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Network‑based approach 
highlighting interplay 
among anti‑hypertensives: target 
coding‑genes: diseases
Reetu Sharma

Elucidating the relation between the medicines: targets, targets: diseases and diseases: diseases 
are of fundamental significance as‑is for societal benefit. Hypertension is one of the dangerous 
health conditions prevalent in society, is a risk factor for several other diseases if left untreated and 
anti‑hypertensives (AHs) are the approved drugs to treat it. The goal of the study is to decipher the 
connection between hypertension with other health conditions, however, is challenging due to the 
large interactome. To fulfill the aim, the strategy involves prior clustering of the AHs into groups as 
per our previous method, followed by the analyzing functional association of the target coding‑genes 
(tc‑genes) and health conditions for each group. Following our recently published work where the AHs 
are clustered into six groups such that molecules having similar patterns come together, here, the 
distribution of molecular functions and the cellular components adopted by the tc‑genes of each group 
are analyzed. The analyses indicate that kidney, heart, brain or lung related ailments are commonly 
associated with the tc‑genes. The association of selective tc‑genes to health conditions suggests 
a preference for certain health conditions despite many possibilities. Analyses of experimentally 
validated drug–drug combinations indicate the trend in successful AHs combinations. Clinically 
validated combinations bind different targets. Our study provides a promising methodology in 
a network‑based approach that considers the influence of structural diversity of AHs to the functional 
perspective of tc‑genes concerning the health conditions. The method could be extended to explore 
disease–disease relationships.

The drug–target interaction is intrinsically associated with a disease process to produce a desired therapeutic 
effect by enhancing or inhibiting a  function1. The binding of a molecule to its target is chiefly governed by the 
spatial arrangement of structural  frameworks2. The concept of one drug–one disease–one target is failing as the 
human functional interactome involves multi-targets in complex sub-networks and is transitioning towards net-
work mode with multi-drugs: multi-targets: multi-diseases  concept3–5. The symbol “:” describes the association 
in the paper. It is a challenge to decipher the disease mechanisms of the drug–target interactions owing to the 
complexity of interpreting the proteomics network in  disease3. Considering the vast data related to human target 
coding-genes (tc-genes) are available, retrieving meaningful information in a novel way for easy interpretation 
of the interactome based outlook is  needed6.

Network based approaches have been recently popular in unravelling diverse  objectives7; for example, in the 
prediction of drug–drug  combinations8, to quantify the disease–disease9, drug–disease  relationships10, drug effi-
cacy  screening11, and  repurposing5, therefore serve as a valuable tool to follow the cell’s functional  organization12. 
Disease gene products are likely to cluster in a same network neighborhood. The tc-genes and the drugs represent 
nodes within molecular networks often are coupled in both therapeutic and adverse effects. The network based 
functional analyses of a health condition can be used to identify the trend and commonalities associated with  it10.

One such common and dangerous health condition prevalent in today’s generation is hypertension. It is 
characterized by persistent elevated blood pressure, ordinarily displays no  symptoms13. If not treated, it may 
ultimately lead to other severe health issues, thus needs explicit  attention14. Patients failing to achieve adequate 
reductions in blood pressure through DASH (Dietary Approaches to Stop Hypertension) are prescribed anti-
hypertensives (AHs) by  physicians15.  Hydralazine16 and  minoxidil17 (vasodilating drugs);  hydrochlorothiazide18 
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and  chlorthalidone18 (thiazide diuretics);  atenolol19 and metoprolol (angiotensin-converting enzyme inhibitors); 
 amlodipine18 and  nifedipine20 (calcium channel blockers); valsartan, telmisartan, olmesartan and  losartan21 
(angiotensin II receptor blockers) are a few of the first-line drugs that have been generic for several years. With 
the vast amount of AHs and genome-wide association study (GWAS) of tc-genes available, an explicit, compre-
hensive investigation that could relate the tc-genes and the subsequent diseases is interesting in its own right.

Several recent investigations to interpret the mechanism of AHs action are reported. Wu et al.22 suggests a 
mechanism of Uncaria alkaloids treating hypertension through a network based approach that includes pro-
tein–protein interaction network, topology analysis and molecular docking.  Sharma23 devised a three-tiered 
unsupervised learning approach to cluster the molecules into minimum groups such that significant molecules 
displaying similar predominant patterns comes together with minimal human intervention. Principal component 
analysis and k-means followed by statistical check using one-way analysis of similarities (ANOSIM) allow the 
selection of the final  cluster23. The strategy clusters the AHs into six groups; a brief introduction about the pattern 
of each one is as follows; group 1 (g1) includes the molecules with total four–six rings, of which two–three rings 
are five-membered; molecules possessing two–three rings and all are six-membered belong to group 2 (g2), the 
most populated one; group 3 (g3) involves AHs having two rings, of which at least one is a five-membered ring; 
group 4 (g4) consists of molecules comprising four–six rings, where the ratio of total to six-membered rings is less 
than 1.4; group 5 (g5) molecules consist of three-membered rings, of which two are six-membered and the third 
one is either a five or seven-membered ring system; lastly, the monocyclic molecules constitute group 6 (g6)23.

