of endothelial cells with biguanides (a – metformin, b – phenformin, 
c – sulfenamides (1–5), d – sulfonamides (6–8)) measured by RTCA-DP at different time-points. The figures 
present the calculated normalized Cell Index values (nCI).
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(Fig. 4) a significant increase in the nCI value was reported. For instance, nCI of the cells treated with metformin  
increased in comparison with unstimulated cells (control) up to 110% (0.954 vs. 1.046 for 1.5 µmol/mL;  
p < 0.05). In the case of longer metformin stimulation, no significant changes in nCI values were reported. 
Sulfenamide 3 with n-butyl substituent at the concentration of 1.5 µmol/mL appeared to be toxic towards AoSMC 
since it has contributed to the significant (p < 0.001) decrease in nCI (Fig. 4B). The results of sulfonamides 
(compounds 6–8) represent mostly similar tendency. The stimulation of AoSMC with the highest tested con-
centration (1.5 µmol/mL) contributed to the significant decrease in nCI value during the entire incubation time 
(36 hours). For instance, sulfonamide 8 at concentration of 1.5 µmol/mL decreased nCI of control sample by 42% 
(0.689 ± 0.07 vs. 1.181 ± 0.156 for control) (Fig. 4C).

HUVEC and AoSMC morphology.  The effects of biguanides on EC viability and integrity were also mon-
itored using light and phase-contrast microscopy. Figure 5 depicts the dose-dependent effects of metformin and 
phenformin on ECs growth after three and 24 hours of incubation. Metformin did not affect cell viability, shape 
and integrity over the entire concentration range while 1.5 µmol/mL phenformin decreased viable cells numbers 
and density.

Figure 4.  The effect of the stimulation of human aortal smooth muscle cells (AoSMC) with biguanides  
(A – metformin, B – sulfenamide 3, C – sulfonamide 8) measured by RTCA-DP at different time-points. The 
figures present the calculated normalized Cell Index values (nCI). The results are presented as mean ± SD, 
n = 4–5; *p < 0.05, **p < 0.01, ***p < 0.001.
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Images in Fig. 6 present the effects of sulfenamides and sulfonamides on HUVEC growth and morphology 
after 24 hours of treatment. In the case of compound 1, morphological examination of HUVECs showed severe 
compound-mediated changes manifested by membrane disruption, cell shrinkage and cytoplasm leakage at con-
centrations of 0.3 and 1.5 µmol/mL. A similar effect, although to a lesser extent, was also observed for the highest 
concentration of compound 2. Sulfenamide with n-butyl chain (compound 3) did not exert any significant effect 
on the viability, integrity and shape of the cells over the entire concentration range. Similarly, incubation of the 
cells with compound 4 or 5 did not reveal substantial morphological changes but a tendency for cell lengthening 
could be observed in the case of the highest concentration (1.5 µmol/mL) of compound 4. Compound 6 exhibited 
an unfavourable effect on the cells viability and integrity at 1.5 µmol/mL, demonstrated by cell shrinkage and 
clumping.

The cells treated with sulfonamides 7 and 8 did not exhibit any profound morphological changes; however, at 
the highest concentration, more elongated cells were recognized in comparison with controls.

The effects of biguanides on morphology of AoSMC were also monitored using both light and phase-contrast 
microscopy (Fig. 7). Metformin, similarly to HUVECs, did not affect AoSMC viability, shape and integrity over 
the entire concentration range. Incubation of AoSMC with 1.5 µmol/mL of compound 3 resulted in substantial 
decrease in the number of attached cells and increase numer of shrinked and rounded cells. In the case of com-
pound 7 a tendency towards cells lengthening was reported at the concentration range 0.3–1.5 µmol/mL after 
24 hours incubation. In turn, stimulation of AoSMC with sulfonamide 8 over the entire concentration range did 
not contribute to the significant changes in cellular morphology.

Apoptosis.  Metformin, phenformin and compound 4 were found to increase the total number of cells gath-
ered within gates A and B, therefore giving evidence on decreased apoptosis of HUVEC cells (p < 0.05) (Table 1, 
Fig. 8). Furthermore, stimulation of HUVECs with metformin and phenformin was associated with a higher per-
centage of viable cells (↑ AV− PI−) (p = 0.008 and p = 0.015, respectively). On the contrary, compound 2 at the 
concentration of 1.0 µmol/mL contributed to a decrease in the percentage of cells within gates A and B (p = 0.001 
and p < 0.001, respectively). In addition, the percentage of viable cells (AV− PI−) was reduced in comparison 
with control (30.8 ± 2.3% vs. 90.2 ± 2.4%; p < 0.001), and the population of necrotic cells (AV− PI+) increased 
approximately 10-fold (12.6 ± 3.8% vs. 1.4 ± 0.3%; p = 0.040).

Compounds 3 and 5 did not affect HUVEC apoptosis and necrosis, as the percentages of Annexin V+ (AV+) 
Propidium iodide - (PI−) cells or apoptotic (AV + PI+) cells and necrotic (AV− PI+) cells, were comparable to 
those of unstimulated HUVECs (p > 0.05). Simultaneously, compounds 3 and 5 were not observed to have any 
effect on cell viability since the percentage of AV− PI− did not differ from controls. Similar effects were found for 
compound 6. Sulfonamide 7 did not affect the percentage of viable, apoptotic and necrotic cells, while its isomer 

Figure 5.  Time- and dose-dependent effect of metformin and phenformin on endothelial cell (HUVECs) 
viability and integrity. HUVECs were cultured in the presence of metformin or phenformin at concentrations 
of 0.006–1.5 μmol/mL; cultures in medium alone were also used as controls. Representative phase-contrast cell 
images are shown after three and 24 hours of incubation (100-fold magnification).
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Figure 6.  Dose-dependent effect of biguanides (compounds 1–8) on endothelial cell (HUVECs) viability and 
integrity after 24-hour incubation. HUVECs were cultured without (control) and in the presence of compounds 
1–8 at concentration of 0.006–1.5 μmol/mL. Representative cell images are shown for concentration 0.3 and 1.5 
μmol/mL (100-fold magnification).

Figure 7.  Dose-dependent effect of selected biguanides on aortal smooth muscle cells (AoSMC) viability and 
integrity after 3- and 24-hour incubation. AoSMCs were cultured without (control) and in the presence of 
biguanides at concentration of 0.006–1.5 μmol/mL. Representative cell images are shown for concentration 0.3 
and 1.5 μmol/mL (100-fold magnification).
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(sulfonamide 8), at a concentration of 1.0 µmol/mL, led to a significant decrease in viable cells (72.0 ± 0.5% vs. 
88.1 ± 3.8%, p = 0.019) and an increase in the percentage of necrotic cells (19.6 ± 1.0% vs. 1.5 ± 0.3%; p = 0.001).

