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Abstract:

Adverse drug reactions (ADRs) represent a critical public health burden, with the FDA's Adverse Event Reporting
System documenting nearly 175,000 deaths and over 1.25 million major adverse events in 2022.
Pharmacovigilance, the systematic detection, assessment, and prevention of ADRs, has evolved from traditional
spontaneous reporting systems to incorporate advanced methodologies including electronic health records, real-
world data analytics, and artificial intelligence. This article provides a comprehensive review of current
pharmacovigilance practices, data sources, and global monitoring systems, with particular emphasis on adverse
drug reaction patterns across antihypertensive drug classes—the most frequently prescribed medications for
hypertension management. The safety profiles of ACE inhibitors, angiotensin Il receptor blockers, calcium
channel blockers, diuretics, beta-blockers, and direct vasodilators are examined in detail, highlighting class-
specific adverse effects and clinical implications. Additionally, emerging artificial intelligence technologies and
their role in enhancing signal detection and pharmacovigilance efficiency are discussed. Continued investment in
pharmacovigilance infrastructure, particularly in resource-limited settings, combined with advancement of Al-
driven detection systems, is essential for strengthening global drug safety surveillance and improving patient
outcomes.
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INTRODUCTION:

Adverse drug reactions (ADRs) represent a
substantial burden on healthcare systems globally.
The FDA's Adverse Event Reporting System
(FAERS) reported nearly 175,000 deaths and over
1.25 million major adverse events in 2022. For every
1,000 patients, six emergency department visits
occur due to pharmaceutical side effects, with 38%
resulting in  hospitalization. = ADRs  cause
approximately three deaths per 1,000 hospital
admissions and significantly increase healthcare
costs, morbidity, and mortality (1).

Pharmacovigilance (PV), defined by the World
Health Organization as "the science and activities
relating to the detection, assessment, understanding
and prevention of adverse effects or any other drug-
related problem," aims to enhance patient safety
through systematic collection, evaluation, and
dissemination of drug safety information. PV
activities include surveillance of approved
medicines and investigational medicinal products to
identify unrecognized adverse effects, detect
changes in reaction frequency or intensity, and
evaluate risk-benefit profiles. Effective
communication of safety information to healthcare
professionals and patients, along with updated
patient information leaflets (PILs), remains essential

).

Hypertension, the most prevalent cardiovascular
condition, affects nearly half of individuals aged 60-
70 years, with unknown etiology in approximately
90% of cases. Although 81.5% of people are aware
of their condition, only 74.9% receive
antihypertensive treatment (3). Poor medication
adherence can result in serious consequences
including ischaemic heart disease, myocardial
infarction, stroke, and end-organ damage such as
microalbuminuria and heart failure. Ongoing
pharmacovigilance monitoring is essential to assess
whether medication benefits continue to outweigh
emerging risks (4)(5).

PHARMACOVIGILANCE
METHODOLOGIES

Pharmacovigilance now relies on several key
methodologies, including spontaneous reporting,
cohort and case-control studies in
pharmacoepidemiology, active monitoring, and the
use of real-world data analytics with electronic
health records(EHRs) , big data, and AI(6,7,8).
Additional strategies like prescription event
monitoring use questionnaires to track patients,
while specific registries collect standardized data to
generate hypotheses(9,10). EHRs, using natural
language processing, enhance detection capabilities,
particularly during high-volume events such as
pandemics(11).
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Spontaneous reporting systems have generated over
30 signal detection algorithms. Advanced statistical
methods such as Bayesian models (BCPNN/IC) and
techniques including GPS, MGPS, and RGPS offer
enhanced specificity while managing multiple
testing and confounding. Method selection depends
on context: high-sensitivity methods (ROR, PRR,
Poisson probability) are ideal for extensive signal
detection (6).

DATA SOURCES FOR
PHARMACOVIGILANCE

Traditional pharmacovigilance relied primarily on
Individual Case Safety Reports (ICSRs) from
spontaneous reporting systems. Contemporary
practice incorporates diverse data sources including
spontaneous reporting databases (FAERS, VigiBase,
EudraVigilance, India's PvPI, China's ADR
monitoring system), secondary healthcare data
(EHRs, insurance claims, hospital data, disease
registries), and emerging sources such as patient-
generated information, mobile health applications,
social media, and
pharmacogenomics(6)(7)(12).These are integrated
with Al and natural language processing to identify
patterns not apparent in structured reports(13)(14).