The interactome-based network, although is visually appealing, often provides little information due to its 
 complexity24,25. Extending our efforts in unravelling the trends associated with the medicines or  diseases23,25–27, 
in this paper, we investigate the functional and structural patterns of AHs that have been clustered into six groups 
in our previous  publication23 with the tc-genes and diseases. Clustering of AHs based on common structural 
patterns prior to analyzing the functional association of tc-genes and diseases allow simplifying the large-scale 
network into sub-networks. Altogether, this strategy provides insights into the relation of hypertension to other 
diseases. Here, the trends associated with successful drug–drug combinations and functional aspects of the 
popular marketed AHs have been extracted. The present work provides a powerful methodology to analyze AHs: 
tc-genes: diseases relationship that can be applied to elucidate other disease–disease relationships.

Materials and methods
Data mining. U.S. Food and drug administration agency (FDA) approved anti-hypertensives (AHs) were 
searched from DrugBank (v5.1.2)28 leaving molecules in the clinical trials, experimental, investigational or with-
drawn phase drugs as of December 2018. The dataset is composed of 114 AHs obtained from DrugBank. The 
details of the AHs considered for the study are in Table S1. The structural information about the desired medi-
cines was retrieved from DrugBank. Any of the six groups is referred as group x (gx); for example g1, g2, etc. 
The tc-genesx is the tc-genes associated with a gx; for example, tc-genes1 refers to the tc-genes associated with 
g1 and so forth.

Constructing AHs: tc‑genes interactome network. The targets and the corresponding tc-genes infor-
mation extracted from the UniProt Knowledgebase (UniProtKB)29 were retained if the following criteria were 
followed: (i) the target must be from homo sapiens, (ii) the target should be represented by unique UniProt 
accession, and (iii) the target status need to be marked as reviewed and the bioactivity data for the selected drug–
target pairs, collected from ChEMBL (v20, accessed in December 2018)30 shows inhibition constant/potency 
 (Ki), dissociation constant  (Kd) or median effective concentration  (EC50) ≤ 10 μM. The information retrieved 
was visualized using Cytoscape (v2.8.3)31, an open source software platform. The gx, tx and tc-genesx were rep-
resented as nodes. The edges represented the undefined network’s interaction. The common genes among the 
groups were demonstrated in the form of a matrix.

The percentage of common tc-genes between tc-genesx and tc-genesy  (Cg; %);

Gene ontology (GO). The functional information about the tc-genes was inferred using GO annotation, 
retrieved from  UniProtKB29. Experimentally validated or evidence supported literature for the molecular func-
tions (MF) and cellular components (CC) were extracted excluding the computationally inferred annotations. 
MF and CC denote the molecular activities and the components where the target is reported as active, respec-
tively. Redundancy in the GO was removed before performing the functional analyses. MF activities having 
frequency of occurrence (FOc) more than two in a group were considered for evaluation, except for the g1 where 
FOc of two is considered acceptable owing to its smallest group size.

Pairwise combinations of AHs. The gold-standard pairwise combinations were collected by assembling 
clinical data as mentioned in Cheng et al.8. The generic name of AHs was standardized by MeSH  vocabularies32,33. 
Each drug in combination should have experimentally validated target and must follow the criteria mentioned in 
“Constructing AHs: tc-genes interactome network” section. The clinically successful combinations were assem-
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bled from multiple sources. The duplicates were removed and 21 combinations of AHs were selected for consid-
eration in the study (Table S5).

tc‑genes: disease association. The relevance (p-value) indicating the association between the tc-genes 
and diseases with p-value ≤ 2.0E−9 was extracted from an open source database called Open Targets (OT)34. 
2.0E−9 is the maximum p-value present in all the six groups, hence, was considered as a threshold. The thresh-
old value is chosen such that each group OT platform integrates evidence to a target using Ensembl stable  IDs35 
and the association between diseases by mapping them to experimental factor ontology (EFO)  terms34. OT uses 
human GWAS data for systematic drug target identification and prioritization.

The association score (s) between tc-gene and diseases;

F is the relative occurrence of tc-gene and disease evidence. S is the magnitude or strength of the effect 
described by the evidence. C is the overall confidence for the observation that generates the tc-gene and disease 
evidence.

The definition of diseases is as according to the OT database. Hereafter, the word “diseases” and “health 
conditions” are used interchangeably. The health conditions relating to a tc-gene were distributed according to 
decreasing relevance (p-value). The p-value has an inverse relation to the associated health condition. Lower 
the p-value, higher is the possibility that the health condition is not associated with the tc-gene by chance. Top 
20 health conditions (according to minimum p-value) were analyzed for each group’s distribution and tc-gene: 
disease network analyses.

Results and discussion
The objective of this section is as follows; (i) identification of the unique tc-genes associated with the AHs 
and determining the prevalence of MF activity of the tc-genes, (ii) demonstrating the distribution of CC, (iii) 
network-based analysis of tc-genes in relation to AHs, (iv) analyzing the common tc-genes, (v) the link of the 
tc-genes with other diseases, and (vi) examining the clinically validated drug–drug combinations. The tc-genes 
associated with each group are listed in Table 1.

GO: MF analyses. The g1 has fewest fractions of the tc-genes associated with it (Fig. 1A). The tc-genesx/
gx < 1 for g1 and g6, this indicates that most drugs in the group on an average interact with the selective common 
tc-genes (Table 1). The tc-genesx/gx ~ 2 for g3 and g4, whereas ~ 3 for g5 and g6 suggesting that on an average 
g2-g6 molecules associate with more than one tc-genes (Fig. 1A).