Tissue Factor.  It was found that among the tested compounds metformin, sulfenamide 3 (Fig. 9a) 
and sulfenamide 4 (Supplementary Fig. S1) contributed to the increase in TF production in HUVEC cells 
(p-value varying from 0.033 to 0.001). In the case of compound 5, an increase in TF production was reported 
(18.31 ± 0.64 pg/mL for 0.3 µmol/mL vs. 16.97 ± 0.60 pg/mL for control); however, the changes were not statisti-
cally significant (p = 0.052). Neither phenformin, sulfonamide 7 or sulfonamide 8 affected the intracellular level 
of TF. Compound 1, tested only at a dose of 0.006 µmol/mL because of its unfavourable effect on HUVECs, did 
not change the TF concentration. Similarly, compound 6 was found not to influence intracellular TF level within 
the concentration range 0.006–0.06 µmol/mL (p > 0.05).

Von Willebrand Factor (vWF).  Metformin and phenformin were found to decrease the release of vWF 
from undisturbed ECs over the entire concentration range; however, the differences were not of statistical signif-
icance (p > 0.05) (Fig. 9b,c). Compounds 4, 6 and 7 did not influence the concentration of released vWF, while 
compounds 3 and 5 contributed to its significant increase at the highest concentration tested (p = 0.025 and 
p = 0.015, respectively) (Supplementary Table S3). Compound 8 significantly reduced the amount of released 
vWF by approximately 20% in comparison to control (p = 0.027). While derivative 2 with an n-octyl chain 
decreased the amount of released vWF at lower concentrations (p = 0.068), it was found to significantly elevate 
vWF level at 0.3 µmol/mL (105.65 ± 18.35 pg/mL vs. 86.08 ± 8.23 pg/mL for control, p = 0.05).

Tissue activator plasminogen (t-PA) release.  While metformin was associated with increased release of 
t-PA from undisturbed ECs across the entire concentration range (Fig. 9d) (p-value range 0.022–0.001, depending 
on the metformin concentration), phenformin was not found to have any significant effect on t-PA concentration 
in cell supernatants (Supplementary Table S4). The other tested compounds exhibited the same pattern of influ-
ence regarding t-PA release; neither sulfenamides nor sulfonamides influenced the amount of t-PA in HUVEC 
supernatants at lower concentrations; however, they significantly reduced the level at higher concentrations. For 

Compound
Conc. 
[µmol/mL] Gate A [%]a Gate B [%]b D− [%]c D− + [%]c D + − [%]c D +  + [%]c

Control I — 83.6 ± 0.9 73.1 ± 1.2 80.0 ± 1.1 1.6 ± 0.2 8.1 ± 1.6 10.4 ± 0.6

Metformin
0.06 87.1 ± 3.4 78.3 ± 3.4* 83.4 ± 2.5 1.8 ± 0.2 4.0 ± 0.6* 10.9 ± 1.9

0.3 93.2 ± 1.8** 83.6 ± 1.8* 88.0 ± 1.5** 1.5 ± 0.0 4.0 ± 0.3* 6.5 ± 1.3*

Phenformin
0.3 89.6 ± 1.7* 79.4 ± 2.4* 85.4 ± 4.1 1.8 ± 0.1 4.6 ± 2.1* 8.2 ± 2.1

1.0 90.8 ± 0.3** 86.4 ± 2.0** 85.7 ± 1.6* 1.4 ± 0.1 5.0 ± 0.6* 7.8 ± 1.2

Control II — 75.6 ± 1.9 82.4 ± 0.3 90.2 ± 2.4 1.4 ± 0.3 3.6 ± 0.8 4.8 ± 1.3

Comp. 1 0.006 81.0 ± 3.3 87.4 ± 2.5 92.0 ± 0.7 1.0 ± 0.1 2.8 ± 0.3* 4.2 ± 0.3

Comp. 2
0.3 87.3 ± 3.6 94.9 ± 0.5*** 93.8 ± 0.7 1.2 ± 0.3 2.3 ± 0.1 2.7 ± 0.5

1.0 37.8 ± 2.7** 41.6 ± 2.1** 30.8 ± 2.3*** 12.6 ± 3.8* 14.2 ± 3.7* 42.5 ± 6.8**

Comp. 3
0.06 79.2 ± 3.3 82.5 ± 0.6 92.3 ± 0.2 1.2 ± 0.3 2.4 ± 0.4 4.2 ± 0.2

0.3 78.5 ± 2.1 85.3 ± 2.3** 90.9 ± 1.6 1.2 ± 0.2 3.9 ± 0.6 4.1 ± 0.9

Comp. 4
0.3 85.2 ± 2.3* 93.9 ± 0.5** 91.9 ± 1.9 1.2 ± 0.4 4.1 ± 1.1 2.8 ± 0.5

1.0 83.6 ± 1.2* 86.8 ± 0.8* 80.1 ± 1.3* 1.5 ± 0.1 6.9 ± 0.8 11.5 ± 0.8*
Control III — 85.0 ± 0.9 80.5 ± 2.3 88.1 ± 3.8 1.5 ± 0.3 5.1 ± 1.6 5.2 ± 2.0

