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Abstract: Rapid urbanization, industrial discharge, agricultural runoff, inadequate
wastewater treatment, and population growth are key drivers of poor water quality
globally. Approximately 2.1 billion people still lack on-premises drinking water,
and improving access to safe water and sanitation could save up to 1.4 million lives
per year. Waterborne diseases account for an estimated 485,000 deaths annually,
primarily from diarrheal illnesses, with the burden falling disproportionately on
low-income countries. This paper presents a critical review of drinking water
contamination and its impacts on human health, particularly in developing countries
where modern treatment facilities are limited. The review synthesizes current
evidence on the sources and health effects of contaminated drinking water, focusing
on microbial pathogens and toxic chemicals, including heavy metals, pesticides,
and emerging organic pollutants. A systematic search of peer-reviewed English-
language articles was conducted using key terms such as “water contamination”,
“toxicants”, “mechanisms of pathophysiology”, “heavy metals”, “health outcomes”,
and “vulnerable population”; non-peer-reviewed and non-English studies were
excluded. Findings indicate that exposure to contaminated drinking water is strongly
associated with adverse health outcomes, including acute waterborne infections
(diarrhea, cholera, hepatitis, and typhoid) and chronic non-communicable diseases
(neurological disorders, renal disorders, cardiovascular disorders, reproductive
toxicity, endocrine disruption, and cancer). Globally, unsafe water sources remain the
primary risk factor for childhood diarrhea mortality. Heavy metals such as lead (Pb),
even at low exposure levels, pose particular concern due to irreversible
neurodevelopmental effects in children. There is therefore an urgent need to
strengthen monitoring, regulation, and intervention strategies to reduce water
contamination and protect public health, especially among vulnerable populations.

Keywords: water pollution; biological contamination; diarrhea; public health;
wastewater treatment; heavy metals; lead toxicity

1. Introduction

Pollution remains the leading environmental cause of disease and premature mortality worldwide. Estimates
from the Lancet Commission on Pollution and Health, based on data from the Global Burden of Disease Study,
indicate that approximately 9 million premature deaths were attributable to pollution in 2015. A subsequent update
using GBD 2019 data confirmed that this burden remains largely unchanged, equivalent to roughly one in six
deaths globally, underscoring its persistent and substantial impact on public health [1,2].
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Within this broader pollution crisis, contaminated drinking water represents one of the most direct and
measurable threats to human life. According to UNICEF and WHO reports for 2025, 2.1 billion people globally
still lack access to safely managed drinking water, including 106 million who drink directly from untreated surface
sources. A further 3.4 billion people remain without safely managed sanitation. The health consequences are
severe: waterborne diseases are responsible for an estimated 485,000 deaths annually, primarily due to diarrheal
diseases, with mortality rates highest in low-income countries where access to healthcare and sanitation
infrastructure is limited. Furthermore, a landmark 2023 Lancet analysis estimated that 1.4 million deaths and 74
million disability-adjusted life years (DALYs) could have been prevented globally through safe water, sanitation,
and hygiene (WASH) services in 2019 alone, representing 2.5% of all global deaths and 2.9% of total DALY [3].
The current review advances the argument that drinking water contamination, driven by a complex, interacting set
of environmental pollutant, including microbial pathogens, heavy metals, organic chemicals, and emerging
contaminants, is one of the most critical yet insufficiently addressed determinants of global public health,
especially in low- and middle-income countries (LMICs), where regulatory frameworks, water treatment
infrastructure, and epidemiological surveillance remain inadequate [4]. Specifically, we contend that: (i) the health
burden of contaminated drinking water spans both acute infectious diseases and chronic non-communicable
diseases (NCDs), with the latter substantially underestimated due to methodological limitations in exposure
assessment and disease attribution; (ii) different contaminant classes pose distinct, non-interchangeable risks that
require contaminant-specific regulatory and intervention strategies rather than generic water safety approaches;
and (iii) emerging contaminants, including per and polyfluoroalkyl substances (PFAS), microplastics, and
antibiotic resistance genes (ARGs), along with the compounding effects of climate change, represent a growing
threat that current monitoring and governance frameworks are only beginning to address. A comprehensive,
analytically rigorous understanding of these contamination pathways and their mechanisms is therefore essential
for designing effective prevention strategies and informing evidence-based policy. Understanding pollution as a
systemic and cross-sectoral issue thus provides a conceptual foundation for examining the specific dynamics and
consequences of contaminated drinking water.

What Is Pollution?

Literature defines pollution as the release of unwanted waste into the air, land, freshwater, and marine
environments, without considering its negative economic, ecological, or health consequences, mainly due to
anthropogenic activities [5]. Pollution is increasing at an alarming rate and poses a global threat to human health
and natural ecosystems. Among its various forms, air and water pollution are the most widespread in LMICs, and
have increased substantially over the past century [6]. These forms of environmental pollution are associated with
a range of adverse health outcomes, including the spread of infectious diseases such as typhoid, diarrhea, and
cholera, as well as NCDs, including asthma, multiple cancer types, eye disorders, and CVDs [7]. Despite this,
pollution has not been adequately addressed in international development and global health agendas, nor in the
planning strategies of many low-income countries [8].