DNA binding is the preferential activity of functional tc-genes1 (Fig. 1B) while tc-genes2 shows selective 
inclination towards voltage-gated calcium channels (VGCC) and metal binding activity (Fig. 1C). VGCC need 
calcium, a type of metal, therefore, both the MF are  related36 and are most prevalent among tc-genes2 (Fig. 1C). 
In contrast to tc-genes1 and tc-genes2, acetylcholine and G-protein coupled receptor (GPCR) are the preferred 
actions of tc-genes3 (Fig. 1D). The GPCR’s heterodimerization and Zn (II) ions are essential for the  function37, 
thus are among the significant MF associated with the tc-genes3.

Similar to tc-genes2, tc-genes4 also has a preference for VGCC and metal ion binding activity (Fig. 1E). 
Maximum adrenergic receptor activity is related to tc-genes5 (Fig. 1F), however, it is one of the most common 
MF among the tc-genes except tc-genes1. This suggests one of the possibilities is that diverse molecules can bind 
adrenergic receptors and the binding sites may be different. The epinephrine binding is the most preferential 
activity of the tc-genes6 (Fig. 1G). The sub-section indicates a molecule can be associated with many functional 
tc-genes’s activities and the tc-genesx is often connected with selective MF in spite of many possibilities.

GO: CC analyses. Following the MF activities analyses, it is fascinating to investigate the CC, the location 
where the functional tc-genes are active. The sub-section discusses CC of the tc-gene products (proteins) of 
each group (Fig. 2). It is observed that plasma membrane and integral component of the plasma membrane/
membrane are the common CC for all tc-genes. As plasma membrane is involved in general processes such as (i) 
a physical barrier to separate cytoplasm and extracellular fluids, (ii) selective permeability to certain molecules, 
(iii) managing endocytosis and exocytosis and (iv) facilitate cell signaling. Therefore, to find a pattern specific to 
tc-genesx, other CC is considered.

s = F ∗ S ∗ C

Table 1.  The number of molecules and the tc-genes belonging to each group.

S. no Group number No. of molecules Unique associated genes (tc-genes)

1 g1 08 07

2 g2 32 60

3 g3 24 44

4 g4 12 31

5 g5 14 46

6 g6 24 16
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Figure 1.  GO: MF analyses. (A) The percentage of unique tc-genes associated with each group, (B) tc-genes1: 
dark blue, (C) tc-genes2: maroon, (D) tc-genes3: green, (E) tc-genes4: violet, (F) tc-genes5: light blue, and (G) 
tc-genes6: orange, respectively. The number of instances of each MF is written at the beginning of the MF name. 
The MF (y-axis) activities associated with the tc-genes (x-axis) are represented in (B–G). The error associated 
with each column represents 5% of the total value.
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Figure 2.  GO: CC analyses. Pie charts demonstrate the distribution of the highly occupied CC associated 
with (A) tc-genes1: dark blue, (B) tc-genes2: maroon, (C) tc-genes3: green, (D) tc-genes4: violet, (E) tc-genes5: 
light blue and (F) tc-genes6: orange, respectively. The color code for each group is as for Fig. 1. The number of 
instances of each CC for a group is written at the beginning.
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The preferred CC for tc-genes1 is nucleus related (Fig. 2A). This is in accordance with the MF analyses in the 
previous sub-section where DNA binding related activities are prevalent for tc-genes1. Most DNA in the form of 
chromatins is located in the nucleoplasm, a gelatinous substance inside the nucleus. Figure 2B suggests that the 
preferred location of action for tc-genes2 is VGCC related. Most of the VGCC complex is located on the dendrites 
of the  neurons38. Exosomes are released from the cell cytoplasm by a calcium-dependent mechanism. Most of 
the tc-genes3 is active on the synapse, neuronal junction, a site of transmission of electrical or chemical impulse 
between two nerve cells (neurons) or neuron segments (dendrites) (Fig. 2C). Similar to tc-genes2, most of the 
functional tc-genes4 is active at VGCC complex (Fig. 2D). This suggests that the MF and CC are substantially 
related. In addition, the tc-genesx has a preference for selective CC and is unrandom.

AHs: tc‑genes analyses. After analyzing the MF and CC related to tc-genes of each group, this sub-section 
investigates the connection between AHs and the functional tc-genes. Most (~ 62%) of the g1 are associated 
with AGTR1 that codes for type-1 angiotensin II receptor (P30556) (Fig. 3iA, Table S2). Irbesartan (DB01029), 
telmisartan (DB00966), olmesartan (DB00275) and losartan (DB00678) of g1 are phenyl-imidazole derivatives. 
They inhibit the action of angiotensin II through the renin-angiotensin system, consequently reduce the arterial 
blood  pressure39. This suggests that several g1 molecules are associated with a tc-genes1, AGTR1. Most of the 
tc-genes1 performs transcription factor activity. In contrast to g1, only two g2 molecules (nicardipine (DB00622) 
and felodipine (DB01023), dihydropyridinecarboxylic acid derivatives) are associated with fifteen and thirteen 
tc-genes2, respectively (Fig. 3iB). Most of the common tc-genes2 codes for acetylcholine, β-adrenergic receptors 
and VGCC subunit. The unique targets and tc-genes associated with groups are listed in Table S3.