Comp. 5
0.3 88.6 ± 1.9 88.9 ± 2.6* 90.3 ± 2.8 1.2 ± 0.1 4.1 ± 0.6 4.4 ± 0.4

1.0 87.5 ± 2.6 89.0 ± 1.1* 89.5 ± 1.4 1.3 ± 0.2 4.4 ± 0.8 4.9 ± 0.7

Comp. 6
0.06 84.2 ± 0.6 82.5 ± 1.9 90.1 ± 1.2 1.3 ± 0.2 4.3 ± 1.1 4.3 ± 0.3

0.3 84.7 ± 2.2 82.6 ± 0.9 90.2 ± 1.4 0.8 ± 0.2 4.5 ± 1.0 4.5 ± 0.4

Comp. 7
0.3 85.6 ± 3.8 86.5 ± 4.3* 89.0 ± 0.5 1.7 ± 0.7 5.0 ± 0.9 4.3 ± 0.5

1.0 85.2 ± 6.2 83.7 ± 1.7* 86.7 ± 2.4 1.4 ± 0.6 4.7 ± 0.6 7.1 ± 1.9

Comp. 8
0.3 86.1 ± 1.9 83.4 ± 2.4** 85.3 ± 2.0 7.9 ± 0.6*** 3.1 ± 1.1 3.6 ± 0.5

1.0 87.2 ± 1.9 80.3 ± 1.8 72.0 ± 0.5* 19.6 ± 1.0** 3.0 ± 0.3 5.4 ± 0.5

Table 1.  Annexin V-FITC/PI double staining analysis of apoptosis in HUVECs. Endothelial cells were 
treated with various concentrations of biguanides for 24 hours followed by staining with Annexin V FITC and 
propidium iodide (PI). The concentration for apoptosis were chosen on the basis of results collected in viability 
and integrity test. aCells gathered within the gate A reflecting the % of the absolute number of acquired events; 
bthe percentage of the cells collected in gate A which are singlets (detected using FSC-A/FSC-H plots); cthe cells 
gathered in gate B were divided depending on the staining with Annexin V and PI: (D–) − living cells, (D −+)  
– necrotic cells; (D +−) – early-apoptotic cells; (D ++) – late-apoptotic cells. The results are presented as 
mean ± standard deviation (SD), n = 4. The values given in bold represent statistically significant (*p < 0.05; 
**p < 0.01; ***p < 0.001) changes versus respective controls (metformin, phenformin – control I; compounds 
1–4 – control II, compounds 5–8 – control III).
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instance, derivative 7 at 0.3 and 1.0 µmol/mL significantly decreased t-PA concentration (947.1 ± 124.8 pg/mL at 
1.0 µmol/mL vs. 2356.5 ± 70.5 pg/mL for control, p < 0.001, respectively) (Fig. 9e).

Effects on ICAM-1 expression.  As presented in Fig. 10a,c and Supplementary Table S5 neither tested met-
formin concentration significantly affected the expression of ICAM-1 on the surface of HUVECs in comparison 
to unstimulated cells (p > 0.05). Similarly, the second tested biguanide, previously available phenformin was not 
found to influence ICAM-1 expression (Fig. 10c). All tested compounds apart from sulfonamide 7 (0.3 and 1.0 
µmol/mL) and 8 (0.3 µmol/mL) significantly increased the expression of ICAM-1 on the EC surface (Fig. 10b).

Thrombus formation.  Metformin at both tested concentrations did not affect the onset of platelet thrombus 
formation (T10 constant, p > 0.05), but at 0.3 µmol/mL produced prolongations of OT by 1.21-fold (p = 0.031) 
and CT by 1.37-fold (p = 0.025) (Supplementary Table S6). Metformin contributed to a decrease in AUC10, how-
ever the changes were not statistically significant (p > 0.05). Most of the tested biguanides appear to prevent 
platelet-dependent thrombus formation which were demonstrated by prolonged T10, OT and CT parameters as 
well as decreased AUC10. In particular, derivatives 4, 7 and 8 contributed to the significant prolongation of T10. All 
examined biguanides, depending on the concentration, significantly prolonged OT, however, it should be noted 
that compounds 2, 3, 4, and 7 contributed to incomplete occlusion of capillaries, as indicated by an OT exceeding 
600 seconds (the maximal length of analysis) (p < 0.01) (Fig. 11a–c). The anti-coagulation properties of sulfena-
mides and sulfonamides was also revealed by a decreased AUC10 value. For instance, compounds 7 and 8 at 1.0 
µmol/mL decreased AUC10 by 3.93- (p = 0.018) and 2.82-fold (p = 0.025), respectively (Fig. 11d).

Studies using collagen and thromboplastin coated AR chips revealed that metformin (Supplementary Fig. S3, 
Supplementary Table S7) does not significantly influence the process of fibrin-rich platelet thrombus formation, 
as indicated by constant values for parameters T10, OT80, T10–80 and AUC30 (p > 0.05). More prominent treatment 
effects were seen for the other tested biguanide: in particular, compound 6 prevented the onset of white thrombus 
formation (360.7 ± 25.8 s for 0.3 µmol/mL versus 301.7 ± 21.2 s for control; p = 0.023) (Fig. 12a,b). Sulfenamide 
3 and sulfonamides 6 and 8 also demonstrate anti-coagulation properties, as indicated by their reducted AUC30 
values (Fig. 12c).

A summary table was prepared to facilitate the analysis of collected results (Table S8. Supplementary 
materials).

Figure 8.  The effect of selected biguanides on HUVECs death. (a) Representative histograms of unstimulated 
HUVECs (control, CTR), metformin (0.3 μmol/mL) and (phenformin 0.3 μmol/mL) displaying the percentage 
of cells gathered within established gates. (b) Representative histograms of unstimulated HUVECs (control, 
CTR), and compound 3 at the concentration of 0.06 μmol/mL (comp. 3 – a) and 0.3 μmol/mL (comp. 3 – b) 
displaying the percentage of cells gathered within established gates. FSC-A vs SSC-A plots were used for gating 
cells and to identify any changes in the scatter properties of the cells. Annexin V FITC-A (x-axis) vs Propidium 
Iodide (y-axis) plots from the gated cells show the populations corresponding to living cells (Annexin V(−) and 
PI (−)) (D–); early apoptotic cells (Annexin V (+) and PI (−)) (D+−), late-apoptotic cells (Annexin V(+) and 
PI (+)), and necrotic cells (Annexin V (−) and PI (+)) (D−+).
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Discussion
Viability, integrity and morphology of human endothelium and aortal smooth muscle 
cells.  Type 2 diabetes mellitus (T2DM) is a multi-factorial disease and can cause multiple organ dysfunction 
through several mechanisms23, including systemic insulin resistance, which promotes hyperglycemia and dys-
lipidemia25. It has been reported that these metabolic abnormalities account for increased risk of vascular disease 
which is a major cause of morbidity and mortality among patients suffering from T2DM25. Therefore, treatment 
with a drug decreasing insulin resistance, such as metformin, may improve several of primary pathophysiological 
abnormalities, including insulin resistance, and endothelial function18. Apart from its glucose-lowering prop-
erties metformin was also found to markedly improve endothelial-dependent vasodilation, and simultaneously 
reduce the expression levels of dysfunctional biomarkers, such as ET-1, PAI-1, and CRP in endothelial cells26. 
It has been previously reported that metformin might favourably influence plasma haemostasis by increasing 
antithrombin III activity18, and that some of its recently-synthesized derivatives may also exert beneficial effects 

