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Abstract
Hypertension is a public health concern. Low dose thiazide diuretics are known to effectively control blood pressure com-
pared to that of other classes of antihypertensive drugs. In this context, we have performed an in-silico study and found 
that the two Sulphonamide Diuretics Hydrochlorothiazide and Indapamide bound the NADPH binding region of bacterial 
Dihydrofolate Reductase. Therefore, akin to Sulphonamide Antibiotics, Sulphonamide Diuretics may have antibiotic activity 
and thereby have the potential to modulate the gut microbiome in a way beneficial to vascular health. The in-silico experi-
ment results were analyzed in the context of the relevant literature. We postulate that Sulphonamide Diuretics exert their 
antihypertensive role by modulating the gut microbiome, specifically by increasing butyrate-producing taxa in the gut. We 
recommend extending such work as it is plausible that Indapamide and other Sulphonamide Diuretics may be beneficial for 
both diabetes and hypertension.
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 Introduction

Hypertension is a silent killer of humans (Arima et al. 2011). 
It precipitates coronary artery disease, cerebrovascular 
accident, and chronic renal failure, to name a few (Escobar 
2002). Decades of research have led to the development of 
several classes of antihypertensive medications with differ-
ent targets, which are used alone or in combination. Among 
the antihypertensive drugs, Sulphonamide Diuretics are 
a class of their own. These are commonly used medica-
tions for treating hypertension and offer an extra benefit to 
patients in low doses. They are more effective than other 

classes of antihypertensive agents (Roush and Sica 2016). 
Hydrochlorothiazide is perhaps one of the most commonly 
used Diuretic. It is often used orally as a first-line antihy-
pertensive medication (Roush and Sica 2016). Indapamide 
is also a thiazide-like Diuretic. Some authorities believe 
that Indapamide controls systolic blood pressure better than 
Hydrochlorothiazide (Roush and Sica 2016).

Several Sulphonamides are known to have antimicrobial 
activity by binding to bacterial Dihydrofolate Reductase 
(DHFR) enzyme (Reeves et al. 1978; Wood 1942). DHFR 
is a critical enzyme involved in the folate synthesis path-
way of bacteria. It catalyzes the reduction of dihydrofolate 
to tetrahydrofolate through the transfer of hydride from 
NADPH. The Met20 loop of DHFR consists of the amino-
acid sequence VDRVIGMENAMPWNL and is involved in 
NADPH binding (Sawaya and Kraut 1997). During binding 
of the enzyme in its closed conformation, NADP + interacts 
with Ile14 of the Met20 loop (Sawaya and Kraut 1997). Gut 
microbial DHFR inhibition is believed to expand butyrate-
producing taxa of the gut microbiome, which in turn sup-
ports good health (Maniar et al. 2017; Vallianou et al. 2019).

Sulphonamide Diuretics have basic Sulphonamide back-
bones similar to Sulphonamide Antibiotics (Fig. 1). How-
ever, to the best of our knowledge, the antibiotic activity of 
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Sulphonamide Diuretics has not been investigated. Further-
more, there is currently no information available regarding 
whether Sulphonamide Diuretics inhibit bacterial DHFR or 
affect the human gut microbiome.

Vascular tone is seen as a function of the gut microbiome, 
and gut dysbiosis is among the theories which explain the 
hypertensive state (Yang et al. 2015). Brain-gut axis is a 
term becoming popular to describe the effect of gut micro-
biota on regulatory functions of the brain and vice versa 
to maintain overall homeostasis. Changes in the microbial 
community of the gastrointestinal tract affect blood pres-
sure in experimental animals (Adnan et al. 2017). Antibiotic 
administration is also reported to affect the blood pressure 
of experimental animals. Furthermore, faecal transplantation 
affects blood pressure. Resistant hypertension may be con-
trolled after antibiotic administration, and probiotic admin-
istration controls the hypertensive state (Qi et al. 2015). All 
these pieces of evidence prove that the gut microbiome is 
vital for the maintenance of blood pressure.