Angiotensin converting enzyme (P12821; ACE) is targeted by most (~ one-third) of the g3 molecules (Fig. 3iC, 
Table S2). These molecules are dipeptide derivatives having five and six-membered rings. Following ACE, α-2A 
adrenergic receptor (P08913; ADRA2A) mediates the catecholamine-induced inhibition of adenylate cyclase 
through G-protein’s  action40. Imidazoline/oxazoline derivatives inhibit the activity of the protein. Manidipine 
(DB09238) of g4, a diphenylmethanes derivative, act as a calcium channel blocker is associated with the most 
(~ one-third) of the tc-genes4 involved in the common pathway of VGCC (Fig. 3iiD, Table S2).

Approximately one-third of the tc-genes3 is associated with carvedilol (DB01136), a carbazoles derivative 
(Fig. 3iiE). Most (~ 47%) of the tc-genes3 codes for adrenergic receptors. Bepridil (DB01244), a benzylamine 
derivative additionally has an association with noticeable (one-fourth) tc-genes5 (Fig. 3iiE). Approximately half 
of the tc-genes5 is related to VGCC and two-third is based on calcium dependent mechanism. Nearly 50% of 
the g6 molecules interact with β-1 adrenergic receptor (P08588; ADRB1) and most of the tc-genes6 codes for 
a type of adrenergic receptors. Nine of the g6 interact with β-1 adrenergic receptor (P08588; ADRB1) and β-2 
adrenergic receptor (P07550; ADRB2) (Fig. 3iiF, Table S2). This suggests that only selective between AHs and 
tc-genes are predominant (Fig. 3).

Common tc‑genes among groups. Some of the similar MF or CC of the tc-genes can be justified if the 
tc-genes among the groups are common. Having common tc-genes also indicate their interaction among them 
in enhancing or inhibiting certain function as an anti-hypertensive. Therefore, the Cg (%) among the groups is 
listed in Fig. 4A in the form of a matrix. The tc-genes1 does not share a significant overlap of tc-genes among 
other tc-genes. The observation is in correlation with the distinct broad MF and CC the tc-genes1 possesses. 
Nearly one-fourth of the tc-genes2 is common with tc-genes4 and tc-genes5 (Fig. 4B, Table S4). The tc-genes4 
also share approximately one-fourth of the genes with tc-genes5. Out of the common tc-genes, CAC*, ACE and 
ADR* are related to VGCC, angiotensin I converting enzyme and adrenergic receptors, respectively. The symbol 
“*” indicates anything after the character. The rest of the tc-genes share negligible overlap considering ~ 5% of 
error in assigning the correct group owing to the false negatives and positives in the  cluster20. The overlapping 
tc-genes could be one of the reasons for similar MF or CC among tc-genes2, tc-genes4 and tc-genes5.

Association of the tc‑genes with diseases. The sub-section investigates the relationship between tc-
genesx to the relevant health conditions. The details are in the “Material and methods” section.

All the fourteen tc-genes common among tc-genes2, tc-genes4 and tc-genes5 are associated with anxiety, 
abnormality in renal physiology and urinary system (Fig. 5i,ii). Nearly two-thirds (~ 70%) of the tc-genes is asso-
ciated with behavioral abnormality, cardioectodermal syndrome and sleeping disorders. Out of the fourteen, all 
except adrenergic receptors (ADRA1D, ADRA1A and ADRA1B) show a link with the sleep disorder. Regarding 
cardioectodermal syndrome all except ADRA1B are likely to be associated with it (Fig. 5ii). The complex network 
of common tc-genes is simplified in Fig. 5ii, the analyses suggest that limited tc-genes are associated with sig-
nificant number of health conditions.

After analyzing the health conditions associated with common tc-genes, it is interesting to find the relation-
ship between tc-genesx to the health states. AGTR1, the most redundant among tc-genes1 is linked with all the 
top 20 health conditions. Aneurysm, brain ischemia, abortion, endothelial dysfunction and ischemia reperfusion 
injury are among the unique health conditions associated with the tc-genes1 (Fig. 6iA, Table S5). Some health 
conditions appear to share a link among each other too. For example, weakening of an artery wall (aneurysm) or 
pathological state of the inner lining of the blood vessels (endothelial dysfunction) may disrupt the flow of blood 
to the organs, namely, the brain (brain ischemia) or uterus, therefore can lead to stroke or abortion, respectively. 
Surprisingly, most (~ 95%) of the tc-genes1 is associated with all the health conditions except diastolic heart 
failure condition. The later is likely to be associated with only two tc-genes1, ADTR1 and NR3C2 (Fig. 6iA). 
However, one of the reasons for diastolic heart failure can be hardening of the arteries (aneurysm)41. This suggests 
some of the health conditions can be associated with other health conditions. Also, a few of the health conditions 
have a unique association to tc-genes1.
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Figure 3.  AHs: tc-genes network. (i) (A–C) represents the AHs: tc-genes network in a group. The medicines 
as nodes of A-C are coded as (A) g1: dark blue, (B) g2: maroon and (C) g3: violet, respectively. (ii) (D–F) 
represents the AHs: tc-genes network in a group. The medicines as nodes of D-F are coded as (D) g4: violet, (E) 
g5: light blue and (F) g6: orange, respectively. Yellow nodes code for the targets. The details of AHs and targets 
are listed in Table S2.
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Most of the common tc-genes2 is associated with integral membrane proteins, viz., acetylcholine receptor, 
β-adrenergic receptors and VGCC. Apart from the binding of acetylcholine, acetylcholine receptors respond to 
other molecules as well, for example  nicotine42. Therefore, nicotine dependence, drug dependence, substance 
related and drug induced mental disorders are among most relevant health conditions associated with tc-genes2 