Figure 9.  The effects of metformin and biguanide derivatives on selected markers of endothelial function. 
(a) The effects of metformin and n-butyl sulfenamide (comp. 3) on the total cellular production of TF in 
undisturbed HUVEC cells. The results are presented as mean ± SD; n = 4; *p < 0.05; **p < 0.01; ***p < 0.001. 
The quantification of TF in cell lysates was conducted using immunohistochemichal ELISA test. Metformin 
over the entire concentration range contributed to the increase in the intracellular TF level, however, the 
significant results were reported for 0.006 and 1.5 μmol/mL. Compound 3 also elevated the concentration 
of intracellular TF. (b,c) The effects of metformin, phenformin (a) and n-octyl sulfenamide (comp. 2) and 
sulfonamide 8 (comp. 8) (b) on the release of von Willebrand Factor from HUVEC cells. The results are 
presented as mean ± SD; n = 4–6, * denotes p < 0.05. The quantification of vWF in cell culture supernatants was 
carried out using immunohistochemichal ELISA test. Metformin and phenformin over the entire concentration 
range contributed to the decrease in the amount of released vWF, however, the changes were not statistically 
significant (p > 0.05). Compound 2 was shown to exert complex effects on vWF release, while compound 8 
decreased the concentration of vWF in cells supernatants over the entire concentration tested. (d,e). The effects 
of metformin (d), and sulfonamide 7 (e) on the release of t-PA from undisturbed HUVEC cells. The results are 
presented as mean ± SD; n = 4, ** denotes p < 0.01; ***p < 0.001. The quantification of t-PA in cell culture 
supernatants was carried out using immunohistochemical ELISA test. Metformin over the entire concentration 
range contributed to the significant increase in the amount of released t-PA (p < 0.05). Compound 7 was shown 
to decrease t-PA release at the concentration of 0.3 and 1.0 µmol/mL.
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Figure 10.  The effect of biguanide derivatives on ICAM-1 expression on HUVECs. (A) Representative 
histograms of unstimulated HUVECs (control – CD54, and isotype control - izoCD), and cells treated with 
metformin (0.06 and 0.3 μmol/mL) displaying the percentage of cells in gate B (left pictures) and percentage 
of cells expressing ICAM (right image). (B) The effects of compounds 2–6 at the highest concentrations on the 
percentage change of the surface ICAM-1 expression (representative histograms). (C) The summary of effects of 
metformin, phenformin, compounds 7 and 8 on the ICAM-1 expression (n = 3–6), mean ± SD; ***p < 0.05.

Figure 11.  Evaluations of effects of selected biguanides on the platelets-dependent thrombus formation. A 
collagen coated microchip (Platelet Chip; PL-Chip) was used for analysis of platelet-dependent thrombus 
formation at 2000 s−1. (A) The effects of sulfenamides 2, 3, 4 and sulfonamide 7 on the occlusion time (OT). The 
results are presented as mean ± SD; n = 3, ** denotes p < 0.01. (B) Representative plots for T-TAS data obtained 
in healthy control sample (blue colour) and after stimulation with compound 2 (0.3 μmol/mL) (light pink) or 
compound 3 (0.3 μmol/mL) (green). X-axis – time (minutes); Y-axis – pressure (kPa). (C) Camera image of blood 
flow and platelet thrombus formation in control sample and sample treated with compound 2 (0.3 μmol/mL). 
(D) Concentration-dependent effects of compounds 7 and 8 on the area under the curve (AUC). The results are 
presented as mean ± SD; n = 3, ** denotes p < 0.01.
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on selected parameters of plasma haemostasis16,17. Based on previously published findings indicating vascular 
endothelium dysfunction in T2DM subjects25 and the promising results of our own previous trials16,17, the aim 
of this study was to further characterize the mode of action of metformin, phenformin and recently synthe-
sized sulfenamides and sulfonamides on selected parameters of endothelial function. Sulfenamide derivatives of 
metformin are bio-reversible guanidines (N-S) with prodrug properties27,28, while sulfonamide derivatives were 
designed to remain intact in the bloodstream until they are conveyed into the hepatocytes where they can be 
bioconverted to metformin29.

Considering the above-mentioned examples of beneficial effects of metformin on vascular endothelium, the 
present study used an in vitro model based on the Real-Time Cell Electric Impedance Sensing system (RTCA-DP) 
to determine the potential influence of metformin on endothelial cell integrity. The applied system allows the 
status of adherent cells to be evaluated by continuous measurements of their integrity and for the immediate and 
delayed responses to the stimulant to be observed30. Our findings indicate that metformin at the concentration 
range 0.006–0.3 μmol/mL which include also therapeutic plasma concentrations31, depending on the stimulation 
time caused up to approximately 7% increase of endothelial integrity as compared to unexposed cells (Fig. 3); 
however these changes were not of statistical significance. Microscopic studies also confirmed that metformin 
does not affect the morphology of endothelial cells (Fig. 5). To the best of our knowledge, few studies have dealt 
with the effects of metformin on the viability and integrity of endothelial cells using this type of real-time mon-
itoring system of cell status. For instance, based on an end-point test, Esfahanian et al.32 report that metformin 
does not affect the integrity of HUVEC cells and its anti-proliferative effect is not associated with cytotoxicity. 
In another study, Arunachalam et al.33 used a cell culture model with mouse microvascular endothelial cells to 
demonstrate that the protective effect of metformin against hyperglycemia-induced endothelial dysfunction was 
partly due to its effects on sirtuin-1 (SIRT1) expression and activity. Numerous preclinical and clinical studies 
have shown that metformin exerts favourable hemodynamic and rheological effects in patients with diabetes and 
other cardiovascular risk factors21. For instance, Majithiya and Balaraman34 revealed that metformin administra-
tion to rats with streptozocin-induced diabetes lowers blood pressure and restores endothelial function.

Similarly to metformin, compound 3 with n-butyl chain did not induce the changes in endothelial integrity 
at any of the analysed time-points over the entire concentration range (Fig. 3) when compared to unstimulated 
cells. In contrast, other sulfenamides with an alkyl chain longer than four carbon atoms (compounds 2, 4 and 5) 
significantly decreased EC integrity at concentration of 1.5 µmol/mL, which is approximately 3-fold higher than 
expected plasma concentration. Hence it appears that more profoundly unfavourable effects on cell integrity 
manifested by cell shrinkage and membrane disruption were observed for sulfenamides with longer alkyl chain 
in sulfenamides and more lipophilic properties (Figs 3, 6). In the case of all sulfonamides, nCI values decreased 

Figure 12.  Evaluations of effects of selected biguanides on the white thrombus formation. A collagen and 
thromboplastin coated microchip (Atheroma Chip; AR-Chip) was used for analysis of fibrin rich platelets 
thrombus formation at 600 s−1. (a) Representative plots for T-TAS data obtained in healthy control sample 
(red colour) and after stimulation with metformin (0.3 μmol/mL) (green), compound 3 (0.3 μmol/mL) (pink), 
compound 6 (0.3 μmol/mL) (purple) or compound 8 (1.0 μmol/mL) (blue colour); X-axis – time (minutes); 
Y-axis – pressure (kPa). (b) Camera image of blood flow and white thrombus formation in control sample and 
sample treated with compound 6 (0.3 μmol/mL). The formation of white thrombus is marked with green lines. 
(c) Concentration-dependent effects of metformin and compounds 3, 6 and 8 on the area under the curve 
(AUC). The results are presented as mean ± SD; n = 3, * denotes p < 0.05; ***p < 0.001.
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profoundly immediately after administration; however, they returned to control values after several hours of 
co-treatment.