The current review specifically contends that drinking water contamination, driven by diverse environmental
pollutants (microbial, chemical, and heavy metal contaminants), represents a critical and under-addressed public
health threat, particularly in resource-limited settings, and that a comprehensive understanding of contamination
pathways and mechanisms is essential for effective prevention and policy.

2. Methodology

The review synthesizes evidence from studies published in national and international peer-reviewed journals,
as well as reports from governmental and non-governmental organizations worldwide. The primary objective was
to critically examine existing literature on water pollution, including types of contamination and their impacts on
public health. A comprehensive literature search was conducted using three major electronic databases:
PubMed/MEDLINE, Google Scholar, and Web of Science, covering publications from January 2000 to March
2026. Only peer-reviewed articles published in English were considered eligible for inclusion. Studies that were
unpublished, preprints, or published in languages other than English were excluded. The search strategy employed
a combination of keywords and Boolean operators (AND, OR), including: “pollution”, “water pollution”,
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“contaminated water”, “sources of water pollution”, “impact on human health”, “heavy metals”, “pesticides”,
“organic pollutants”, “diarrheal disease”, “mechanism of pathophysiology”, and “toxicity of heavy metals.” Titles
and abstracts of retrieved records were initially screened for relevance, followed by a detailed full-text review of
potentially eligible studies. Additionally, the reference lists of selected articles were manually examined to identify

further relevant publications.
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3. Results
3.1. Water Scarcity and Quality: A Global Perspective

Water is essential for all forms of life and is fundamental to human health, ecosystem stability, and food
production. Once the water supplies are contaminated either physically (pH, odor, temp), chemically, and/or
biologically, it has negative impacts on humans and other living systems [9]. The nature and severity of health
consequences vary depending on several factors, including the chemical composition, duration of exposure, and
concentration of pollutants in water. According to the 2021 World Water Development Report released by
UNESCO, the global use of freshwater has increased sixfold in the past 100 years and has been growing by about
1% per year since the 1980s [10]. In the 21st century, one of the major problems is water scarcity and poor-quality
drinking water (contaminated water). In support of the critical need for clean drinking water, a 2009 Gallup poll
reported that drinking water pollution was considered the foremost environmental concern among Americans [11].
Furthermore, existing literature indicates that more than 80% of wastewater generated from human activities is
discharged into rivers and oceans without required treatment, contributing to the transmission of over fifty water-
related diseases in humans. Consequently, poor water quality is estimated to be responsible for approximately 80%
of diseases and nearly 50% of child deaths worldwide, underscoring the profound public health burden associated
with inadequate water management and sanitation [10,12]. Approximately 2.1 billion people (24% of the global
population) lack access to safe drinking water, while 3.4 billion people lack safely managed sanitation services
[13]. The most direct and severe impact of polluted water is compromised health, which affects one-third of people
globally. Additional threats include human exposure to pathogens and other chemical toxicants via the food chain
(e.g., irrigation of plants with contaminated water and of bioaccumulation of toxic chemicals by aquatic organisms,
including seafood and fish) or during other activities (e.g., swimming in polluted surface water) [14]. This burden
appears to be disproportionately higher in low-resource countries like Pakistan, where sanitation infrastructure and
wastewater treatment systems are poorly developed, and public awareness regarding water quality and hygiene
remains limited. Therefore, there is an urgent need to implement effective water management strategies and
protective measures to address water shortages and improve the hygienic quality of drinking water supplies in
Pakistan and other low-income countries. In such situations, several technologies such as ion exchange, electro-
techniques, adsorption, membrane separation, and precipitation techniques have been proposed [15].

The integrated approaches combining technological solutions with policy enforcement and community
engagement are essential for sustainable water quality improvement. However, globally, water quality assessment
efforts have varied considerably, reflecting differences in regulatory capacity, infrastructure, research investment,
and contamination priorities. In Asia, especially in South and East Asia, water quality research has been most
extensive, where rapid industrialization and dense agricultural activity have driven significant contamination of
both surface water and groundwater. Studies from Bangladesh, India, and Pakistan have consistently documented
alarming levels of arsenic in groundwater, with tens of millions of people exposed through tube wells and hand-
pumps; these findings have driven major international research efforts and shaped WHO guidelines on arsenic
thresholds [16,17]. Moreover, China has invested substantially in water quality monitoring over the past two
decades, and longitudinal data reveal improvements in urban surface water quality alongside persistent
contamination in peri-industrial and agricultural zones [18]. The studies from Vietnam, Indonesia, and the
Philippines highlight microbial contamination as the primary concern, particularly in rural areas lacking piped
water infrastructure [19]. In sub-Saharan Africa, water quality assessment remains fragmented and underfunded
relative to the needed scale. Available studies indicate that microbial contamination, particularly fecal coliform
and E. coli, is near-universal in water sources, while geogenic contaminants such as fluoride (notably in the East
African Rift Valley) and nitrates from agricultural runoff present distinct regional challenges [20,21].