We believe that modification of the gut microbiome of 
patients may be associated with the extra benefits of these 
hypertensive medicines. The inhibition of bacterial DHFR 
affects the gut microbiome (Maniar et al. 2017; Vallianou 
et al. 2019). Sulphonamide Antibiotics inhibit bacterial 
DHFR; however, whether Sulphonamide Diuretics also 
interact with and inhibit bacterial DHFR is unknown. In 
this context, we reviewed the existing literature and explored 
this subject using tools of computational biology to gener-
ate in-silico data regarding the potential of Sulphonamide 
Diuretics to modulate the gut microbiome via the interaction 

with bacterial DHFR. In this paper, we present step by step 
the in-silico data supporting this theory.

Materials and methods

In silico studies

Three different categories of drugs were considered in this 
study (a) Sulphonamide Diuretics- Indapamide (Pubchem 
ID-3702) and Hydrochlorothiazide (3639), (b) a Sulphona-
mide Antibiotic- Sulphadiazine (5215), and (c) a non-sul-
phonamide diuretic-Ethacrynic acid (Pubchem ID-3278). 
The non-Sulphonamide Diuretic was considered the control. 
To evaluate the interactions of the drugs with the bacte-
rial DHFR enzyme [Protein Data Bank (PDB) ID 1RX7], 
the docking tool AUTODOCK 4.2 (Morris et al. 2009) and 
Molecular Dynamic (MD) simulation tool GROMACS 
2018.4 (Abraham et al. 2018) were used. The CD1 atom of 
Ile14 was chosen as the grid centre for docking, and docking 
was performed six times for each drug. For each docking, ten 
bound confirmations of the drug were obtained. Based on 
the binding energies obtained while running Autodock, the 
mean and standard deviations (SD) values of binding energy 
were calculated and listed in Table 1. The docked struc-
tures exhibiting the highest negative binding energy were 
considered for MD simulation. Drug topology files were 
generated using the SwissParam tool (Zoete et al. 2011), 
and CHARMM force-field (MacKerell et al. 1998) was used 
throughout the simulation. The DHFR-drug complexes were 

Fig. 1   Line diagrams of the 
drugs considered: a Ethacrynic 
acid, b Sulphadiazine, 
c Indapamide, d Hydrochloro-
thiazide and e basic structure 
of Sulphonamide. The basic 
Sulphonamide moiety is circled 
in figures (b–d)
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solvated in 1.2 nm cubic boxes of water using the TIP3P 
water model, and neutralization was performed using 11 
sodium ions (Na+). Energy minimization was then per-
formed for 50,000 steps using the steepest descent method. 
The system was then equilibrated using NVT (isothermal-
isochoric ensemble) and NPT (isothermal-isobaric ensem-
ble) protocols for each 50,000 steps. Then the entire system 
was considered for MD simulation of 10 ns runs at 300K 
temperature and 1 bar pressure and results were visualized 
using Pymol (DeLano 2002). Xmgrace plotting tool (Turner 
2005) was used to analyze the graphs of potential energy, 
root mean square deviation (RMSD), the radius of gyra-
tion, hydrogen bonds, and other parameters as discussed in 
the results. If any two polar types of atoms, such as oxy-
gen and nitrogen of a drug and the protein were visually 
located within a 3.5 Å distance, they were considered prob-
able for hydrogen-bond formation. Superposition was per-
formed using Pymol (DeLano 2002). The line diagrams of 
the drugs shown in Fig. 1 were prepared using Chemspace, 
which was available at https​://chem-space​.com/real-space​
. The two-dimensional (2D) representations of the DHFR-
drug interactions at the NADPH binding site were gener-
ated using Poseview, which was available at https​://prote​ins.
plus/2ozr#posev​iew.

In‑vitro studies

If the tested diuretics inhibit bacterial Dihydrofolate Reduc-
tase, then the drug is expected to inhibit bacterial growth. 
Hydrochlorothiazide is a more popular drug compared to 
Indapamide. So we have checked the effect of Hydrochlo-
rothiazide on E. coli MTCC 1687 growth. The strain is col-
lected from the stool of healthy individuals. The bacterium 
was cultured overnight at 37 °C in Nutrient Broth.

Further serial dilution was done using this primary cul-
ture. 10− 5 dilution was used further for experimental pur-
pose. On the other hand, 1 mg/ml stock solution of Hydro-
chlorothiazide (Aquazide, Sun Pharma, India) was prepared 
after dissolving in 1% ammonical distilled water. Next, the 
experiment was set in different aliquots. The test sets con-
tained bacteria in nutrient broth and different concentrations 
of drug (6–14 µg/ml) in separate aliquots. The control sets 

had bacteria and appropriate control. The blank set con-
tained only nutrient broth.

