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Introduction

Abstract

BACKGROUND: Arsenic groundwater contamination is a challenging public health threat in many regions globally,
it also poses a threat to sustainable agriculture and food production. Hyperpigmentation, hyperkeratosis and skin
lesions on the palms and feet are the first symptoms of the long term exposure, both, trough drinking water and
food. In terms of its carcinogenic effect, long term exposure to Arsenic is associated with cancer of the bladder,
lungs, skin, kidneys, nasal passages, liver and prostate.

AIM: The aim of the study was to analyze the effects of long-term exposure to low levels of arsenic in groundwater
in two regions in the Republic of North Macedonia - Kumanovo municipality (Northeast Region) and Gevgelija
municipality (Southeast Region), related to the cancer incidence rate and some other related diagnoses.

METHODS: The relationship between arsenic concentration in groundwater and the death rate due to various
causes of deaths was investigated using Poisson Regression.

RESULTS: Our study despite the methodological limitations suggested important links between the chronic
exposure to Arsenic in groundwater and adverse health outcomes such as diabetes mellitus, cancer of larynx, liver,
bronchus and lung cancer, stomach cancer leukaemia, lymphoma and cancer of prostate, from total malignancies
and malignancies of digestive organs.

CONCLUSIONS: The policy and actions in the RN Macedonia supposed to be focus on awareness raising of the
local population about the adverse effects of groundwater used for irrigation, crop cultivation or even drinking,
replacing high content arsenic sources (wells) with some more safe alternatives, regular monitoring of the arsenic
content in the groundwater, drinking water and food (crops) or eventually, ban of the use of arsenic-contaminated
wells as a last resort.

etc. Groundwater contains higher concentrations of
arsenic than surface water (as lakes or reservoirs),
therefore the demand on groundwater from municipal

Arsenic contamination of groundwater is a
challenging public health threat in many regions
globally but not only that, it also poses a threat to
sustainable agriculture and food production. Natural
sources are the main sources for its occurrence in the
groundwater. Waters that come in contact with
particular rocks and soils (arsenopyrite and pyrite
minerals) that may contain Arsenic (As), also, some
natural activities (volcanic eruption, erosions, forest
fires) can lead to the further release of arsenic into the
groundwater. High arsenic levels from anthropogenic
sources come from wood processing industry (it is used
as a wood preservative), processing of glass, textiles,
paper, metal adhesives, from certain fertilizers and
animal feeding operations, it is used in paints and dyes

systems and private drinking water wells may cause
water levels to drop and release arsenic from rock
formations [1]. An estimated 140 million people in at
least 70 countries have been drinking water containing
arsenic at levels above the WHO provisional guideline
value of 10 pg/L [2].

Arsenic is a metalloid, widely present in the
environment and occurs in various organic and
inorganic forms. In soil are mostly present inorganic
forms of arsenic such as Aslll, trivalent arsenite and
AsV, pentavalent arsenate which are more toxic than
organic forms. While arsenite and arsenate habitually
appears in water, the organic forms are rare in this
medium. Two forms of organic arsenic are found in
certain foods, dimethylarsinic acid (DMA) and
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monomethylarsonic acid (MMA). Although less toxic,
they may be a health concern and are primarily found
in seafood, algae and marine environments,
consumption of meat, poultry, dairy products and
cereals [3], [4].

After ingestion As is absorbed rapidly (45-80%)
and being distributed in the body, easily crosses
barriers such as placental barrier. Arsenic has a high
toxicity reacting with sulfhydryl groups and affecting
general protein metabolism. It is metabolized by
reduction, oxidative methylation, thiolation and
glutathiolation. Inorganic arsenic is a confirmed
genotoxic carcinogen with additional epigenetic effects
[5], [6]. According to EFSA, the degree of methylation
is crucial for its toxic effects in humans. It is excreted
through urine, and its half-life is about 2-3 days. In
terms of arsenic carcinogenesis, increasing oxidative
stress through generation of reactive oxygen species,
arsenic damages the DNA and other macromolecules.
Modification of epigenetic regulation of gene
expression, and targets protein function due its ability
to replace zinc in select proteins, is inhibiting the DNA
repair. However, the strong association between
arsenic and it carcinogenesis is being established in
animal studies, while in humans is still not fully
understood due to the complex nature of arsenic
cancers [7].