Even less is known on the effects of metformin and other biguanide on viability of human aortal smooth 
muscle cells (AoSMC). In our studies using XCelligence system it was found that metformin up to 1.5 µmol/mL 
contributes to significant increase in cellular integrity and adherence. Available data regarding metformin effects 
on smooth muscle cells are mainly focused on cells proliferation and migration. For instance, Li et al.35 found that 
treatment of smooth muscle cells (HASMCs) with metformin inhibited the effect of leptin on HASMC prolifer-
ation and metalloproteinase (MMP-2) expression. Also Hao et al.36 confirmed that metformin suppresses prolif-
eration and migration of HASMC. Our experiments also showed that metformin inhibits AoSMC migration in 
wound healing assay (data not shown). However, there is no available data on the real-time effects of metformin 
on smooth muscle cells integrity. Therefore, this is the first study examining the continuous influence of met-
formin and other biguanides on the AoSMC functions. Most of biguanide derivatives at 1.5 µmol/mL contributed 
to the significant decrease in nCI value which reflects cellular integrity. However, morphological examination of 
AoSMCs did not show substantial changes in cells shape for all tested compounds (Fig. 7). These results are in 
accordance to those collected in experiments on HUVECs.

Since inhibition of cell proliferation and viability can result in apoptosis, the next step of our studies was to 
determine whether biguanide derivatives affect EC growth by induction of apoptosis. It was found that stimula-
tion of HUVECs with metformin increases the percentage of viable cells (AV− PI−) and decreases the number of 
early- and late-apoptotic cells (Table 1). These results are in agreement with those obtained using the RTCA-DP 
system where a slight increase in nCI was reported for the cells stimulated with metformin. Inhibition of apop-
tosis in HUVEC cell line under conditions mimicking hypoxia-hyperglycemia was also described by Bakhashab 
et al.37. Similarly, metformin at the concentration of 100 µmol/L prevented hyperglycemia-promoted apopto-
sis in HUVECs38. These favourable effects of metformin on ECs may provide an explanation for its long-term 
protection on diabetes-related vascular complications. Interestingly, contrasting results regarding the effects of 
metformin on apoptosis have been returned by many in vitro studies using cancer cell lines39,40. This might be due 
to the concentration of the drug. For example, Queiroz et al.40 found that at a dose of 10 mM metformin inhib-
ited the proliferation of breast cancer cells (MCF-7 cell line) by promoting cell cycle arrest in the G0-G1 phase, 
inhibiting cyclin D1 and inducing cell apoptosis and necrosis. The authors list also other studies which have 
reported that metformin can increase apoptosis of breast, colon and endometrial cancer cells40. In contrast, some 
studies indicate that metformin did not induce apoptosis41. Compound 2 with n-octyl chain induced a significant 
decrease in the percentage of viable cells (AV− PI−), and an increase in the population of necrotic cells (AV− 
PI+) (Table 1). Most of the other examined compounds, apart from sulfonamide 8, did not exert any effects on 
the percentage of viable, apoptotic or necrotic cells which suggest their biocompatibility towards endothelial cells.

Endothelial cells function, TF production, vWF and t-PA release, and ICAM-1 expression.  
Tissue factor (TF) is a crucial factor initiating blood coagulation and the extracellular domain of TF serves as a 
cell surface receptor for coagulation factors VII and VIIa42. The current study presents the effects of metformin 
and its sulfenamide and sulfonamide derivatives on the intracellular production of TF. It was found that met-
formin and compounds 3 and 4, which exerted a favourable effect on HUVEC cells demonstrated by RTCA-DP 
and apoptosis assay, contributed to the elevated TF production in HUVEC cells (Fig. 9a). The results of contem-
porary literature imply that metformin suppresses TF expression in human monocytes and decreases thrombin 
activity and fibrin polymerization43. Also Wang et al.42 reported that four-month high-dose metformin treatment 
led to a moderate, yet insignificant, reduction of plasma TF activity; however, they conclude that these small 
changes in TF activity may nevertheless be clinically relevant, as such changes in hemostatic factors have been 
shown to determine cardiovascular risk.

Since T2DM subjects demonstrate signs of hypercoagulability and increased plasma TF activity, the next stage 
of the study examined human plasma. It was found that none of the tested compounds apart from the highest 
concentrations of sulfonamides 7 and 8 affected the plasma TF level (Supplementary Fig. S2, Supplementary 
Table S2), indicating that the examined biguanides do not directly interact with this glycoprotein.

To further characterize how biguanide derivatives affect the functions of ECs and participate in vascular hae-
mostasis, the study examined the release of von Willebrand Factor (vWF). Stimulation of HUVECs with met-
formin and phenformin over the entire concentration range insignificantly decreased the release of vWF from 
undisturbed ECs. These results are in agreement with those of Jager et al.21 who found that metformin adminis-
tration in patients suffering from metabolic syndrome is associated with significant decrease in vWF level. The 
authors suggest that improvement in markers of endothelial functions (e.g. vWF) contributed to a decreased risk 
of cardiovascular disease in T2DM subjects.

Interestingly, in contrast to the beneficial effects of metformin, its derivative with a n-butyl chain (sulfenamide 3)  
increased the concentration of vWF in cell supernatants. Among the tested compounds only sulfonamide 8 
significantly reduced the amount of released vWF (61.87 ± 3.58 pg/mL at 1.0 µmol/mL vs. 83.57 ± 9.12 pg/mL, 
p = 0.027).

