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Abstract
It is well known that a myriad of medications and substances can induce side effects that are related to blood pressure (BP)
regulation. This study aims to investigate why certain drugs tend to cause iatrogenic hypertension (HTN) and focus on drug
targets that are implicated in these conditions.

Databases and resources such as SIDER, DrugBank, and Genomatix were utilized in order to bioinformatically investigate
HTN-associated drug target-genes for which HTN is a side effect. A tree-like map was created, representing interactions
between 198 human genes that relate to the blood pressure system. 72 HTN indicated drugs and 160 HTN-inducing drugs
were investigated. HTN-associated genes affected by these drugs were identified. HTN indicated drugs, which target nearly
all branches of the interaction tree, were shown to exert an effect on most functional sub-systems of the BP regulatory
system; and specifically, for the adrenergic and dopaminergic receptor pathways. High prevalence (25 genes) of shared
targets between the HTN indicated and HTN-inducing drug categories was demonstrated. We focus on six drug families
which are not indicated for HTN treatment, yet are reported as a major cause for blood pressure side effects. We show the
molecular mechanisms that may lead to this iatrogenic effect. Such an analysis may have clinical implications that could
allow for the development of tailored medicine with fewer side effects.

Introduction

Hypertension (HTN) is a multifactorial condition involving
many genes, whose widespread distribution across many
cellular subsystems causes HTN and less frequently hypo-
tension [1, 2]. HTN is a common side effect exerted
by drugs that are indicated for unrelated medical

conditions [3, 4]. Iatrogenic HTN can be aggravated further
by drug interactions [5, 6].

Drug interactions may derive very often from simulta-
neous anti-HTN drugs and other medications that exert
iatrogenic HTN. This is exemplified by the drug interactions
observed in hypertensive patients who are treated for
movement disorders [7]. Most HTN [8] as well as Parkin-
son’s disease (PD) [9, 10] patients are elderly, thus the total
body burden of drugs is higher in the elderly. Consequently,
adverse effects and drug interactions including iatrogenic
HTN are very common [11].

Iatrogenic HTN casts a shadow on the routine medical
regimens, leading to excessive morbidity and mortality,
adding an increased burden to national health budgets.
Previous studies have provided important clinical and
pharmacological insights into the iatrogenic HTN phe-
nomenon [12, 13].

A bioinformatic analysis and systems biology meth-
odologies were employed in this study, to investigate HTN-
associated drug targets for which HTN is a side effect. A
systematic approach to the genetic mechanisms is crucial to
decipher the clinical implications of this severe side effect,
increasing the awareness to genetically-determined drug
interactions, and ultimately lead to a more precise approach
towards the use of therapeutic drugs.
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Fig. 1 A tree-like representation of hypertension associated genes and
drug targets. Nodes represent hypertension associated genes while
edges represent protein–protein interactions. Green circles mark
hypertension indicated drug targets. Red circles denote hypertension-

inducing drug targets. Tree branch annotations are based on GO
annotations and Uniprot gene descriptions (primary branches are
denoted in bold)
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Materials and methods

This study scrutinized a set of 198 human genes that relate
to the BP system. These genes were identified and extracted
by means of bioinformatic analysis performed previously by
Botzer et al. [14]. A tree-like map representation was
employed to visualize the interactions among these genes
(Fig. 1). This protein–protein interaction map displays the
198 HTN-associated genes, where the nodes represent the
genes and the edges represent the interactions. The map was
created implementing the GePS® module of the Genomatix
software suite. The GePS module is a literature-based
Genomatix tool which makes a tree-like graph that high-
lights the most significant interactions. This module enables
to reduce the number of displayed interactions with minimal
loss of relevant information as compared with a full inter-
action map which typically consists of many hundreds of
interactions [15].

An analysis of BP related drugs that target these inves-
tigated 198 genes was performed. Drugs which affect BP
are classified into two basic categories: (1) drugs that are
indicated for HTN/hypotension treatment, (2) drugs that are
not indicated for HTN/hypotension treatment but are
reported to exert iatrogenic HTN/hypotension.

The drugs were identified via SIDER (http://sideeffects.
embl.de/)—a computer-readable side effect resource tool
that connects hundreds of drugs to a multitude of side-effect
terms. This tool compiles drug package inserts from several
public sources, in particular from the US Food and Drug
Administration (FDA), in the form of either structured
product labeling (SPL) or PDF and extracts side-effects
from these labels using text mining methods [16].