Systematic monitoring infrastructure is limited, and many assessments rely on point-in-time surveys rather
than continuous monitoring, making trend analysis difficult. In North Africa and the Middle East, water scarcity
itself is the overriding concern, and quality assessments frequently highlight elevated salinity, nitrate
contamination from intensive irrigation, and emerging organic pollutants in treated wastewater reused for
agriculture [22]. In Europe, decades of regulatory investment under the EU Water Framework Directive (2000)
have led to substantial improvements in surface and drinking water quality, with routine multi-contaminant
monitoring now standard across member states. However, European studies increasingly flag emerging
contaminants, particularly PFAS, pharmaceutical residues, and microplastics, as the frontier challenge, as
conventional treatment systems were not designed to remove these compounds [23]. Taken together, these regional
observations reveal that the contamination profiles differ markedly by geography. Therefore, common themes
emerge as follows: microbial contamination dominates in lower-income settings, chemical and emerging
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contaminants increasingly dominate in middle- and high-income countries, and monitoring capacity consistently
lags behind the pace of new emerging contamination threats, regardless of region.

3.2. Sources and Types of Water Contaminants

Understanding of water pollution generally involves a scientific knowledge of the biological, chemical, and
physical processes that control the movement of contaminants in the water. These contaminants include biological
contaminants (microorganisms), chemical pollutants (heavy metals, pesticides, and medicines), and other new
contaminants. The rate of distribution is summarized in Figure 1 [24].

industrial

discharge
31% heavy
metals/mining
activities
17%

Figure 1. Distribution rate of water contamination.

These pollutants enter the water sources through several activities, including domestic activities, agricultural
runoff, industrial waste, inappropriate waste disposal, and insufficient sewage systems. These unchecked practices
contaminate and pollute water supplies, endangering their safety and purity, and posing health risks [25]. The
adverse human health effects are continuously being researched, and new pesticides, medications, and developing
pollutants pose further difficulties to society. Additionally, sewage from cities and villages that flows directly into
the sea is one of the most important sources of microplastic contamination, causing severe harm to marine life.
Specifically in Asia, the water pollution has been greatly increased by the use of mineral fertilizers and pesticides
in agriculture and by the operations of mining, chemical production, and other industries related to the utilization
and storage of many harmful substances [26]. Other than this, various pollutants like heavy metals, oil spills, and
industrial discharges are known to contaminate water sources heavily [27]. In addition to the growing pollution
caused by human activities, the lack of water treatment facilities and insufficient public awareness are the major
factors, among others, contributing to the increasing burden of polluted water. In the following section, we will
discuss them in detail.

Chronic exposure to heavy metals and metalloids is highly toxic and is associated with significant public
health risks, including carcinogenic effects [28]. However, in small amounts, they are required for maintaining
good health. The most commonly found heavy metals and metalloids in wastewater include arsenic, cadmium,
chromium, copper, lead, nickel, and zinc [29,30]. The primary sources of heavy metal contamination include
natural processes such as soil erosion and the weathering of the Earth’s crust, as well as anthropogenic activities
including mining, industrial effluents, urban runoff, sewage discharge, and the use of agrochemicals such as
pesticides and insecticides for crop protection and disease control [9,31].

Microbial contamination of water sources, particularly drinking water sources, is primarily caused by
inadequate sewage systems, leaking sewer lines, and poorly maintained septic systems, leading to the introduction
of pathogens such as bacteria (E. coli, Vibrio cholerae, Salmonella, etc.), viruses (hepatitis A virus, hepatitis E
virus, rotavirus, etc.), parasites (Giardia, Entamoeba, Cyclospora, etc.), and parasitic worms (Ascaris
lumbricoides, Ancylostoma duodenale, Strongyloides stercoralis, etc.) [32,33].

Chemical contaminants such as pesticides, on the other hand, are used to control weeds, nematodes, rodents,
insects, and fungi, and are frequently used in agriculture and other industries to control pests and diseases [15].
Even though their use has improved agricultural production and pest management, it has also prompted concerns
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about their fate and potential environmental and human health effects. According to the EU (European) drinking
water directive, the sum of the maximum allowable concentration of pesticides in drinking water is 0.5 pg/L [34].