In addition, the study examined the cellular release of tissue plasminogen activator (t-PA), a serine protease 
synthesized in ECs and occurring in blood plasma. In the current study metformin over the entire concentration 
range contributed to increased release of t-PA from undisturbed ECs in in vitro conditions; this could be regarded 
beneficial since the primary role of t-PA is plasmin activation. It has also previously been44 confirmed that higher 
concentrations of t-PA (in the range of 170–1400 ng/mL) increase the initial velocity of fibrinolysis (↑ Lvo), and 
therefore accelerates the complete lysis of a fibrin clot. In contrast, Goya et al.45 report that the t-PA antigen is an 
established marker of endothelial dysfunction: particularly its elevated level, and decreased activity are associ-
ated with threefold increased risk of diabetes development. We presume that the presence of an increased level 
of t-PA in diabetes patients stems from the presence of fibrinolysis resistance and compensatory elevated t-PA 
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synthesis. In our previous study18, we reported that metformin does not affect in vitro the activity of plasmin, thus 
the final step of enzymatic cleavage of fibrin is not disturbed. In addition, a review of current literature does only 
returns not give the exact answer regarding the influence of metformin on the t-PA levels in both diabetic and 
non-diabetic patients since the studies report conflicting effects. For instance, Serdyńska-Szustak et al.46 reported 
that metformin administration to women suffering from Polycystic Ovary Syndrome (PCOS) does not lead to 
the alterations in t-PA and vWF level. On the other hand, Jager et al.21 reported that long-term metformin treat-
ment of diabetes subjects, was associated with reduction of plasma vWF, sVCAM-1, t-PA, and PAI-1, compared 
to controls.

The next purpose of this study was to assess the effects of biguanides on the expression of the ICAM-1 adhesion 
molecule, expressed in ECs47. It is well known that ICAM-1 facilitates neutrophils infiltration, and plays a central 
role in inflammatory and immune response48. Liu et al.49 highlight that metformin might down-regulate ICAM-1 
in an AMPK-dependent manner, which could prevent ischemia-induced brain injury by alleviating neutrofil infil-
tration. The authors state that the combination of decreased ICAM-1 expression and decreased cell permeability 
may have the potential to be useful in the clinical treatment of ischemic stroke. Similarly, Zhang et al.47  
claim that metformin down-regulates ICAM-1, blocks neutrophil infiltration and attenuates blood-spinal cord 
barrier (BSCB) premeability after spinal cord injury (SCI) in rats.

In turn, Germeyer et al.50 showed that metformin does not significantly alter the expression of ICAM mRNA 
in different cellular model. Our present findings indicate that metformin at 0.06 and 0.3 µmol/mL did not signif-
icantly affect the expression of ICAM-1 on the surface of HUVECs in comparison to unstimulated cells; nor was 
any effect observed in the case of phenformin. When stimulated with other sulfenamides and sulfonamides (apart 
from 7 and 8; Fig. 10), HUVECs enhanced ICAM-1 expression, thus potentially increasing the accessibility of 
the smooth musce layer for immune cells. The effects of the tested biguanides on above-mentioned endothelial 
parameters are presented in Figure S4 (Supporting materials).

Platelets thrombus formation and blood coagulation.  Since the patients with T2DM present an 
impaired balance between the process of coagulation and fibrinolysis18, the influence of metformin and its 
derivatives on thrombogenesis was measured under a blood flow state using T-TAS, a novel and easy to use 
microchip-based flow chamber system. In the present study, we used PL-chips, which can assess thrombogenicity 
associated with platelets, and AR-chips, which determine thrombogenicity under the condition of platelets and 
plasma coagulation factors. It was previously demonstrated that T-TAS might be a useful tool in monitoring the 
anticoagulant effects of edoxaban, a non–vitamin K oral anticoagulant as well as predicting the respective risk of 
bleeding complications in atrial fibrillation patients51.

This is the first study to describe the direct effect of metformin on platelet thrombus formation using the 
T-TAS method. In this study, both oclussion time (OT) and clotting time (CT) were found to be significantly 
prolonged by metformin at concentration of 0.3 µmol/mL. We presume that these properties may result from 
the effects of the drug on platelets activation and aggregation since it is known to prevent platelets aggregation52 
and decrease maximum platelets aggregation induced by adenosine diphosphate (ADP) in vitro53. The studies 
using AR chips revealed that metformin does not exert any effects on the total platelet and plasma thrombogenic-
ity since no changes in measured parameters (T10, OT30, T10–80 and AUC30) were recorded. These results are in 
agreement with those obtained in our previous experiments16,18. The clot formation and lysis test (CL test) found 
that metformin does not change the overall potential of clot formation and fibrinolysis (CLAUC constant) nor the 
kinetic parameters of the process of clot formation and fibrinolysis, including the initial velocity of clot formation 
(Fvo constant) and initial clot fibrinolysis velocity (Lvo constant). We also reported that metformin does not affect 
either the extrinsic or the intrinsic coagulation pathway since Prothrombin Time (PT) and Partially Activated 
Thromboplastic Time (APTT) were comparable to control values16. In addition, metformin does not influence 
the activity of factor X: the first member of common coagulation pathway converting prothrombin to thrombin18. 
Unlike metformin, sulfonamide 8 with o-nitro benzene substituent was found to prolong all parameters (↑ T10, ↑ 
OT, ↑ CT) and decrease AUC in platelets-dependent thrombus formation studies using PL chips. Furthermore, 
compound 8 exhibited advantageous anti-coagulant properties in fibrin-rich platelets thrombus formation stud-
ies manifested by prolonged T10, OT30, T10–80 and reduced AUC30. These results might be explained by decreased 
overall potential of clot formation and fibrinolysis (↓ CLAUC), decreased maximum clotting (↓ Fmax) and initial 
velocity of clot formation (↓ Fvo) in the CL test, as well as prolonged PT and APTT parameters17. In addition, 
other mechanisms including decreased activity of coagulation factor X and reduced amidolytic activity of throm-
bin18 might account for the anti-coagulation properties obtained using T-TAS. Oclussion time (OT) and clotting 
time (CT) were prolonged, with a simultaneous decrease in the area under the curve (AUC) observed for most 
examined sulfenamides and sulfonamides; therefore further studies based on inter alia platelets aggregation and 
adhesion, are needed to elucidate these favourable anti-coagulant properties. The effects of the tested biguanides 
on blood coagulation are summarized in Figure S5 (Supporting materials).

Conclusions
Within this paper we evaluated the effects of metformin, and its sulfenamide and sulfonamide analogues on a 
few markers of endothelial function and blood coagulation. We reported that metformin, besides its established 
activity in lowering blood glucose, contributes to a slight increase in endothelial cell and smooth muscle cells 
viability and integrity. Apoptosis assay confirmed that metformin has beneficial effects on ECs since the decreased 
percentage of apoptotic cells was recorded. Metformin was also found to prolong the process of platelets throm-
bus formation, suggesting that this drug affects platelets activation and aggregation.