Drug labels within package inserts contain sections
describing adverse reactions. SIDER automatically

interprets the text and labels on these inserts and obtains
information on the frequencies of the side effects, either as a
general frequency range or as an exact frequency. Side
effects that occurred in the post-marketing phase were also
extracted from SIDER and reported.

Since text mining techniques are prone to inherent
inaccuracies, it was extremely important to manually verify
the attribution of drug results within the lists and validate
their correctness.

For these drugs, gene targets, side effects, and toxicity
information were retrieved (for each drug separately) using
DrugBank database (https://www.drugbank.ca/), a bioin-
formatics and cheminformatics tool that consolidates
detailed chemical, pharmacological, and pharmaceutical
data with extensive drug target information such as
sequence, structure, and pathway [17]. The toxicity data
was cross checked with the adverse side-effect attributes
that had been obtained from SIDER.

Results

Seventy-two drugs, extracted from SIDER, are indicated for
HTN (see full drug list in Supplementary Table 1). Out of
these, 70 drugs (97%) include in their listed targets one
gene-target or more that is also included in the study list of
198 HTN-associated genes. There were 160 drugs that
reportedly induce HTN as an adverse side effect, 63 drugs
(40%) of which include in their listed targets one HTN-
associated gene, or more, from the original list of 198 genes
(the full drug list can be found in Supplementary Table 2).
A control group containing 1092 drugs was positively
selected for the absence of association with HTN annotation
in their indications and their adverse effect fields. In this

Table 1 Drug target summary
per category

No. of drugs indicated
for HTN

No. of drugs inducing
HTNa

No. of drugs with no
HTN effectb

Total number of drugs 72 160 1092

Drugs with at least 1 HTN-
associated target

70 63 229

% drugs with at least 1 HTN-
associated target

97% 40% 20%

HTN-associated genesc 49 40 77

non-HTN-associated genesc 59 229 1246

HTN-associated genes : non-
HTN-associated genesd

1:1.2 1:5.7 1:16

aDrugs that are not prescribed for HTN, but cause HTN adverse side effect
bDrugs that are not prescribed for HTN nor have HTN adverse side effect, hence serve as a control group
cGenes that appear as drug target of more than one drug are only counted once
dHTN-associated/non-HTN-associated gene ratio, suggesting an enrichment grade of hypertension associated
targets in relation to the remaining (non-hypertension associated) gene targets per category. A two-tailed
Fisher Exact test calculated on all combinations of 2 × 2 contingency table resulted in P value < 0.0001
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control group only 229 drugs (20%) include one HTN-
associated gene, or more, from the original list of 198 genes
in their listed targets (see summary in Table 1).

The number of drugs that target each gene is shown in
Table 2. The left column lists genes that are targeted by
drugs that are prescribed for BP (HTN indicated drugs). The
right column lists genes that are targeted by drugs that are
not prescribed for BP (HTN-inducing drugs), but reportedly
exert iatrogenic HTN. Evidently, the two lists of genes
largely overlap: The adrenergic receptor genes (ADRB1,
ADRB2, ADRA1A, ADRA1B, ADRA2A, and ADRA1D)
as well as representatives of the renin-angiotensin pathway
(ACE and AGTR1) appear in the highest frequency counts
among the drugs in the HTN indicated drug category. For
the iatrogenic HTN-inducing drug category we obtained a
list that mostly constitutes adrenergic receptor genes
(ADRA2A, ADRA2B, ADRA2C, ADRA1A, and
ADRA1B), dopaminergic receptor genes (DRD2, DRD1,
DRD3, DRD4, and DRD5) and prostaglandin synthesis
genes (PTGS2 and PTGS1).

For the purpose of visualization, the gene targets for both
HTN indicated and HTN-inducing drugs are superimposed
onto a tree-like representation of the HTN-associated genes
interaction map (Fig. 1). Two main observations are evident
from this representation of data:

(1) HTN indicated drugs target nearly all branches of the
interaction tree, indicating an effect on most functional sub-
systems of the BP regulatory system (sympathetic activity,
renin–angiotensin–aldosterone system, volume regulation,
aldosterone regulated sodium reabsorption, regulation of
electrolyte homeostasis, endothelial vasoconstriction).