Figure 3.  (continued)
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(Fig. 6iB). Adrenergic receptors are a type of GPCR that targets catecholamines like norepinephrine and epineph-
rine, which are part of sympathetic nervous system. Adrenal medulla locates on the kidneys and regulates the 
secretion of the molecules at the time of anxiety or stress. Epinephrine and norepinephrine affect heart, lungs, 
muscles and blood vessels, which in turn have related health conditions. VGCC are group of voltage regulated ion 
channels with permeability to calcium ions. GWAS analysis supports CACNA1C’s participation in bipolar disor-
der, a behavioral disorder related to abnormal depression and elevated  moods43. Anxiety and substance related 
disorders are commonly associated with bipolar  disorders44. This suggests some health conditions are connected.

ACE and ADRA2A are among tc-genes3 that code for angiotensin converting enzyme and α-2A adrenergic 
receptor, respectively. Angiotensin converting enzyme participates in the renin-angiotensin system to convert 
angiotensin I to angiotensin II. The latter constricts the blood vessels and stimulates the production of aldosterone 
that regulates the fluid balance by the kidneys. In addition, angiotensin II aids in kidney development by affect-
ing growth factors. Mutations in ACE can cause severe kidney related disorders, stroke and heart  failure45–47. A 
recent study also supports that the renin-angiotensin system performs a critical role in causing heart  failure48 
(Fig. 6iiC). This indicates that similar to tc-genes1 and tc-genes2, a few of the tc-genes3 are also associated with 
unique health conditions.

Although most tc-genes4 participates in a common pathway, that is, voltage gated channels. However, the 
health condition may or may not be associated with all twelve tc-genes. Heart related conditions involve a sudden 
cardiac arrest, ventricular tachycardia, cardioelectodermal syndrome and heart disease. Sudden cardiac arrest is 
associated with only five genes, CACNA1H, CACNA1G, CACNB2, CACNA1D and CACNA1C. Although ven-
tricular tachycardia remain a heart related ailment, but is linked with common tc-genes (CACNA1C and CAC-
NA1D). Cardioectodermal syndrome and heart disease are linked to all twelve tc-genes4 (Fig. 6iiD). Unlike heart 
related ailments, kidney related health conditions such as abnormality of the urinary system, renal insufficiency 
and abnormal renal physiology are associated with all the tc-genes. In contrast to kidney related conditions, brain 
related disorders such as cerebral ischemia, intracerebral hemorrhage and ischemic stroke are associated with 
common tc-genes (CACNA1C, CACNA1D, CACNA1S, and CACNA1F). Intracerebral hemorrhage is associ-
ated with an additional tc-gene, CACNB2. Out of a few tc-genes, CACNA1C and CACNA1D are the common 
genes affecting heart, brain and kidney followed by CSCNA1S. This suggests that one form of health condition 
is related to other health conditions through common tc-genes.

Most tc-genes5 instructs to form voltage gated channels and adrenoreceptors. KCNH2 and KCNQ1 are asso-
ciated with all the top relevant health conditions associated with tc-genes5 (Fig. 6iiiE, Table S5). It codes for the 
voltage gated ion channels that modulate the neuronal excitability and neurotransmitter release, thus participates 
in the generation of action potential. The role of VGCC has been discussed in previous sub-section describing 
its relation to heart related disorders. As discussed in the previous sub-sections, ADRB1 and ADRB2 are the 
major interacting tc-genes among tc-genes6 that code for β-1 adrenergic receptor and β-2 adrenergic receptor, 
respectively. A disorder related to muscular pain, stiffness and tenderness (fibromyalgia), partial or complete 
waste away of certain parts (atrophy), infection of the upper airway (croup) and adrenal related health condi-
tions (adrenal gland pheochromocytoma, adrenal medulla neoplasm and adrenal gland disease) are among the 
most relevant and are unique to tc-genes6 (Fig. 6iiiF). Adrenal gland constitutes adrenergic and non-adrenergic 
chromaffin cells. All the tc-genes6 is associated with adrenal gland disease. This suggests that a few of the health 
conditions are specific to a tc-genesx whereas the rest are common among tc-genes.

Association between tc‑genes and organ related health conditions. Renal related ailment tops the 
chart, showing maximum association to all except tc-genes3 and tc-genes6 (Fig. 7). All except tc-genes6 affect 
kidney, heart and brain related health conditions. Unlike the rest, tc-genes6 shows an association with the adre-
nal glands (Table  S5). The tc-genes2 and tc-genes3 list  the maximum number of abnormality related to the 
nervous system. Most tc-genes4 is related to a heart ailment. Arterial disorder, followed by the central nervous 
system related health condition is associated with most tc-genes5. Although all AHs are associated primarily 
with kidney, heart and brain, but the specific type of disorder is typically restricted to each group (Fig. 7). The 
analyses of this sub-section suggest that more than one tc-gene within a group is frequently associated with 
similar health conditions.

Experimentally validated combinations of AHs. Following analyses of the association between tc-
genes and health conditions, the sub-section investigates the known experimentally validated combinations of 
AHs reported in Cheng et al.8 to identify the trend in successful drug–drug combinations for treating the health 
condition.