200 µl of each test, control and blank was added to 96 
well ELISA plate, six times and placed in Multimode reader 
(TECAN). An overnight cycle of 45 reads was set up in 
Multimode Reader by providing the temperature of 37 °C 
for bacterial growth. The machine was set to take the OD 
of each sample after every 10,000 s at 620 nm. The effect 
of different concentrations of the drug on bacterial growth 
is plotted by subtracting the absorbance of the test from the 
control at 620 nm.

Results

It has been reported that Ile14 is one of the critical resi-
dues in theM20 loop of bacterial DHFR proteins involved in 
NADPH binding (Sawaya and Kraut 1997; Cao et al. 2018). 
Therefore, we considered the CD1 atom of Ile14 as the grid 
centre for the docking of drugs at the NADPH binding site 
of DHFR. Binding orientations of the drug molecules after 
docking are shown in Fig. 2. In all the DHFR-drug com-
plexes, at least one hydrogen bond is observed. In addition 
to the hydrogen bond(s), non-bonded interactions were also 
seen. The binding energies of Ethacrynic acid, Sulphadi-
azine, Indapamide, and Hydrochlorothiazide with DHFR 
are shown in Table 1. Compared to the DHFR-ethacrynic 
acid complex, DHFR-sulphadiazine, DHFR-indapamide, and 
DHFR-hydrochlorothiazide complexes had higher negative 
binding energies, indicating more excellent stability of the 
complexes. The 2D interaction figures demonstrated the 
presence of hydrogen bonds within the complexes. Hydro-
phobic and pi-pi interactions were also observed (Fig. 3a, 
b, d, and f).  

The DHFR-drug complexes and free DHFR obtained 
from the protein database were considered for MD simula-
tion to compare the stabilities of the DHFR-drug complexes. 
2D representations of the DHFR-drug interactions after MD 
simulation are shown in Fig. 3c, e, and g. Some of the hydro-
gen bonds observed during docking were also present after 
MD simulation. Even the pi–pi stacking in the DHFR-inda-
pamide complex remained. The DHFR residues identified in 

Table 1   Mean binding energy 
and interaction energy values 
after docking and molecular 
dynamic (MD) run of protein 
with ligands

The mean values of binding energy of various drugs—Ethacrynic acid, Sulphadiazine, Indapamide, Hydro-
chlorothiazide along with SD values obtained after docking with respect to grid centre at CD1 of isoleu-
cine14 of DHFR

Drug Binding energy at Ile14 
(mean ± SD) (KJ/mol)

Interaction energy after 
MD run of 10 ns (KJ/mol)

Ethacrynic acid (control) – 21.4074 ± 0.36978 – 35.5336
Sulphadiazine (Antibiotic) – 27.8354 ± 0.567008 – 150.338
Indapamide (Diuretic) – 34.9712 ± 0.43396 – 134.441
Hydrochlorothiazide (Diuretic) – 26.8201 ± 0.278589 – 101.446

https://chem-space.com/real-space
https://proteins.plus/2ozr#poseview
https://proteins.plus/2ozr#poseview
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drug binding after docking and MD simulation are included 
in Table 2. A series of parameters were analyzed after MD 
simulations and are represented in Fig. 4 and supplementary 
Figure S1. Potential energy curves indicated the stability of 
the DHFR-drug complexes compared to that of free DHFR 
and the DHFR-ethacrynic acid complex (Fig. 4a). The radius 
of gyration analysis revealed movement around an average 
value of 1.575 nm, except for the DHFR-ethacrynic acid 
complex (Fig. 4b). The radius of gyration was calculated 
with respect to the structure obtained after energy minimiza-
tion. The RMSD curve reflected the same observation that 
fluctuation was less in the DHFR-hydrochlorothiazide and 
DHFR-indapamide complexes and higher in the DHFR-
ethacrynic complex (Fig. 4c). All three graphs indicated 
the stability of the respective complexes. There were 3–5, 
1–3, and 2–4 hydrogen bonds observed for Sulphadiazine, 
Indapamide and Hydrochlorothiazide, respectively. In the 
DHFR-ethacrynic acid complex, an average of one hydrogen 
bond was found throughout the run (Fig. 4d).