3.3. Health Risks and Disease Burden

Provision of clean drinking water is one of the major objectives of the UN Sustainable Development Goals
(SDGs) [35,36]. According to the report of WHO/UNICEF, unlike LMICs, the majority of the population in high-
income countries had access to safe drinking water in 2017, with less than 3% lacking access [37]. The hand-
pumps are one of the commonly used methods of getting water from shallow groundwater in villages of many
developing countries across Africa, Asia, and the Pacific. It is reported in previous studies that the microbial quality
of hand-pumps is found to be better than uncovered surface water reservoirs like canals, but in some other cases,
water from hand-pumps is found to contain significant levels of fecal coliforms and E. coli [38]. Microbial
contamination of groundwater is usually attributed to infiltration of water containing human or livestock feces into
the underlying aquifer.

3.4. Impact on Public Health

Throughout the history of human life, safe water has been a primary need. However, as the years go by,
factors that threaten the availability of safe water are on the rise. In light of the rising issue, developed nations
have achieved substantial advancements by purifying polluted water sources to a significant proportion, therefore
making ample, clean water available for citizens [39]. Drinking water quality in less-developed countries like
Pakistan is gradually deteriorating due to alarming population growth, rapid industrialization, climate change, and
a lack of effective water treatment plants. Exposure to contaminated water sources presents particularly elevated
health risks for vulnerable populations, including children and pregnant women. In Pakistan, the majority of the
population doesn’t have access to safe drinking water, and people are forced to use unsafe and unhealthy water [13].
The heavily contaminated water spreads the prevalence of waterborne diseases such as hepatitis, cholera,
dysentery, cryptosporidiosis, giardiasis, typhoid, rotavirus diarrhea, intestinal worms, diarrhea, cramps, nausea,
vomiting, headaches, fatigue, skin infection, gastroenteritis, joint aches, stomach pain, fever, and even death [40,41].
It has also been reported that 1-1.4 million deaths occur annually due to these waterborne diseases, and most of
them are due to fecal contamination [42—44]. Diarrhea is the most common waterborne illness in rural areas. There
are three types of diarrhea: acute watery diarrhea (usually lasting for several hours or days, mainly caused by
V. cholerae), acute bloody diarrhea (caused by Shigella spp.), and persistent diarrhea (usually lasting for 14 days
or longer). Among the diarrheas, acute watery diarrhea can be fatal, in which a person can die within hours if
treatment is not given. The general treatment for diarrhea includes rehydrating with oral rehydration salt solution
(ORS), consuming nutrient-rich food, and consuming zinc supplements. Cholera is another severe waterborne
diarrheal disease that can also be fatal within hours if not treated. Therefore, quick treatment is crucial. Researchers
estimated that there are 1.3 to 4.0 million cases and 21,000 to 143,000 deaths occur from cholera globally/year.
The majority of which occur in developing countries [45,46].

Water contaminated with heavy metals poses dangerous, uncontrolled health-related threats, including
neurodegeneration, headaches, liver failure, Alzheimer’s disease, cancer, kidney failure, abdominal pain, higher
blood pressure, mental disorders, skeletal degradation, irritability, harm to the reproductive system, and nerve
damage. Hence, the regular testing of heavy metals (e.g., Lead, Arsenic) in water sources and their removal is
needed [47]. Some metals, such as aluminum, can be eliminated from the human body through the excretory
system. However, chronic aluminum exposure leads to accumulation in bone, brain tissue, and the liver,
particularly in individuals with impaired renal function. Therefore, Aluminum is also recognized as a neurotoxin
linked to dialysis encephalopathy and potentially implicated in neurodegenerative disease. Similarly, other metals
tend to accumulate in body tissues and the food chain, leading to chronic adverse effects on human health [9].
They affect nearly every organ system, including the nervous system (causing neurotoxicity, cognitive impairment,
and behavioral disorders), cardiovascular system (hypertension, increased risk of stroke, and coronary heart
disease) [48—50]. Among the most damaging heavy metals is lead, which is known for its neurotoxicity, especially
in young and growing children.

Moreover, a critical comparison of studies on pesticide-related health effects highlights notable
inconsistencies that are often underemphasized in the literature. While occupational exposure studies consistently
report strong associations between organophosphate exposure and neurological impairments, evidence regarding
the health impacts of long-term, low-level exposure through drinking water remains comparatively limited and
more heterogeneous [51]. Studies that focus specifically on drinking water exposure show weaker and less
consistent effects compared to occupational studies. This is mainly because the levels of pesticides in drinking
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water are usually much lower than those found in workplace exposure [52]. This distinction between exposure
pathways is often not adequately addressed in review literature, which can lead to an overestimation of risks
specifically associated with pesticide exposure through drinking water. Similarly, although endocrine-disrupting
effects of pesticides are well established in experimental and wildlife studies, epidemiological evidence in humans
remains inconsistent. These discrepancies highlight the need for more rigorous, water-specific exposure
assessment studies, rather than broad extrapolation from occupational or dietary exposure data [53].