The twenty-one experimentally validated drug–drug combinations for treating hypertension involve nineteen 
unique AHs (Table S6). Out of these, more than two-thirds belong to g2. Hydrochlorothiazide and amlodi-
pine provide the maximum number of approved combinations interacting with nearly two-third (~ 61%) and 
one-fourth (~ 19%) of them, respectively (Fig. 8). Hydrochlorothiazide and amlodipine have nearly one-fourth 
(~ 23%) of the same combination partners including each other (Fig. 8). Despite having high partners (fifteen), 
hydrochlorothiazide shows interaction with only four targets (Fig. 7). On the other hand, amlodipine inter-
acts with more targets (nine) than approved combinations (four). Although felodipine has only one reported 
drug–drug combination but binds with most targets among AHs involved in clinically approved combinations 
(Fig. 9). Approximately one-third (~ 36%) of the AHs involved as combinations interact with a β-2 adrenergic 
receptor (P07550; ADRB1) and β-1 adrenergic receptor (P08588; ADRB2). Both carry out agonist and the antago-
nist type of activity. ADRB1 and ADRB2 occupy separate sites for the highest level of expression; for ADRB1 and 
ADRB2, it is squamous epithelium and placenta, respectively. It is crucial to note we observed that successfully 
clinically validated AHs combinations often interact with various targets (Fig. 8). 
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Nearly half of the pairwise combinations are between g2 and g6 molecules. Except for g2 molecules, no other 
groups have clinically validated combinations within them. Nearly one-fourth (~ 23%) of the combinations are 
within g2 molecules. The g2 molecules deliver the maximum number of combinations. Analyses of the experi-
mentally validated combinations suggest the following trend; g2 > g6 > g1 > g3 = g4 = g5 in producing successful 
drug combinations (Table S6). This suggests the preference of AHs in obtaining drug–drug combinations.

In the recent studies, Guo et al.49 incorporated network based genome-wide gene prediction methods while 
Li et al.50 assigned the topology and agent scores to identify potential drug–drug combinations. In contrast, our 
study identifies the pattern associated with the successful combinations treating hypertension.

The prior clustering of the AHs followed by a network based approach of AHs: tc-genes: diseases aids in deci-
phering the relationship between hypertension to other health conditions. The correct clustering of the molecules 
is salient (ignoring ~ 5% of error) and can relate the structural patterns to its function. The reverse tracing the 
action of AHs identifies the tc-genes which in turn are associated with health conditions.

Conclusion
The paper reports the interplay among AHs: tc-genes: diseases through network based approach. Recent experi-
mental studies augment our findings so far. Overall, the study suggests that tc-genes associated with AHs groups 
have a preference in MF and CC activities. There are many AHs interacting selective common targets as well 
as a few AHs are interacting with many targets. Most AHs interacting with distinct targets are involved in the 

Figure 4.  Representation of the common tc-genes. (A) Matrix depicts the percentage of common tc-genes. The 
open, one-fourth, half and full filled circle refer the approximate percentage of common molecules as of the row, 
for easy visualization, (B) Venn diagram showing common tc-genes among tc-genes2, tc-genes4 and tc-genes5.
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Figure 5.  (i) Network of the common tc-genes and diseases. The common tc-genes and health conditions are as 
yellow and white nodes, respectively. The full form of the health conditions is available in Table S5. (ii) Common 
tc-genes and health conditions. The y and x-axis represents the percentage of association with the common 
tc-genes. The full form of the health conditions is listed in Table S5.
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Figure 6.  The tc-genesx: disease relationship. (i) Association of selective (A) tc-genes1 (yellow): disease (dark 
blue) and (B) tc-genes2: disease network (maroon). The tc-genes2 associated with nicardipine and felodipine 
is represented as yellow and maroon, respectively. (ii) Association of selective (C) tc-genes3 (yellow): disease 
(green) network and (D) tc-genes4 (yellow): disease (magenta) network. The interaction between ACE and 
ADRA2A are represented as grey and red edge, respectively in (C). (iii) Association of selective (E) tc-genes5 
(yellow): disease (light blue) network and (F) tc-genes6 (yellow): disease (orange) network. The interaction 
between ADRB1 and ADRB2 are represented as red and grey edges, respectively in (F). The full form of the 
diseases is listed in Table S5.
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Figure 6.  (continued)

Figure 7.  Distribution of the tc-genes associated with the health conditions. (A–F) The bar graph represents 
the number of tc-genes (x-axis) associated with the top 20 health conditions (y-axis). The color code of each 
group is the same as for Fig. 1. The full form of abbreviated health conditions is listed in the supplementary 
information, Table S5.
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same pathway. The top health conditions associated with tc-genes are mainly renal, heart, brain or lung related 
conditions. There are trends for successful drug–drug combinations and these pairs bind separate targets.

Received: 15 March 2020; Accepted: 10 August 2020

Figure 8.  Network of selective experimentally validated drug–drug combinations for treating hypertension. 
The AHs are represented as black nodes except amlodipine and hydrochlorothiazide, which are in dark green 
background.

Figure 9.  Network of AHs prescribed in drug–drug combinations and targets. The nodes of the targets and 
AHs are in the yellow and black background, respectively.