GLOBAL AND NATIONAL ADR REPORTING
SYSTEMS

The World Health Organization oversees
international coordination through its Programme
for International Drug Monitoring, with VigiBase
serving as the global database managed by the
Uppsala Monitoring Centre. Over 130 member
nations contribute data.(7,12) Regionally and
nationally, systems like EudraVigilance in the EU,
the US FDA's MedWatch/FAERS, the UK's Yellow
Card Scheme, Canada Vigilance, India's
Pharmacovigilance Programme (PvPI), and China's
national ADR monitoring program are key
components.(6,7) These systems support regulatory
functions including risk management plans, Risk
Evaluation and Mitigation Strategies, Periodic
Safety Update Reports, and safety variations,
combining spontaneous reporting with active
monitoring networks such as the FDA Sentinel
Initiative.(7,8)

ADR PATTERNS BY ANTIHYPERTENSIVE
DRUG CLASSES

Antihypertensive medications included were
Angiotensin Converting Enzyme Inhibitors and
Angiotensin II Receptor Blockers, Calcium Channel
Blockers, Beta Blockers with the exception of
sotalol, thiazide and thiazide-like diuretics, and
other antihypertensive, namely methyldopa,
moxonidine, prazosin, terazosin, clonidine and
hydralazine (42).

Calcium Channel Blockers: Dihydropyridine
agents produce selective precapillary arteriolar
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dilation with minimal venous effect, causing
capillary hydrostatic pressure elevation and
peripheral edema. Non-dihydropyridines exhibit
distinct profiles with infrequent peripheral edema
but prominent negative chronotropic and
dromotropic effects, manifesting as bradycardia,
atrioventricular  conduction disturbances, and
constipation(5,15,16,17).

ACE Inhibitors and ARBs: ACE inhibitors
consistently demonstrate a persistent, non-
productive dry cough—a defining safety signal and
leading cause of treatment discontinuation. The
cough results from inhibition of ACE enzyme
function, preventing bradykinin and substance P
degradation, thereby increasing airway sensitivity.
Angioedema, though less common, represents a
serious adverse reaction with unpredictable
temporal occurrence. In contrast, ARBs exhibit
markedly lower reporting rates for both cough and
angioedema, making them preferable for patients at
increased ADR risk.(5,18,19,20,21)

Thiazide and Thiazide-like Diuretics: The
dominant safety signal involves metabolic and
electrolyte shifts. Hypokalemia is the most frequent
abnormality,  followed by  hyponatremia—
particularly concerning in elderly patients who may
experience aggressive sodium depletion with serious
neurological complications. A strong mechanistic
link to hyperuricemia exists due to reduced renal
uric acid clearance, frequently triggering gout
attacks in susceptible patients (22) (23) (24).

Loop Diuretics: These agents produce aggressive
fluid and electrolyte shifts, causing significant
hypokalemia, dehydration, and symptomatic
hypotension. Unlike thiazides, loop diuretics
actively flush calcium and magnesium, leading to
hypocalcemia and hypomagnesemia with cardiac
and neuromuscular instability risks. Ototoxicity—
damage to hearing manifesting as tinnitus or
permanent hearing loss—is unique among
antihypertensives and increases with high doses,
rapid IV administration, and specific agents like
ethacrynic acid(25,26).

Centrally Acting Agents: Clonidine carries a
notorious "rebound effect" risk: abrupt cessation can
cause life-threatening sympathetic overdrive and
severe hypertensive crisis. Methyldopa presents rare
but serious immune-mediated reactions including
hemolytic anemia and liver toxicity, necessitating
regular blood monitoring(27,28).