Organic pollutants such as PFAS and PFCs are predominantly found in industrial runoff, which cause serious
health problems, including pre-eclampsia, birth defects, decreased human fertility, immunotoxicity, neurotoxicity,
and carcinogenesis [54]. Literature indicates that pesticides are strongly associated with endocrine imbalance,
immunological dysregulation, and cancer [55] (Figure 2).

Industrial discharge Consumer products Firefighting foam
Mfg, textiles, coatings Non-stick, food packaging AFFF, PFOS, PFOA

l | L

Drinking water ’ [ Dietary intake ‘ ‘ Inhalation & skin

Groundwater, tap water Fish, meat, produce Dust, air particles

L | L

Systemic bioaccumulation
Absorbed via gut, skin, and lungs — bioaccumulates in liver, blood, thyroid, and reproductive organs

l l l

PPARa activation Thyroid hormone axis Sex hormone axis
Lipid & metabolic effects T4 transport, TSH axis Estrogen/androgen axis

Metabolic syndrome Thyroid dysfunction Reproductive harm
Obesity, dyslipidemia Hypothyroidism, cancer Infertility, fetal harm

Additional adverse outcomes
Immunotoxicity - Developmental neurotoxicity - Kidney & testicular cancer

(O sources @) Exposure routes (O Mechanisms (O Health outcomes

Figure 2. Illustration of the PFAS endocrine disruption pathways.

3.5. Emerging Water Contaminants

Beyond the conventional categories of microbial and heavy metal contamination, increasing scientific
attention has been directed toward emerging water contaminants whose environmental persistence and health
impacts are increasingly recognized but remain insufficiently characterized. Among these, perfluoroalkyl and
PFAS, commonly referred to as “forever chemicals”, are highly persistent synthetic fluorinated compounds that
have been detected in drinking water sources worldwide [56]. Released primarily through industrial processes,
firefighting foams, non-stick consumer products, agricultural runoff, pesticide-related contamination, and
wastewater effluents, PFAS are characterized by their exceptional resistance to environmental degradation and
significant bioaccumulative potential. These properties underlie their association with a broad spectrum of adverse
health outcomes, including pre-eclampsia, congenital abnormalities, reduced fertility, immunotoxicity,
neurotoxicity, endocrine disruption, and carcinogenesis [57,58] (Figure 3).
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Figure 3. Pesticide toxicity and associated human health effects.

Microplastics and nanoplastics have emerged as significant environmental contaminants of growing global
concern. These particles originate primarily from the degradation of plastic waste, synthetic textiles, and personal
care products, and have been detected in diverse water sources, including tap water, bottled water, and groundwater
worldwide. Their potential health impacts are increasingly being investigated, particularly their ability to adsorb
and transport toxic chemical pollutants and to induce oxidative stress, inflammation, and other adverse cellular
responses [59,60]. In parallel, pharmaceutical residues and their metabolites, including antibiotics, hormones, and
analgesics, are increasingly detected in aquatic environments due to inadequately treated wastewater discharges
and agricultural runoff. These contaminants are of particular concern because of their endocrine-disrupting
properties and their role in promoting antimicrobial resistance [61]. In addition to chemical contaminants, ARGs
have gained recognition as an important class of emerging biological contaminants in water systems. ARGs are
disseminated primarily through wastewater effluents containing resistant microorganisms and genetic material,
posing a serious public health threat by reducing the effectiveness of antimicrobial therapies, particularly in regions
where waterborne infectious diseases remain highly prevalent [62]. Despite growing evidence of their occurrence,
the environmental fate, transport mechanisms, bioaccumulation potential, and human health dose-response
relationships of these emerging contaminants remain insufficiently understood, representing a major gap in current
water safety research. Importantly, these emerging contaminant groups differ substantially in their sources,
environmental behavior, persistence, and mechanisms of toxicity [63—65]. Pharmaceutical residues primarily enter
aquatic systems through wastewater and agricultural discharges, where they contribute to endocrine disruption and
the emergence of antimicrobial resistance [66,67]. ARGs, however, represent a distinct biological hazard because
they facilitate the spread of antimicrobial resistance, thereby undermining the clinical efficacy of antibiotics,
especially in low-resource settings with endemic waterborne infections [68].

3.6. Climate Change as a Compounding Threat to Water Quality

Climate change represents an increasingly important compounding threat to drinking water quality that has
not yet received adequate attention in the literature. Rising global temperatures, shifting precipitation patterns, and
increasing frequency and severity of extreme weather events are all projected to worsen water contamination risks
in multiple ways [69-71]. Floods can overwhelm sewage treatment infrastructure and cause direct mixing of
wastewater with drinking water sources, leading to acute surges in microbial contamination [72]. Conversely,
prolonged droughts concentrate pollutants in reduced water volumes, increase the proportion of agricultural runoff
relative to total water flow, and deplete groundwater reserves, forcing populations to rely on more contaminated
shallow sources [73]. Warmer water temperatures accelerate the growth of harmful algal blooms and extend the
geographic range and seasonal activity of waterborne pathogens such as Vibrio species. These dynamics are
especially concerning for low-income countries, where climate vulnerability is highest and adaptive water
management capacity is most limited. Integrating climate projections into water safety planning and contaminant
monitoring frameworks is therefore an urgent priority for protecting public health in the coming decades.