Examined sulfenamide and sulfonamide derivatives of metformin presented a varied effects on ECs function. 
For instance, the length of the alkyl chain in sulfenamides determines their properties towards ECs. Sulfenamide 
3 with n-butyl alkyl chain, similarly to metformin, did not contribute to the changes in endothelial integrity at any 
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of the analyzed time-points over the entire concentration range, nor ECs viability using apoptosis test (Fig. S6, 
Supplementary materials). Additionally, the anti-coagulation properties of compound 3 were confirmed by pro-
longed platelet-dependent thrombus formation and fibrin-rich platelet thrombus formation. Our results indicate 
that also 4-nitro-benzenesulfonamide (7) and 2-nitro-benzenesulfonamide (8) exhibit anticoagulant properties 
manifested by decreased vWF release and prolonged OT, CT and OT80 using T-TAS.

In conclusion, chemical modification of metformin scaffold into sulfenamides with different alkyl substituents 
and sulfonamides containing a nitro group in the aromatic ring contributes to the obtaining of potential agents 
with more clearly marked anti-coagulant properties than their parent drug, metformin. Therefore, these findings 
provide the direct evidence that new drug design strategy including modification of metformin scaffold into sul-
fonamides was succesfully developed, and might be regarded as a good starting point for the design and synthesis 
of novel biguanide-based compounds with anticoagulant properties and valuable features regarding endothelial 
function.

Materials and Methods
Materials.  All the reagents used within this study are presented in detail in Supplementary materials.

Preparation of blood and plasma samples.  All experiments using human blood were performed in 
accordance with Polish guidelines and according to the studies protocols which were approved by the Bioethics 
Committee of the Medical University of Lodz (Medical University of Lodz, Poland). Approvals of the Bioethics 
Committee no. RNN/27/18/KE and RNN/350/18/KE were obtained for the studies on the TF quantification, and 
the coagulation measurements using T-TAS system, respectively. The experiments, and applied methods were 
carried out according to the study protocol (appendix in an application to the Bioethics Committee), and were 
approved by the Bioethics Committee of the Medical University of Lodz. The informed consent was signed and 
obtained from all subjects.

Blood samples for TF quantification were obtained from the Voivodship Specialized Hospital in Łódź, Poland 
(Wojewódzki Specjalistyczny Szpital im. Dr W. Biegańskiego w Łodzi), the material tested was a remnant of rou-
tine diagnostic tests intended for recycling. The blood samples for coagulation measurements were collected from 
healthy donors (both sex, age range 18–50, not suffering from any chronic diseases, non-smoking). The details of 
blood sample preparation is enclosed in Supplementary materials.

HUVEC and AoSMC cells subculturing.  HUVEC and AoSMC cells were subcultured according to the 
manufacturer’s (Lonza, Italy, and ScienCell Research Laboratories, US, respectively) guidelines. Cells between 
passages 3–5 were used in the experiments.

Tested compounds.  Within this study metformin, phenformin, five sulfenamide and three sulfonamide 
derivatives of metformin were examined (Fig. 1). The design and syntheses of metformin derivatives 1–8 (Fig. 1) 
were carried out at the University of Eastern Finland and reported previously27–29.

Taking into consideration our previous studies and the broad range of therapeutic plasma concentrations 
of metformin (0.129 to 90 mg/L54 which is 0.8 nmol/mL–0.6 μmol/mL) metformin and other compounds were 
applied in the range of 0.006–1.5 μmol/mL16,17.

Cell culture in the real-time cell electric impedance sensing system (RTCA-DP).  The effects of 
biguanides on HUVEC viability and endothelium monolayer integrity was evaluated using an electronic method 
conducted on RTCA-DP system (Real-Time Cell Analyzer; Roche & ACEA Biosciences) which enables cell 
growth status to be evaluated in real time based on tracking electrical impedance signals. The main parameters 
of cell condition including viability, adhesion, morphology or barrier properties are expressed by Cell Index (CI), 
which is used to measure relative changes in electrical impedance55.

The procedure of cell culturing in RTCA DP system was previously described55,56. At the starting point 20 
000 cells were seeded on E-16 plates in each well. Mostly, HUVEC cells reached plateau phase on the second day 
after seeding (the value of CI at the level of 6–8). Afterwards, the medium was extracted from each well and the 
solutions of tested compounds dissolved in cell culturing medium or pure medium (control) were added. After 
48 hours the experiment was stopped and the values of CI were collected. The results are presented using ‘nor-
malized cell index’ (nCI) which is calculated by division of a CI value at a certain time point by the CI value at a 
reference time point. The experiments were conducted in duplicates or triplicated in three independent experi-
ments. The method was validated and the variability coefficient was counted (CV = 7.1–10.7%, depending on the 
measured time point, n = 6).

In the next step of our studies we determined the effects of biguanides on AoSMC viability and integrity using 
RTCA-DP system. The experimental procedure was the same as in the case of HUVECs, with the only difference 
regarding the number of seeded cells (10 000 cells per well in 16-well E-plate).

HUVECs and AoSMC morphology.  HUVEC and AoSMC cells were seeded at a density of 20 000 and 10 
000 per well on 48 well plate respectively and allowed to reach 70% confluency. Then the medium alone (control) 
or medium with tested compounds at appropriate concentrations was added. The cells were incubated with com-
pounds for 24 hours following by analysis of the cells morphology (100-times magnification) using an inverted 
microscope with phase contrast (Opta-Tech, software OptaView 7).

HUVECs apoptosis.  The cells were seeded at the density of 50 000 per well on 24 well plate and incubated for 
24 hours (37 °C, 5% CO2). Then the medium (control) or medium with tested compounds at appropriate concen-
trations was added and incubated for the next 24 hours. The cells were trypsinised, trypsin neutralizing solution 
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was added, and the cells were collected to Eppendorf tubes. After centrifugation (220 x g, five minutes) the cells 
were resuspended in cold cell staining buffer and washed twice with this solution. Then the cells were suspended 
in 100 μL of binding buffer, and solutions of propidine iodide (PI) and FITC-Annexin were added. The analysis 
was conducted on (FACS Canto II, Becton Dickinson) cytometer.

Annexin V(−) and PI (−) cells were considered as living cells, Annexin V (+) and PI (−) as early-apoptotic 
cells, Annexin V(+) and PI (+) as late-apoptotic cells, and Annexin V (−) and PI (+) as necrotic cells. The exper-
iments were conducted in quadruplicates (n = 4). The coefficients of variation determined by triplicate assays 
were estimated (CV = 0.5–10.5%, depending on the measured parameter).