Enthalpy analysis demonstrated the DHFR-drug com-
plexes were more stable compared to that of free DHFR 
(Fig. 4e). The enthalpy figure revealed a similar order of 
stability like potential energy. The free energy of Solva-
tion curves of free DHFR and the DHFR-ethacrynic acid 
complex was identical throughout the run time. Free energy 
of Solvation of DHFR-sulphadiazine was most significant, 
while those for DHFR-hydrochlorothiazide and DHFR-inda-
pamide were similar throughout the run time (Fig. 4f). Cou-
lombic interaction energy of DHFR-hydrochlorothiazide, 
DHFR-indapamide and DHFR-sulphadiazine showed more 
favourable interactions than that of the DHFR-ethacrynic 
acid complex. It was observed that the Coulombic interac-
tion energy of DHFR-hydrochlorothiazide and DHFR-sul-
phadiazine complexes fluctuated around − 150 KJ/mol while 
for the DHFR-Indapamide complex, the values fluctuated 
around − 100 KJ/mol (Fig. 4g). Moreover, we evaluated the 
enthalpy curve after equilibration using the NPT protocol 
and observed the fluctuation patterns were similar to the 

Fig. 2   Interactions of different drugs with Dihydrofolate Reduc-
tase (DHFR) after docking with a  ethacrynic acid, b Sulphadiazine, 
c indapamide and d Hydrochlorothiazide are represented. In ball and 

stick—drug, cartoon—DHFR, stick –residue of DHFR interacting 
with drug, yellow thick dotted line—hydrogen bond and yellow thin 
line—non bonded interactions are represented
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patterns observed after the complete simulation run (Figure 
S1a).

Solvent accessible surface areas were greater for all the 
drug-bound DHFR complexes compared to that of free 
DHFR (Figure S1b). As Ile14 of DHFR is an important 
residue for NADPH binding, we considered this residue as 
the grid centre for docking. The accessible surface area for 
ligand binding and root mean square fluctuation (RMSF) 
of Ile14 were separately observed throughout the trajec-
tory (Figures S1c, d). For the DHFR-hydrochlorothiazide 

complex, both parameters were more significant com-
pared to those for the DHFR-sulphadiazine and DHFR-
Indapamide complexes, which exhibited similar trends. 
Superposed conformations of the DHFR-drug complexes 
after docking, and MD simulation are shown in Figure 
S2. For the DHFR-ethacrynic acid complex, the RMSD 
value was higher, while in the DHFR-sulphadiazine, 
DHFR-Indapamide, and DHFR-hydrochlorothiazide com-
plexes, the values were lower (Table 3). This indicated 
that there were no significant changes in the conformation 

Fig. 3   2D representation of interactions between residues of DHFR 
and drugs. a  Ethacrynic acid, b, c  Sulphadiazine, d, e  Indapamide 
and f, g  Hydrochlorothiazide. In (a, b, d and f) interactions after 

docking while in (c, e and g) interactions after 10 ns MD are repre-
sented. The arc represents the hydrophobic interaction. The pi-pi 
interaction if any, is also represented

Fig. 4   Molecular dynamics (MD) simulation results of the DHFR-drug complexes after 10 ns run are presented. The codes of different drugs 
used in the graphs are et Ethacrynic acid, sd Sulphadiazine, in Indapamide and hy Hydrochlorothiazide
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of DHFR-drug complexes other than the control DHFR-
ethacrynic complex.

The results of the in-vitro experiments supported the 
conclusion of the in-silico study. It is observed that there 
is a dose-dependent increment of the difference of the 
absorbance of the control aliquot and test aliquot at 620 nm 
when increasing Hydrochlorothiazide doses are considered 

ranging from 6 to 14 µg/ml (Fig. 5). This indicates that 
there is a dose-dependent inhibition of bacterial growth in 
the presence of Hydrochlorothiazide. This is possible when 
the drug binds at the bacterial DHFR akin to Sulphonamide 
Antibiotics.