3.7. Mechanisms of Toxicity and Pathophysiology of Water Contaminants

Contaminated drinking water poses significant global health risks, primarily due to the complex mechanisms
of toxicity and pathophysiological effects caused by various pollutants, including microbial pathogens, toxic
chemicals, and heavy metals [74,75]. In the following sections, we discuss the mechanisms of pathophysiology of
microbial pathogens and chemical toxicants separately.
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3.7.1. Mechanisms of Toxicity of Microbial Contamination

Microbial pathogens, such as bacteria (E. coli, Salmonella), viruses (hepatitis A, hepatitis E, rotavirus), and
parasites (Giardia, Entamoeba), are frequently found in contaminated water, primarily due to poor sewage systems
and fecal contamination from sewerage leakages [76,77]. The key mechanism of microbial toxicity for many
bacterial pathogens involves the production of enterotoxins that severely affect intestinal ion transport. For
example, Vibrio cholerae releases cholera toxin, which is known to activate adenylyl cyclase in intestinal epithelial
cells, leading to an increase in cyclic adenosine monophosphate (cAMP) levels [78], which in turn induces
excessive secretion of chloride (Cl") and bicarbonate (HCO5") ions into the intestinal lumen, resulting in massive
fluid loss and severe, acute watery diarrhea. Acute watery diarrhea can lead to rapid dehydration and death within
hours, if left untreated [79]. Additionally, other pathogens, such as those causing shigellosis, induce acute bloody
diarrhea by invading and destroying the intestinal epithelial cells, leading to inflammation and ulceration [80]. Viral
infections, particularly those caused by rotavirus, also cause diarrhea by damaging the intestinal villi, impairing
nutrient absorption, and enhancing fluid secretion [81]. Similarly, parasitic infections interfere with nutrient
absorption and cause chronic diarrhea by damaging the intestinal lining and inflammatory responses [82]. Beyond
causing acute waterborne infections, microbial pathogens can cause recurrent infections, leading to long-term
health problems (chronic effects), particularly in vulnerable populations such as children. These chronic infections
include environmental enteropathy, characterized by chronic inflammation and damage to the small intestine,
which could lead to growth retardation and impaired cognitive development in children [83].

3.7.2. Mechanisms of Toxicity of Heavy Metals

Heavy metals and metalloids, including arsenic (a metalloid), lead (Pb), mercury (Hg), cadmium (Cd),
chromium (Cr), and nickel (Ni), are persistent non-biodegradable environmental hazards that accumulate in water
sources and are highly toxic even at low concentrations, causing toxicity in organisms via the food chain (Figure 4).
The mechanisms of heavy metal-induced toxicity are diverse and often involve interfering with essential
biochemical processes, such as the production of free radicals and oxidative stress, enzyme inhibition, and direct
damage to cellular components [84-86].

Environmental
Impact

Human Health
Effects

Neurodevelopmental

. . I— Wat taminati
disorders (children) ater contamination

Reproductive toxicity _ | |- Soil accumulation

(pregnant women)
Kidney & liver | Bioaccumulation in
damage fish & crops

Carcinogenic effects L Ecosystem toxicity

Immune system ]
disruption

Socioeconomic
Consequences

Public Health &
Policy Implications

Increased healthcare
costs

Safe drinking water
interventions needed

Reduced workforce
productivity

Strict monitoring &
regulation

Waste management Disproportionate impact
strategies on vulnerable populations

Figure 4. Consequences of heavy metal contamination on health and the environment.

We discuss the pathophysiological mechanisms of some heavy metals found in the environment. (i) Arsenic
(a metalloid, not a true heavy metal) is a potent toxicant that induces DNA damage and causes enzyme inhibition,
especially of pyruvate dehydrogenase, and uncouples oxidative phosphorylation in mitochondria [87]. Literature
reports that chronic arsenic exposure is strongly linked to skin lesions, hyperpigmentation, neurological disorders,
CVD, and increased risks of skin, bladder, and lung cancers [88]. The WHO recommended safe limit for arsenic
in drinking water is 10 pg/L [89,90]. (ii) Lead, a well-known neurotoxicant, is strongly associated with impaired
neurodevelopment in children and various forms of cognitive degeneration; its association with neurodegenerative