(2) High prevalence (25 genes) of shared targets between
the HTN indicated and HTN-inducing categories, specifi-
cally for the adrenergic and dopaminergic receptor
pathways.

Discussion

Gene targets for HTN indicated drugs (Tables 2 and 3) are
associated with many of the known HTN regulatory path-
ways, such as sodium reabsorption, smooth muscle con-
traction, or modulation of the sympathetic nervous system
activity [18].

Gene targets of the HTN-inducing drugs (Tables 2 and 4)
assume a high prevalence of shared targets (25) with HTN
indicated drugs. This is well demonstrated across the tree-
like representation map (Fig. 1, in which red and green
circles display the shared targets). The shared group con-
sists of gene targets that are associated with the drug classes
of alpha blockers, central alpha agonists, beta blockers, and
aldosterone antagonists. This observation suggests that by
and large, the side effect exerted on BP by non-indicated
drugs is obtained via the same mechanisms of the HTN
indicated drugs.

General mechanisms

BP regulation is based on several subsystems—the renin-
angiotensin-aldosterone system (RAAS), adrenergic ner-
vous system, kidney function and blood flow, hormonal
regulatory systems (adrenal cortical hormones, vasopressin,
thyroid, insulin) and agents affecting the vascular

Table 2 Drug target frequency

HTN indicated drugs HTN-inducing drugs

Target Frequencya Target Frequencya

ADRB1 19 ADRA2A 16

ADRB2 19 ADRA2B 13

ADRA1A 16 ADRA2C 13

ADRA1B 12 DRD2 13

ACE 11 PTGS2 13

ADRA1D 10 ADRA1A 11

ADRA2A 10 DRD1 11

ADRA2B 9 DRD3 11

ADRA2C 7 DRD4 11

AGTR1 7 PTGS1 11

CACNA1C 6 ADRA1B 9

CA1 5 DRD5 8

CA2 5 SLC6A2 7

CACNA2D1 5 ADRB2 5

SLC12A3 5

aOnly genes that are targeted by 5 or more drugs are listed

Table 3 Hypertension indicated drug families with respective eminent
gene targets

Drug family Drug targets

ACE Inhibitors ACE

Aldosterone antagonists NR3C2

Alpha blockers ADRA1A, ADRA1B

Angiotensin II receptor
blockers (ARB’s)

AGT, AGTR1

Beta blockers ADRB1, ADRB2

Calcium channel blockers CACNA1A, CACNA1C,
CACNA1H, CACNA2D1,
CACNG1

Central alpha agonists ADRA1B, ADRA2A

Thiazide/loop diuretics CA2, SLC12A1, SLC12A3

K sparing diuretics SCNN1A, SCNN1B, SCNN1G,
SLC9A1

Renin inhibitor REN

Endopeptidase inhibitors MME

Vasodilators NPR1
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endothelium (nitric oxide, bradykinin, prostaglandin,
endothelin) [19, 20].

Modifications of these factors by HTN-inducing drugs
may explain their effects on BP. There are various
mechanisms and agents by which drugs can induce iatro-
genic HTN. Drugs which expand fluid volume, stimulate
the sympathetic nervous system, act directly on the central
nervous system (CNS), interfere with the action of anti-
hypertensive drugs or cause paradoxical responses to anti-
HTN agents and increase heart rate and contractility, may
all cause changes in BP [21, 22].

Certain agents such as amphetamines, cocaine, ephedra,
and several antidepressants can affect the sympathetic ner-
vous system through norepinephrine or norepinephrine-like
stimulation [23, 24]. Cocaine and tricyclic antidepressants
act directly on alpha2 receptors in the locus ceruleus in the
brain stem [25, 26]. Stimulation of peripheral adrenergic
alpha-receptors causes vasoconstriction, while stimulation
of myocardial adrenergic beta-receptors increases con-
tractility and heart rate, both of which lead to increased BP.
Under normal circumstances, compensatory mechanisms
are triggered, decreasing total peripheral resistance, which
usually maintains normal BP [27, 28]. However, drugs that
induce iatrogenic HTN may blunt or debilitate this com-
pensatory response [13].