Discussion

Sulphonamide Antibiotics are drugs known to bind with 
DHFR (Reeves et al. 1978; Wood 1942). The interaction 
energies are shown in Table 2, and Fig. 4d, f, and g are con-
sistent with this view. However, there are no previous reports 
that Diuretics, such as Hydrochlorothiazide and Indapamide, 
bind to DHFR. According to our current results, Sulphona-
mide Diuretics Hydrochlorothiazide and Indapamide did 
bind with DHFR, similar to the Sulphonamide Antibiotic 
Sulphadiazine (Table 2; Figs. 2, 3, and 4). The potential 
energy and enthalpy curves throughout the trajectory of 

Table 2   Residues of the 
bacterial Dihydrofolate 
Reductase (DHFR) observed in 
close contact with the drugs by 
hydrogen bonds and non bonded 
interactions after docking and 
Molecular Dynamic (MD) 
simulation are given

Drug Interactions Residues interacting after 
Autodock

Residues interacting 
after MD simulation

Ethacrynic acid Hydrogen bonds Ile 5 None
Ile 94 None
Gly 97 None
Tyr 100 None
Thr 123 None

Sulphadiazine Hydrogen bonds Gly 15 Gly 15
Glu 17

Asp 27 Asp 27
Tyr 100 Tyr 100

Non bonded Ala 6
Ala 7 Met 16
Leu 24 Leu 24

Indapamide Hydrogen bonds Leu 24 Glu 17
Asn 23

Asp 27 Leu 24
Asp 27

Non bonded Ile 5 None
Leu 28 None
Phe 31 None
Ile94 None
Tyr 100 None

Hydrochlorothiazide Hydrogen bonds Ala 7
Ile14 Ala 7
Thr 46 Glu 17
Gly 97 Thr 46
Tyr 100
Thr 123

Non bonded Met 16
Ile 94

Glu 17
His 45

Table 3   Root Mean Square Deviation (RMSD) values of superposed 
structures obtained after docking and Molecular dynamic (MD) simu-
lation

Drugs RMSD values of 
superposed struc-
tures

Ethacrynic acid (Control) 1.185
Sulphadiazine (Antibiotic) 0.853
Indapamide (Diuretic) 0.886
Hydrochlorothiazide (Diuretic) 1.051
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Sulphadiazine and Hydrochlorothiazide had overlapping 
patterns, indicating the complexes had almost the same ener-
gies (Fig. 4a, e). Therefore, these Diuretics may act similar 
to Antibiotics from the perspective of binding with DHFR. 
We believe this observation is crucial for explaining the fact 
that low doses of thiazide and other Sulphonamide Diuretics 
produce superior antihypertensive effects compared to that 
of other classes of antihypertensive drugs. It may be noted 
that the non-sulphonamide diuretic Ethacrynic acid requires 
a higher dose for controlling blood pressure compared to 
thiazide diuretics, although it has 100% bioavailability (Scri-
abine 2007). For Ethacrynic acid, only one hydrogen bond 
was observed throughout the run (Fig. 4d), and the Cou-
lombic interaction energy fluctuated around − 25 KJ/mol 
(Fig. 4g). The contention that Sulphonamide Diuretics can 
act as antibiotics gets support from the results of the in-vitro 
experiment. It is observed that Hydrochlorothiazide reduces 
the growth of E. coli MTCC 1687 in a dose-dependent man-
ner (Fig. 5). Therefore, Hydrochlorothiazide and the other 
Sulphonamide Diuretics may act as an antibiotic.

It is worth noting that the antibiotic actions of various 
drugs used to treat chronic conditions like diabetes mel-
litus are beginning to be revealed. Among the oral anti-
diabetic drugs, Metformin is known to exhibit antibiotic 
action by inhibiting DHFR (Maniar et al. 2017; Gabel et al. 
2017). Also, it has been reported that the antibiotic effect 
of Metformin expands the butyrate-producing taxa of the 
gut microbiome (Maniar et al. 2017; Vallianou et al. 2019). 
Butyrate is a known vasodilator, which, therefore, would be 
predicted to oppose hypertension (Mortensen et al. 1990). 
As expected, Metformin produces hypotensive effects in 
experimental animals, diabetic patients, and other human 
subjects (Muntzel et al. 1999; Landin-Wilhelmsen 1992; 
Majithiya and Balaraman 2006). However, contradictory 
evidence also exists in the literature. For instance, Met-
formin has also been shown to attenuate the reduction of 

in oral glucose-induced hypotension (Wulffelé et al. 2005; 
Borg et al. 2019).