8 of 15



Rahu et al. Clean Water Sanit. 2026, 1(1), 2

conditions such as Parkinson’s disease and Alzheimer’s disease has been reported but remains under active
investigation. The WHO guideline value for lead in drinking water is also set at 10 pg/L [91,92]. Lead toxicity is
caused by its similar nature (analog) to calcium (Ca*") and zinc (Zn**), which interfere with cellular processes. For
example, lead displaces Ca?" from calmodulin and blocks Ca*" flux through NMDA receptors, impairing synaptic
plasticity and neuronal signaling. (iii) Mercury compounds, particularly methylmercury, are known to be highly
neurotoxic [93]. It binds strongly to sulfhydryl groups of cysteine (an amino acid) in proteins, disrupting enzyme
function, protein structure, and membrane integrity [94]. Mercury exposure also causes severe neurological damage,
developmental abnormalities, and renal dysfunction [95-97]. Despite these toxic heavy metals, some less-addressed
metals also cause severe health damage, such as cadmium, which is one of the well-known carcinogens. Overall, heavy
metals contribute to systemic toxicity, including oxidative stress, chronic low-grade inflammation, endothelial
dysfunction, and epigenetic alterations in DNA, which in turn induce vulnerability towards CVD, neurodegeneration,
and various cancers.

As illustrated in Figure 4, heavy metals contaminate the environment through multiple anthropogenic and
natural pathways, including industrial discharge, agricultural runoff, and weathering, and bioaccumulate across
the food chain, ultimately reaching human populations through drinking water and food. The figure highlights the
bidirectional relationship between environmental contamination and human health outcomes, including renal
dysfunction, neurological damage, cardiovascular disease, and carcinogenesis, underscoring the urgency of
monitoring and remediation [98]. Apart from heavy metals and biological contamination, toxic chemicals in
pesticides also cause severe toxic effects to human and environmental health [99-102]. Many pesticides, such as
organophosphates and DDT (organochlorine), cause neurotoxicity by inhibiting and delaying the closure of
acetylcholine esterase and voltage-gated sodium channels, respectively. In general, many PFAS are known to bind
peroxisome proliferator-activated receptor alpha (PPAR-a), inhibit lipid metabolism, and regulate the immune
system. PFAS are also known to cause birth defects and impaired human fertility [103].

3.8. Vulnerable Population and Health Risks

Polluted drinking water disproportionately affects vulnerable populations, particularly children and pregnant
women. This increased susceptibility is attributed to several physiological and developmental factors, including
higher exposure per unit body weight, immature detoxification systems (such as underdeveloped cytochrome P450
and glutathione S-transferase enzymes), increased permeability of the blood-brain barrier, rapid developmental
processes, and the transplacental transfer of lipophilic contaminants from mother to fetus [83]. These factors make
them more susceptible to neurodevelopmental impairments, growth stunting, and other long-term health
consequences [103]. Therefore, drinking contaminated water creates a significant burden on global public health,
necessitating the implementation of comprehensive strategies to protect communities and ensure sustainable access
to safe drinking water [104,105].

4. Discussion

The findings indicate that water contamination is a multifactorial issue driven by both natural processes and
anthropogenic activities, with industrial discharge, agricultural runoff, and inadequate sanitation emerging as
dominant contributors. The evidence consistently shows that exposure to contaminated water is strongly associated
with a wide range of adverse health outcomes, particularly gastrointestinal infections, neurological effects, and
chronic toxicities linked to heavy metals and chemical pollutants. Furthermore, disparities in exposure and
vulnerability highlight significant environmental health inequities, especially in low-resource settings where water
treatment and regulatory enforcement remain limited. These patterns underscore the urgent need for integrated
water safety management strategies and strengthened public health interventions.