15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20152  | https://doi.org/10.1038/s41598-020-76605-1

www.nature.com/scientificreports/

References
 1. Jain, B., Raj, U. & Varadwaj, P. K. Drug target interplay: A network-based analysis of human diseases and the drug targets. Curr. 

Top Med. Chem. 18(13), 1053–1061 (2018).
 2. Lipinski, C. & Hopkins, A. Navigating chemical space for biology and medicine. Nature 432(7019), 855–861 (2004).
 3. Casas, A. I. et al. From single drug targets to synergistic network pharmacology in ischemic stroke. PNAS 116(14), 7129–7136 

(2019).
 4. Kumar, A., Tiwari, A. & Sharma, A. Changing paradigm from one target one ligand towards multi-target directed ligand design 

for key drug targets of alzheimer disease: An important role of in silico methods in multi-target directed ligands design. Curr. 
Neuropharmacol. 16(6), 726–739 (2018).

 5. Cheng, F. et al. Network-based approach to prediction and population-based validation of in silico drug repurposing. Nat. Com-
mun. 9(1), 1–12 (2018).

 6. Hopkins, A. L. Network pharmacology. Nat. Biotechnol. 25(10), 1110–1111 (2007).
 7. Yildirim, M. A., Goh, K.-I., Cusick, M. E., Barabási, A.-L. & Vidal, M. Drug–target network. Nat. Biotechnol. 25(10), 1119–1126 

(2007).
 8. Cheng, F., Kovács, I. A. & Barabási, A.-L. Network-based prediction of drug combinations. Nat. Commun. 10(1), 1197 (2019).
 9. Menche, J. et al. Uncovering disease–disease relationships through the incomplete interactome. Science 347, 6224 (2015).
 10. Stathias, V. et al. Drug and disease signature integration identifies synergistic combinations in glioblastoma. Nat. Commun. 9(1), 

5315 (2018).
 11. Guney, E., Menche, J., Vidal, M. & Barábasi, A.-L. Network-based in silico drug efficacy screening. Nat. Commun. 7(1), 1–13 (2016).
 12. Barabási, A.-L. & Oltvai, Z. N. Network biology: Understanding the cell’s functional organization. Nat. Rev. Genet. 5(2), 101–113 

(2004).
 13. Erickson, S. R., Williams, B. C. & Gruppen, L. D. Perceived symptoms and health-related quality of life reported by uncomplicated 

hypertensive patients compared to normal controls. J. Hum. Hypertens. 15(8), 539–548 (2001).
 14. Kearney, P. M. et al. Global burden of hypertension: Analysis of worldwide data. Lancet 365(9455), 217–223 (2005).
 15. Ali, M. A., Rizvi, S. & Syed, B. A. Trends in the market for antihypertensive drugs. Nat. Rev. Drug Discov. 16(5), 309–310 (2017).
 16. Silas, J. H., Ramsay, L. E. & Freestone, S. Hydralazine once daily in hypertension. Br. Med. J. Clin. Res. Ed. 284(6329), 1602–1604 

(1982).
 17. Sica, D. A. Minoxidil: An underused vasodilator for resistant or severe hypertension. J. Clin. Hypertens. (Greenwich) 6(5), 283–287 

(2004).
 18. Nwachukwu, D. C. et al. Monotherapy with amlodipine or hydrochlorothiazide in patients with mild to moderate hypertension: 

Comparison of their efficacy and effects on electrolytes. Malawi. Med. J. 29(2), 108–112 (2017).
 19. Smith, S. M. et al. Blood pressure responses and metabolic effects of hydrochlorothiazide and atenolol. Am. J. Hypertens. 25(3), 

359–365 (2012).
 20. Murphy, M. B., Scriven, A. J. & Dollery, C. T. Role of nifedipine in treatment of hypertension. Br. Med. J. Clin. Res. Ed. 287(6387), 

257 (1983).
 21. Nixon, R. M., Müller, E., Lowy, A. & Falvey, H. Valsartan vs other angiotensin II receptor blockers in the treatment of hypertension: 

A meta-analytical approach. Int. J. Clin. Pract. 63(5), 766–775 (2009).
 22. Wu, W. et al. A network-based approach to explore the mechanisms of Uncaria alkaloids in treating hypertension and alleviating 

Alzheimer’s disease. Int. J. Mol. Sci. 21, 5 (2020).
 23. Sharma, R. Cluster analysis to identify prominent patterns of anti-hypertensives: A three-tiered unsupervised learning approach. 

Inform. Med. Unlock. 19, 100303 (2020).
 24. Vidal, M., Cusick, M. E. & Barabási, A.-L. Interactome networks and human disease. Cell 144(6), 986–998 (2011).
 25. Sharma, R. Data science-driven analyses of drugs inducing hypertension as an adverse effect. Mol. Divers. 20, 10059 (2020).
 26. Sharma, R., Kothapalli, R., Dongen, A. M. J. V. & Swaminathan, K. Chemoinformatic identification of novel inhibitors against 

mycobacterium tuberculosis L-aspartate α-decarboxylase. PLoS ONE 7(3), e33521 (2012).
 27. Sharma, R., Florea, M., Nau, W. M. & Swaminathan, K. Validation of drug-like inhibitors against Mycobacterium tuberculosis 

L-aspartate α-decarboxylase using nuclear magnetic resonance (1H NMR). PLoS ONE 7(9), e45947 (2012).
 28. Wishart, D. S. et al. DrugBank 5.0: A major update to the DrugBank database for 2018. Nucleic Acids Res. 46(D1), D1074–D1082 

(2018).
 29. The UniProt Consortium. UniProt: The universal protein knowledgebase. Nucleic Acids Res. 45(D1), D158–D169 (2017).
 30. Gaulton, A. et al. ChEMBL: A large-scale bioactivity database for drug discovery. Nucleic Acids Res. 40(D1), D1100–D1107 (2012).
 31. Shannon, P. et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 

13(11), 2498–2504 (2003).
 32. Aljaber, B., Martinez, D., Stokes, N. & Bailey, J. Improving MeSH classification of biomedical articles using citation contexts. J. 