The kidneys and the renin–angiotensin–aldosterone sys-
tem interact to control arterial BP. Decreases in kidney
blood flow or BP, sodium depletion or volume depletion all
cause an increase in the secretion of renin from the kidney.
Renin mediates the transformation of angiotensinogen to
angiotensin I, which is converted by angiotensin converting
enzyme (ACE) to angiotensin II. Angiotensin II is a potent
vasoconstrictor that triggers production of aldosterone,
which leads to sodium and water retention [29, 30]. Certain
drugs such as nonsteroidal anti-inflammatory drugs
(NSAIDs), cyclooxygenase-2 (COX-2) selective inhibitors,
and several immunosuppressants can indirectly trigger renin
release, mainly by decreasing kidney perfusion. This effect
is commonly overcome by negative feedback mechanisms
that impede excessive renin release. However, this may not
occur in patients taking drugs that induce HTN, or other
cardiovascular risk factors, or in patients with chronic kid-
ney disease [30–32]. Generalized vasoconstriction, princi-
pally in the kidneys, is hypothesized to cause cyclosporine-
induced HTN [33, 34].

Hormonal dysregulation can result in the development of
HTN by inducing insulin resistance (the metabolic syn-
drome), or sodium retention and consequently water reten-
tion [35].

Beta-adrenergic receptor blocking agents (beta-blockers)
and centrally acting alpha-receptor agonists are known to
cause rebound HTN when abruptly discontinued. Chronic
exposure to beta-blocking agents causes up-regulation andTa
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expression of beta-receptors. Consequently, excessive sti-
mulation of these additional beta-receptors occurs, poten-
tially resulting in increased heart rate and BP, resulting in
rebound HTN [36, 37].

The mechanism by which rebound HTN occurs with
central alpha-agonists has not been fully confirmed, but is
considered to be similar to that of beta-blockers [6, 38, 39].
When a chronic central alpha-agonist therapy is employed,
the density and/or sensitivity to alpha-receptors are ele-
vated. Withdrawal of the central alpha-agonist therapy
induces increased plasma norepinephrine concentrations,
peripheral alpha-receptor stimulation, and increased BP
(i.e., Clonidine) [40–43].

Table 4 presents the major groups of drugs that can
induce iatrogenic HTN. Following is a discussion explain-
ing the possible mechanisms through which each group can
cause iatrogenic HTN by interactions with drug target genes
identified in this study.

Antidepressant drugs

This family induces its effect on BP via two primary gene
families—ADRA1A, ADRA2A which code for alpha1/
alpha2 adrenoreceptors and the SLC6A2 which encodes for
norepinephrine transporter that is responsible for the
sodium-chloride dependent reuptake of extracellular nor-
epinephrine as well as dopamine reuptake. Mechanisms
through which tricyclic antidepressants may induce hypo-
tension are the blockade of postsynaptic alpha1 and alpha2
receptors that lead to peripheral vasodilation [44, 45].
Hypotension is frequently evidenced in severe cases of
tricyclic antidepressants overdose (intentional or incidental
intoxication) and poses a therapeutic challenge in intensive
care treatment [46].

The fact that the length of time required for all drugs
from this family to become effective regardless of their
mechanism of action, is approximately several weeks,
implies that they modify gene expression in the brain. The
resulting altered biochemical state, takes effect over a pro-
longed period of time until stabilization is reached [47].

The following antidepressant drugs represent typical
modes of action:

Clomipramine is a tricyclic antidepressant that may exert
iatrogenic HTN. Its main active metabolite desmethylclo-
mipramine acts preferentially as noradrenaline reuptake
inhibitor. Additionally, alpha1-receptor blockage and beta-
receptor down-regulation most likely play a role in the
short-term effects of clomipramine [17].

Trazodone is a tetracyclic antidepressant that exerts a
sedative effect by its alpha-adrenergic blocking action and
mild histamine blockade at H1 receptor. It weakly blocks
presynaptic alpha2-adrenergic receptors and strongly inhi-
bits postsynaptic alpha1 receptors [17].

Mirtazapine is a tetracyclic drug that acts as an antago-
nist at central pre-synaptic alpha2 receptors, inhibiting
negative feedback to the presynaptic nerve endings,
increasing NE release. Blockade of heteroreceptors, alpha2
receptors in serotoninergic neurons, enhances 5-HT release,
increasing 5-HT and 5-HT1 receptors interactions thus
contributing to the anxiolytic effects of Mirtazapine [17].