In this context, it is important to distinguish between microbial and chemical contamination, as both
contribute to disease burden through distinct pathways and temporal patterns of exposure. First, when comparing
the relative disease burden of microbial versus chemical contamination, microbial pathogens remain the dominant
cause of acute waterborne illness globally, responsible for the majority of diarrheal disease-related morbidity and
mortality, particularly in children under five. However, chemical contamination (heavy metals, persistent organic
pollutants, and emerging contaminants) increasingly dominates the chronic disease burden, contributing to NCDs
that are far harder to attribute epidemiologically and therefore systematically undercounted. This asymmetry has
important implications for prioritization: while microbial safety standards and interventions are relatively well
established, regulatory frameworks for chemical and emerging contaminants remain fragmented and inconsistently
enforced, especially in low-resource settings. Second, comparing different contamination pathways, agricultural
runoff introduces both microbial pathogens and chemical pollutants simultaneously, making it arguably the most
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complex source to regulate at the government level. Whereas industrial discharge tends to contribute higher
concentrations of heavy metals and persistent organic pollutants in localized areas. The interaction of multiple
contamination pathways, particularly in densely populated low-income areas, creates cumulative exposures that
are not adequately captured by single-contaminant risk models. Third, the evidence base is strongest for acute
infectious outcomes and weakest for chronic, low-level exposure scenarios, reflecting a systematic gap in
longitudinal epidemiological research. Pathogens from fecal contamination (Vibrio cholerae, E. coli, Giardia, and
several viruses) are mostly responsible for repeated outbreaks of diarrheal diseases, particularly in children,
pregnant women, and immunocompromised individuals. Among diarrheal complications, acute watery diarrhea,
such as cholera, remains lethal due to rapid dehydration. Despite the availability of effective treatments such as
ORS and zinc supplementation, mortality rates are found to be high, reflecting systemic failures in the provision
of safe drinking water. In developing countries such as Pakistan, surveillance systems for the supply of safe water
and potential health outcomes are weak, and a large population continues to rely on unsafe water sources.
Critically, the interaction of biological and chemical water pollutants with genetic, nutritional, and socioeconomic
factors further complicates the disease risk landscape, necessitating multifactorial risk models rather than single-
contaminant approaches. The emergence of PFAS, microplastics, pharmaceutical residues, and ARGs as additional
contamination threats demands urgent attention, as conventional water treatment technologies show variable
effectiveness against these compounds, and their long-term health consequences remain inadequately
characterized. Climate change further compounds these risks by intensifying contamination events through
flooding, concentrating pollutants through drought, and expanding the geographic range of waterborne pathogens.
From a policy standpoint, the evidence reviewed strongly supports investment in: (i) routine multi-contaminant
water quality monitoring, including for emerging pollutants; (ii) expanded wastewater treatment coverage with
technologies appropriate for low-resource settings; (iii) stronger international regulatory standards for industrial
and agricultural discharge; and (iv) longitudinal cohort studies to close critical epidemiological knowledge gaps.
Without such concerted efforts, the health and developmental impacts of water pollution will continue to
undermine global progress toward sustainable development and healthy longevity. According to the WHO,
improving access to safe water, sanitation, and hygiene could save up to 1.4 million lives per year and prevent
approximately 1000 deaths of children under five every single day.

Research Gaps and Future Perspective

Significant scientific progress has been made over recent decades in characterizing the sources, distribution,
and health impacts of drinking water contaminants. Global monitoring initiatives, including the WHO/UNICEF
Joint Monitoring Programme (JMP), have substantially improved our understanding of access to safe water and
sanitation across regions. Epidemiological research has firmly established causal links between microbial
contamination and waterborne diarrheal diseases, as well as mechanistic studies have elucidated the toxicological
pathways of major heavy metals such as lead, arsenic, mercury, and cadmium. The development and widespread
adoption of oral rehydration therapy (ORT) has dramatically reduced mortality from acute diarrheal illness.
Advances in water treatment technologies, including membrane filtration, UV disinfection, and advanced
oxidation processes, have provided effective tools for pathogen and contaminant removal. Regulatory frameworks
such as the EU Water Framework Directive and the WHO drinking water quality guidelines have driven
measurable improvements in water safety in many settings. Furthermore, the identification of emerging
contaminants, including per- and PFAS, microplastics, and antibiotic resistance genes, represents an important
frontier in water safety science. However, despite these advances, critical gaps remain. Preventing water pollution
requires implementing multiple mitigation measures. Key strategies include adopting effective rainwater recharge
techniques in urban areas to enhance both the quantity and quality of groundwater. Regulating wastewater
discharge and improving waste management are essential to prevent future contamination. Maintaining community
septic tanks and sewage systems is also essential to reduce groundwater pollution. We believe that establishing
modern biological treatment facilities enables the reuse of domestic wastewater. Separating recyclable solid waste
at the source, developing properly lined municipal waste disposal facilities to prevent leachate generation, and
enforcing strict environmental regulations through stronger governmental oversight and effective policy
implementation are also essential. Additionally, the global shortage of clean water requires more research on
wastewater treatment. Limited findings are available that relate water quality surveillance data to public health
outcomes and chronic NCDs, which in turn support implementing disease prevention. Research evaluating the
effectiveness, affordability, and sustainability of water treatment plants in developing countries is scarce. These
gaps need to be addressed through interdisciplinary research, which will be essential to improve water governance
and reduce the global disease burden associated with polluted drinking water.
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5. Conclusions

Environmental pollution and drinking water contamination represent a serious and less addressed threat to
public health, particularly in developing countries where water management systems are poorly developed. The
current review highlighted the microbial pathogens and toxic chemicals, including heavy metals, that continuously
contaminate drinking water sources, which directly cause both acute and chronic health issues. Addressing water
scarcity and safety requires a shift toward preventive and integrated approaches, including stricter regulation of
pollution sources, improved sanitation and wastewater treatment, routine water quality monitoring, and increased
public awareness. Strengthening these measures will play essential roles in reducing disease burden, protecting
vulnerable populations, and ensuring sustainable access to safe drinking water in accordance with global public
health and environmental objectives.
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