Based on our observations, it was clear that the Sulphona-
mide Diuretics interacted with bacterial DHFR, akin to Sul-
phonamide Antibiotics. Therefore, it is highly probable that 
Sulphonamide Diuretics will inhibit the gut bacterial flora 
expressing DHFR and expand the butyrate-producing taxa, 
similar to that of Metformin. Since Sulphonamide Diuretics 
and Metformin are consumed long-term, unlike Sulphona-
mide Antibiotics, these drugs may act as gut microbiome 
modifiers. Thus, butyrate-induced hypotension would be 
expected in persons consuming Hydrochlorothiazide or 
Indapamide. However, not all cases of persons taking Met-
formin report clinical hypotension (Wulffelé et al. 2005). 
This suggests that other mechanism, in addition to butyrate, 
must be involved in the better antibiotic effect of these Diu-
retics. We hypothesize that the diuretic action, coupled with 
the antibiotic activity, was the reason for the extra benefit 
observed for the Sulphonamide Diuretics in treating hyper-
tension (Fig. 6). On the other hand, it is not known whether 
Sulphonamide Antibiotics, if consumed for a prolonged 
period, would cause hypotension. We believe that the Sul-
phonamide Antibiotics with diuretic effects, if any, have the 
potential to control blood pressure.

These findings should also be considered from another 
angle. If Sulphonamide Diuretics inhibit DHFR and modu-
late the gut microbiome to increase the butyrate-producing 
taxa, then similar to Metformin, they should also be bene-
ficial to patients with diabetes mellitus. However, thiazides 
are known to increase the risk of diabetes (Zhang and Zhao 
2016), which appears to be contradictory to our hypoth-
esis. Thiazides are a class of drugs that increase uric acid 
in vivo (Raja et al. 2019). Increased uric acid is known to 
cause systemic inflammation; which further increases the 
risk of diabetes (McAdams et al. 2012). Therefore, the risk 
of diabetes mellitus is increased with the use of thiazides. 

Fig. 5   Effect of different doses 
of Hydrochlorothiazide on the 
growth of E. coli MTCC 1687 
follows a logarithmic trend. The 
logarithmic equation for the 
above is shown in the graph
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This appears to be a thiazide-specific effect. All Sulphona-
mide Diuretics are not known to increase the risk of diabe-
tes mellitus. Indapamide is recommended among the other 
class of Diuretics for patients with diabetes (Kuo et al. 
2003). In the case of Indapamide, uric acid production is 
less compared to that of thiazides (Elliott et al. 1991), and 
it reduces blood pressure when administered at a low dose 
on alternate days (Inaba et al. 2004).

We believe that in the case of Indapamide and other 
Diuretics with Sulphonamide backbones, it is essential to 
know whether they increase butyrate-producing taxa of 
the gut microbiome. There are preliminary pieces of evi-
dence suggesting that Indapamide improves glycemic and 
lipemic health, in addition to effectively controlling blood 
pressure (Sharabi et al. 1996). We believe this is due to 
its gut microbiome modifying actions, acting through the 
proliferation of the butyrate-producing taxa of gut micro-
biota (Maniar et al. 2017; Pluznick 2017). Only a focused 
clinical study for this purpose can verify these assertions. 
Designing and carrying out such a clinical trial is essential 
as both diabetes and hypertension remain silent killers. If a 
trial bears out the expected results, we will catch two birds 
(diabetes and hypertension) with a single stone (Sulphona-
mide Diuretics like Indapamide).In the future, an in-vitro 

study of the DHFR–Sulphonamide Diuretic interaction 
should be performed to validate our in-silico observations.

Conclusion

 We hypothesize (Fig. 6) that Sulphonamide Diuretics are 
able to bind to bacterial DHFR, similar to Sulphonamide 
antibiotics. This binding should cause the Sulphonamide 
Diuretics to exhibit antibiotic property. Therefore, long term 
consumption of Sulphonamide can affect the gut microbi-
ome to influence vascular health and blood pressure. Keep-
ing into consideration the widespread occurrence of hyper-
tension focussed research to investigate these issues are 
highly warranted.
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