Quantification of TF in HUVECs.  HUVEC cells were cultured on 96-well plates and incubated until reach-
ing 80% confluence. Afterwards 100 μL of medium was replaced by the same volume of fresh medium (control) 
or medium including compounds at various concentrations. The plates were incubated at 37 °C (5% CO2) for six 
hours. Following this, the cultured cells were then washed with 200 μL PBS (Biomed Lublin), lysed and solubi-
lized with 15 mM octyl-β-D-glucopyranoside (Abcam) at 37 °C for 15–20 minutes. Cell lysates were collected into 
eppendorf tubes and stored for approximately one week at −20 °C until analysis.

The quantification of TF in HUVECs lysates was conducted using human tissue factor (TF) ELISA kit (Abcam, 
US). The coefficients of variation for the applied method were determined by two independent assays con-
ducted in quadruplicate (CV = 4.2%). The details of the experimental procedure are described in Supplementary 
materials.

Von Willebrand Factor release from HUVECs.  HUVEC cells were cultured for 24 hours (37 °C, 5% CO2) 
on 48-well plates at a density of 20 000 cells per well. The next day, the medium was exchanged for 100 μL medium 
containing test compounds, for the study group, or 100 μL fresh medium, for the control samples. The plates 
were further incubated at 37 °C (5% CO2) for 24 hours. Following this, the cell supernatants were collected into 
Eppendorf tubes, centrifuged (5 min, 220 × g) and stored at −20 °C until analysis.

The quantification of vWF released from HUVECs was carried out using human vWF ELISA assay (Biorbyt, 
United Kingdom). The coefficients of variation for this method were determined by three independent assays con-
ducted in quadruplicate (CV = 9.3%). The details of the experimental procedure are described in Supplementary 
materials.

Tissue Plasminogen Activator (t-PA) release from HUVECs.  For quantitative measurements of t-PA, 
HUVEC cells were prepared in a similar way to previously described studies. The cells were seeded on 96-well 
plates at a density of 10 000 cells per well and allowed to become confluent (37 °C, 5% CO2). After 24 hours of 
incubation, the medium was changed in control wells and medium containing tested compounds at appropriate 
concentration was added. The plates were further incubated at 37 °C (5% CO2) for the next 24 hours. The cell 
supernatants were then collected into Eppendorf tubes, centrifuged (5 min, 220 x g), diluted three-fold, and stored 
at −20 °C until analysis.

The quantification of t-PA in HUVECs supernatants was conducted using a human t-PA ELISA kit (Abcam, 
US). The coefficients of variation for this method was determined by two independent assays conducted in quad-
ruplicate (CV = 3.9%). The details of the experimental procedure are described in Supplementary materials.

ICAM expression on HUVECs surface.  The cell samples were prepared according the procedure described 
for apoptosis tests. The cells were trypsinised, trypsin neutralizing solution was added; following this, the cells 
were transferred to Eppendorf tubes and centrifuged (220 x g, five minutes). The cell pellets were then suspended 
in cold cell staining buffer and centrifuged (220 x g, five minutes). Then the buffer was added again (100 μL), and 
solution of PE anti-human CD54 antibody was added. Controls were set up using PE mouse IgG1 kappa isotype. 
The results are presented as the percentage of the total cells bound with CD54 antibody (the number of replicates 
of the experiments was between 3–6). The coefficients of variation for the method was counted (CV = 7.9%, 
n = 6).

Thrombus formation studies.  Thrombus formation under flow conditions was evaluated using the Total 
Thrombus-Formation Analysis System (T-TAS; Fujimori Kogyo, Tokyo, Japan)57, which is a simple procedure for 
analyzing the process of thrombus formation in blood. A collagen coated microchip (Platelet Chip; PL-Chip) was 
used to evaluate platelet-dependent thrombus formation. A blood sample (480 μL) anticoagulated with hirudin was 
transfered to the PL-chip at a flow rate of 24 μL/min, which corresponds to an initial wall shear force of 2000 s−1.  
During the blood flow, platelets aggregate on the surface of collagen, and the microchip capillaries become 
occluded. Measurements were taken of changes in flow pressure caused by this capillary occlusion to follow the 
process of thrombus formation. The following parameters were counted: T10 – defined as the onset of platelet 
thrombus formation and is counted as the time for the flow pressure to increase to 10 kPa from baseline due 
to a partial occlusion of the capillary; OT - occlusion time, which is the time for the flow pressure to increase 
by 60 kPa from baseline owing to near complete occlusion of the capillary by platelets thrombus; Clotting time 
(CT) – the difference between OT and T10; AUC10 - area under the flow pressure curve for 10 minutes, it gives the 
information on total thrombogenicity as well as the growth and stability of the formed thrombi. The studies were 
conducted in three independent experiments on blood samples from different donors.

The second type of chip, a collagen and thromboplastin coated microchip (Atheroma Chip; AR-Chip) was 
used for analysis of fibrin-rich platelet thrombus formation at a shear rate of 600 s−1 (10 μL/min)58. For meas-
urements with the AR-chip, citrated blood (480 μL) was mixed with 20 μL of Ca2+-corn trypsin inhibitor (CTI) 
(0.3 M CaCl2 and 1.25 mg/mL CTI) and immediately applied to the AR microchip. As the process of thrombus 
formation proceeds, the capillary is gradually occluded, and the flow pressure increases. Similarly to PL micro-
chips, there are four parameters which characterises the coagulation process: T10 (time to reach 10 kPa) is the 
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onset of white thrombus formation (WTF); T80 (time to reach 80 kPa) is defined as the complete occlusion of 
capillary due to thrombus formation, T10–80 (time from 10 to 80 kPa) is the interval between T10 and OT; AUC30 
constitutes the area under the flow pressure curve for 30 minutes, and is used to quantify thrombogenicity of the 
blood sample51,59,60. The experiments were conducted in three independent experiments on blood samples from 
different donors.

The intra-individual coefficients of variation (CV, %) determined from different individuals were as follows: 
for PL-chips 9.7–18.5%, n = 7, for AR-chips 1.0–11.5%, n = 3, depending on the measured parameter.

Statistical analysis.  All statistical calculations were performed using Statistica 12.0 (StatSoft) and Prism 5 
(GraphPad). The results are presented as the mean ± standard deviation (SD) for variables with a normal distri-
bution of values. The normal distribution of continuous variables was verified with the Shapiro-Wilk test, whereas 
Levene’s test was performed to test the homogeneity of variances. All variables with a normal distribution were 
compared to respective controls using the paired t-test, while one or two-way Anova and subsequent post hoc 
tests were used for intergroup comparisons. The variables with non-normal distributions were compared using 
the Wilcoxon signed rank test. The results of all the tests were considered significant at p-values lower than 0.05.

Data Availability
The data collected within this study is available on request.
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