These gene targeted mechanisms of action are indepen-
dent of other inherent effects of antidepressants in general,
such as extreme increase of appetite and consequently gain
of weight and metabolic syndrome that inevitably lead to
iatrogenic HTN. Metabolic syndrome increases the risk of
ischemic heart disease (IHD) and cerebrovascular diseases,
as common morbid conditions [48].

Non-steroidal anti-inflammatory drugs (NSAID)

The primary pharmacological effects of NSAID are exerted
by the inhibition of cyclooxygenase enzymes (COX-1 and
COX2, also known as PTGS1 and PTGS2). These enzymes
reduce the synthesis of prostaglandins that engage in med-
iating inflammation, fever, pain, and edema. Increased
peripheral blood-flow, vasodilation and consequential heat
dissipation are a result of the antipyretic effects that exert
directly on the hypothalamus [17].

All NSAID in doses suitable to abate inflammation and
pain, can elevate BP in normotensive and hypertensive
individuals [49]. Furthermore, NSAID use may reduce the
effect of all anti-HTN drugs apart from calcium channel
blockers [50]. These iatrogenic effects may contribute to the
raise in cardiovascular risk related to the selective COX-2
inhibitors [51].

Iatrogenic HTN associated with NSAID is related to the
renal effects of these medications, caused by dose-related
increases in sodium and water retention. Celecoxib as well
as other COX-2 selective agents may display this side-effect
significantly [51].

Prostaglandins that are produced by COX-1 affect renal
homeostasis by promoting vasodilation in the renal vascular
bed. This causes a reduction in renal vascular resistance,
hence increasing renal perfusion. Prostaglandins that are
produced by the COX-2 isoenzyme have natriuretic and
diuretic effects [52, 53]. Inhibition of these effects exerts an
increase in sodium retention, resulting in a consequent risk
of fluid retention by all NSAID.

Furthermore, inhibition of vasodilating prostaglandins
and production of vasoconstricting factors, particularly
endothelin-1, may contribute to the increase of HTN in
normotensive and controlled hypertensive individuals [54].

In the clinical practice NSAID are frequently prescribed
for short-term treatment that does not exceed 2 weeks [55–
57], thus avoiding up-regulation of beta-receptors [58] and
lowering the risk of iatrogenic HTN.

A. Botzer et al.



Anti-parkinsonian drugs

One of the most common movement disorders is PD [59].
The mainstay of antiparkinsonian treatment is dopaminergic
medications that may interact with anti-hypertensive drugs
on a genetically-determined basis [60], as suggested by the
findings of this study. The clinical picture is further com-
plicated by the PD-related episodes of orthostatic hypo-
tension that are aggravated by postural changes.
Furthermore, in other movement disorders that affect the
peripheral autonomic nervous system (paraspinal ganglia),
e.g., Shy Drager Syndrome, postural orthostatic hypoten-
sion is common [61]. In many cases (30–60%) of PD,
orthostatic hypotension plays an important role [62].
Treatment with dopamine (DA) agonists frequently aggra-
vates orthostatic hypotension in these patients, through
cutaneous, mesenteric and renal vasodilation. Additional
iatrogenic mechanisms are involved, such as a reduced
central sympathetic tone with the consequent slowing of
heart rate, and DA and norepinephrine (NE) uptake in the
CNS with the consequent impairment of renin and aldos-
terone release [44].

The routine anti-parkinsonian regimen is in fact a
dopaminergic replacement therapy, elevating CNS DA
levels in PD patients [63]. Other antiparkinsonian drugs are
anticholinergic, reducing the activity of CNS cholinergic
system, thus compensating for the reduced DAergic activity
that is impaired by PD [64]. Drugs of this category increase
DA activity in the basal ganglia within the CNS by repla-
cing dopamine, or augmenting DA release into the synapse,
e.g., Amantadine [65], inhibiting DA degradation in the
synaptic gaps, e.g., Selegiline [66], or enhancing post-
synaptic DA receptors, e.g., Bromocriptine [67].