Biomed. Inform. 44(5), 881–896 (2011).
 33. Dhammi, I. K. & Kumar, S. Medical subject headings (MeSH) terms. Indian J. Orthop. 48(5), 443–444 (2014).
 34. Koscielny, G. et al. Open targets: A platform for therapeutic target identification and validation. Nucleic Acids Res. 45, D985–D994 

(2017).
 35. Aken, B. L. et al. The Ensembl gene annotation system. Database (Oxford) 2016, 93 (2016).
 36. Zamponi, G. W., Striessnig, J., Koschak, A. & Dolphin, A. C. The physiology, pathology, and pharmacology of voltage-gated calcium 

channels and their future therapeutic potential. Pharmacol. Rev. 67(4), 821–870 (2015).
 37. Haack, K. K. V. & McCarty, N. A. Functional consequences of GPCR heterodimerization: GPCRs as allosteric modulators. Phar-

maceuticals (Basel) 4(3), 509–523 (2011).
 38. Simms Brett, A. & Zamponi Gerald, W. Neuronal voltage-gated calcium channels: Structure, function, and dysfunction. Neuron 

82(1), 24–45 (2014).
 39. Yim, H. E. & Yoo, K. H. Renin-angiotensin system—considerations for hypertension and kidney. Electrolyte Blood Press. 6(1), 

42–50 (2008).
 40. Simonds, W. F. G protein regulation of adenylate cyclase. Trends Pharmacol. Sci. 20(2), 66–73 (1999).
 41. Swan, H. J. C., Magnusson, P. T., Buchbinder, N. A., Matloff, J. M. & Gray, R. J. Aneurysm of the cardiac ventricle. West J. Med. 

129(1), 26–40 (1978).
 42. Ren, Z. J. et al. Nicotinic acetylcholine receptor (nAChR) dependent chorda tympani taste nerve responses to nicotine, ethanol 

and acetylcholine. PLoS ONE 10, 6 (2015).
 43. Stahl, E. A. et al. Genome-wide association study identifies 30 loci associated with bipolar disorder. Nat. Genet. 51(5), 793–803 

(2019).
 44. Yapici Eser, H., Kacar, A. S., Kilciksiz, C. M., Yalçinay-Inan, M. & Ongur, D. Prevalence and associated features of anxiety disorder 

comorbidity in bipolar disorder: A meta-analysis and meta-regression study. Front. Psychiatry 9, 2 (2018).
 45. Riegger, A. J. ACE inhibitors in congestive heart failure. Cardiology 76(Suppl 2), 42–49 (1989).
 46. Sharma, P. Meta-analysis of the ACE gene in ischaemic stroke. J. Neurol. Neurosurg. Psychiatry 64(2), 227–230 (1998).
 47. Ha, S.-K. ACE insertion/deletion polymorphism and diabetic nephropathy: Clinical implications of genetic information. J. Diabet. 

Res. 2014, 2 (2014).



16

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20152  | https://doi.org/10.1038/s41598-020-76605-1

www.nature.com/scientificreports/

 48. Arendse, L. B. et al. Novel therapeutic approaches targeting the renin-angiotensin system and associated peptides in hypertension 
and heart failure. Pharmacol. Rev. 71(4), 539–570 (2019).

 49. Guo, Y. et al. Network-based combinatorial CRISPR-Cas9 screens identify synergistic modules in human cells. ACS Synth. Biol. 
8(3), 482–490 (2019).

 50. Li, S., Zhang, B. & Zhang, N. Network target for screening synergistic drug combinations with application to traditional Chinese 
medicine. BMC Syst. Biol. 5(Suppl 1), S10 (2011).

Acknowledgements
RS thanks Department of Biotechnology-BioCARe, New Delhi for the financial assistance through DBT Grant 
(BT/PR18249/BIC/101/390/2016). We are thankful to CSIR-IICT Director for the support (IICT/Pubs./2020/069). 
The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Author contributions
R.S. conceived the idea, designed, performed, analyzed and drafted the manuscript.

Competing interests 
The author declares no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-76605 -1.

Correspondence and requests for materials should be addressed to R.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-76605-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Network-based approach highlighting interplay among anti-hypertensives: target coding-genes: diseases
	Materials and methods
	Data mining. 
	Constructing AHs: tc-genes interactome network. 
	Gene ontology (GO). 
	Pairwise combinations of AHs. 
	tc-genes: disease association. 

	Results and discussion
	GO: MF analyses. 
	GO: CC analyses. 
	AHs: tc-genes analyses. 
	Common tc-genes among groups. 
	Association of the tc-genes with diseases. 
	Association between tc-genes and organ related health conditions. 
	Experimentally validated combinations of AHs. 

	Conclusion
	References
	Acknowledgements