Alpha-Blockers: Orthostatic hypotension is the
defining limitation, particularly the "first-dose
phenomenon" where a single initial dose (notably
prazosin) causes dramatic vascular resistance
reduction and syncope. This safety profile has
relegated alpha-blockers to secondary status for
hypertension treatment, though they remain
effective for benign prostatic hyperplasia urinary
symptoms.(29,30,31)
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Direct Vasodilators: Safety profiles are dominated
by compensatory mechanisms. Arterial dilation
triggers sympathetic activation, causing tachycardia
and reflex sodium and water retention, often
necessitating additional medications. Hydralazine
carries a unique risk of drug-induced lupus
erythematosus  (DILE)—an  immune-mediated
reaction mimicking systemic lupus—typically
surfacing after prolonged use. Minoxidil presents
cosmetic risks (hypertrichosis) and dangerous
cardiac complications (pericardial
effusion)(32,33,34).

Beta-Blockers: Safety profiles reflect primary
mechanisms:  symptomatic  bradycardia  and
atrioventricular conduction delays frequently
necessitate dose reduction or discontinuation. Non-
selective agents carry significant respiratory risks
through unwanted [2-receptor cross-reactivity,
triggering bronchospasm in airway disease patients.
These drugs dangerously mask autonomic
hypoglycemia warning signs (tremors, palpitations)
in diabetics(35,36).

Potassium-Sparing Diuretics: Hyperkalemia is the
defining limitation, representing a direct adverse
effect consequence. Risk increases significantly
when combined with RAAS inhibitors (ACEIs or
ARBs) or used in renal impairment, potentially
creating  life-threatening emergencies. Non-
aldosterone agents (amiloride, triamterene) avoid
hormonal complications but cannot escape the class-
wide electrolyte imbalance signature. Vigilant
monitoring remains non-negotiable(34,37,38 )

CLINICAL IMPLICATIONS AND CURRENT
STATUS

The WHO defines ADRs as "any noxious and
unintended response to a drug that occurs at doses
normally used in humans for prophylaxis, diagnosis,
therapy of disease, or modification of physiological
function." Major ADRs affect 6.7% of hospitalized
patients, making them the fourth to sixth most
common cause of death in the US. Studies from
Indian tertiary and secondary care hospitals report
ADR incidence rates of 1.8-9.8%, with significant
proportions classified as severe. ADR-related deaths
account for 1.8% of ADR cases and 0.7% of all
admissions at some facilities(39).

Most ADRs resolve upon medication cessation or
dose reduction, though some cause long-term
damage. ADR monitoring remains an ongoing,
continuous activity ~ requiring systematic
pharmacovigilance approaches (39).
Pharmacovigilance development in low-income and
middle-income countries (LMICs) progresses
slowly, raising concerns about drug safety
monitoring infrastructure.(40)
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FUTURE DIRECTIONS: ARTIFICIAL
INTELLIGENCE IN
PHARMACOVIGILANCE

Artificial intelligence significantly enhances
pharmacovigilance productivity and accuracy
through automation and advanced analytics,
addressing limitations of traditional slow and
inconsistent approaches. Al applications include
automated signal detection, surveillance, and ADR
reporting that have substantially improved
efficiency. Duplicate detection enhances data
precision in safety assessments; data mining and
automated signal recognition accelerate safety
signal identification. Al improves real-world
evidence processing, expanding understanding of
therapeutic efficacy and safety while predictive
models anticipate ADRs and drug-drug interactions,
enabling proactive patient care (41).

Expert-defined Bayesian networks at regional
pharmacovigilance centers have optimized causality
assessment, reducing subjectivity and processing
times from days to hours while increasing
medication safety assessment reliability. However,
practical Al implementation remains largely limited
to academic research due to data quality problems,
regulatory obstacles, and demands for more
transparent algorithms(41).

CONCLUSION:

Pharmacovigilance  represents an  essential
framework for enhancing drug safety monitoring
and patient protection. By integrating traditional
spontaneous reporting systems with contemporary
methodologies including advanced statistical signal
detection, real-world data analytics, and emerging
artificial intelligence technologies, healthcare
systems can identify previously unrecognized
adverse effects and optimize risk-benefit profiles.
Systematic  monitoring  of  antihypertensive
medications—the most frequently prescribed class
in hypertension management—remains critical
given their diverse safety profiles across drug
classes. Continued investment in pharmacovigilance
capacity building, particularly in resource-limited
settings, along with advancement of Al-driven
detection systems, will strengthen global drug safety

surveillance and ultimately improve patient
outcomes.
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