DA agonists stimulate DA receptors [63], although
Bromocriptine, Pramipexole, and Ropinirole bind only to
D2, D3, and D4 DA receptor subtypes [68–70]. Prevention
of DA reuptake by MAO inhibitors causes an increase of its
levels. Selegiline, an MAO inhibitor, blocks DA breakdown
thus prolonging the response to Levodopa [71, 72].

The iatrogenic HTN effect may be beneficial under cer-
tain clinical conditions. Indeed, intravenous DA is widely
used in emergency rooms and intensive care units to
maintain BP in critically ill patients who are in the life
endangering state of shock with extremely low BP values
[73].

Antipsychotic drugs

Both anti-PD and typical antipsychotic drugs share a com-
mon denominator—their action on the CNS DAergic sys-
tems, first and foremost on DA2 receptors (antipsychotics-
down; anti-PD-up) [74, 75], thus exerting opposite effects
on movement (via A9 area, the basal ganglia and the

extrapyramidal system) mood and behavior (via A10 area,
the lateral septal nuclei and the limbic system) [76, 77]. The
findings of this study, showing considerable number of
shared genes, provide an important explanation for their
opposite pharmacological and clinical effects on identical
anatomical and neurochemical systems in the CNS.

Both generations of antipsychotic medications block DA
receptors in the CNS limbic system, while the first gen-
eration has high affinity to DA2 receptors, as well as to
adrenergic receptors type 1 and 2. Their antagonist action
on adrenergic alpha1 receptors may explain the iatrogenic
orthostatic hypotension observed with these drugs [17, 44].

The drugs listed in Table 4 represent both generations of
antipsychotic drugs and their target genes, respectively.

Bronchodilator drugs

Nonselective adrenergics stimulate alpha1, beta1 and beta2
receptors; whereas non-selective beta adrenergics stimulate
beta1 and beta2 receptors (selective beta2 drugs stimulate
beta2 only) [78].

Beta-2 agonist drugs act on the receptors in the airway
smooth muscle by increasing cAMP concentrations in the
bronchial smooth muscle cells which results in muscle
relaxation and consequently bronchodilation [79, 80].

Presynaptic alpha-2-adrenergic receptors agonist drugs
would mainly act by inhibiting the central nervous system,
with a subsequent lower stimulation of post-synaptic alpha-
1-adrenergic receptors.

Antiarrhythmic drugs

Drugs found in this study are used to treat cardiac
arrhythmias, such as atrial fibrillation, and flutter or ven-
tricular tachycardia, e.g., Class II drugs target adrenergic
receptors (beta blockers), decrease sympathetic activity to
the heart by blocking the effects of adrenalin hence reduce
heart rate and cardiac output, which lowers BP. Class III
target K channels, affecting cardiac and smooth muscles
activity, Class IV drugs target Ca channels, affecting con-
traction of cardiac muscles and consequently heart rate [81].

Amiodarone is the mainstay of antiarrhythmic regimens
and exemplifies the role of its target in exerting an anti-
hypertensive effect. It relaxes vascular smooth muscle,
reduces peripheral vascular resistance (afterload), and
slightly increases cardiac index. The antiarrhythmic effect
of Amiodarone is due to two major actions: prolongation of
the duration of myocyte-action potential (phase 3) and its
refractory period. Amiodarone acts also as a noncompetitive
alpha and beta-adrenergic inhibitor [17, 81, 82].

This study points at the crucial role of DA and adrenergic
receptors as major pathways that affect iatrogenic HTN. The
mechanisms by which HTN indicated drugs and HTN-
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inducing drugs act, point at a final common pharmacolo-
gical pathway.

Conclusions

Insofar as iatrogenic HTN has been explained first and
foremost by classical pharmacological mechanisms such as
drug interactions at the receptor level, the findings in this
study provide insight into more basic mechanisms at the
genomic level.

By utilization of novel bioinformatics data mining tools,
this study points at a genetic common denominator that
underlies basic mechanisms of action of different drugs in
various pharmacological categories and clinical indications.
Our findings promote a better understanding of the drug
target genes and their systemic role in different clinical
conditions that are complicated by iatrogenic HTN.

The clinical implications of HTN as a common adverse
drug effect cannot be underestimated. The genetically-
determined effects of therapeutic drugs warrant careful
consideration and awareness of the medical community.
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