The primary routes of human exposure to
arsenic are via ingestion and inhalation. Dermal
exposure is possible but is not considered as a primary
route of exposure. Drinking contaminated water, or use
of contaminated water for food preparation, for
irrigation of food crops or eating contaminated food as
well as tobacco smoking are the main public concerns
regarding this contaminant [8].

Health effect

Human exposure to arsenic can cause both
short and long term health effects. Short term exposure
to high doses of arsenic can cause adverse health
effects such as skin damage or problems with
circulatory systems, and may have increased risk of
getting cancer. WHO working group in 2005 defined
the term arsenicosis as a “chronic health condition
arising from prolonged ingestion (not less than 6
months) of arsenic above a safe dose, usually
manifested by characteristic skin lesions, with or
without involvement of internal organs” [9].
Hyperpigmentation, hyperkeratosis and skin lesions on
the palms and feet are the first symptoms of the long
term exposure, both, trough drinking water and food.
These changes are considered as precancerous and
occur after a minimum exposure of approximately five
years.

In terms of its carcinogenic effect, long term
exposure to Arsenic is associated with cancer of the
bladder, lungs, skin, kidneys, nasal passages, liver and
prostate. According to the International Agency for

Research on Cancer (IARC), there is sufficient
evidence in humans for cancer of the lung, urinary
bladder, and skin, and limited evidence for cancer of
the breast and pancreatic cancer, kidney, liver, and
prostate [5], [10]. Although the inorganic arsenic does
not directly interact with DNA, "induction of the
oxidative stress plays a crucial role in formation of DNA
base oxidation as well as both DNA single and double
strand breaks". Chronic exposure to inorganic As in
utero or adult life is also associated with epigenetic
changes that may lead to aberrant gene expression [5].

The majority of studies come from the world
regions where inorganic arsenic is naturally present in
high concentration in the groundwater (Argentina,
Bangladesh, Cambodia, Chile, China, India, Mexico,
Pakistan, the United States of America and Viet Nam),
analyzing cancer incidence after an exposure to high
concentrations of arsenic. However, there is waist
epidemiological evidence claiming sufficient and
causal associations between low to moderate exposure
to inorganic As (defined as concentrations of arsenic in
water of less than 150 ug/l) [5] and other adverse health
effects such as stillbirth, spontaneous abortion, infant
mortality, congenital heart disease,
neurodevelopmental effects, chronic kidney disease,
ischemic heart disease and carotid artery
atherosclerosis etc [5]. Limited and insufficient
evidence exists also for the association between low to
moderate exposure to As and male fertility, diabetes
and metabolic syndrome, neurotoxicity, stroke and
hypertension, arsenic-induced myocardial infarction,
glucose metabolism [5]. Having in mind that most of
those effects and evidence are generated from the
studies conducted in regions with low or medium
income (China, Bangladesh), the role of some
important modifying factors has to be taken into the
consideration especially nutrition or health status of the
population.

Therefore, with this study we aim to analyze
the effects of long-term exposure to low levels of
arsenic in the groundwater in two regions in the
Republic of North Macedonia - Kumanovo municipality
(Northeast Region) and Gevgelija municipality
(Southeast Region), related to the cancer incidence
rate and some other related diagnoses. The adverse
effects on the children development and pregnancy
outcomes are not analyzed in this study.

Methods

Mortality data for the health outcomes of
interest were provided by the State Statistical Office
along with latest population Census data (2021). The
water sampling and analysis were performed in the
Institute of Public Health in compliance with the
requirements of the ISO 5667-3 [11]. The samples
were analyzed within the 24 hours from the time of the
collection for the total presence of As, according to the
ISO 15586. A flow injection atomic absorption
spectrometry (FIAS) was employed for the
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determination of the total arsenic content [12]. Period
covered by the study - 2017 to 2023.

Statistical analysis of the data is performed
using the IBM Statistical Package for the Social
Sciences (IBM SPSS Statistic for Windows, Version
19.0. Amonk, NY: IBM Corp.). Descriptive statistics is
done in series with numerical marks (pollutants
concentration), means and standard deviation; +95%
Cl, minimum, and maximum. The relationship between
arsenic concentration in groundwater and different
health outcomes of interest - the death rate due to
various causes of deaths was investigated using
Poisson Regression at a significant level (P<0.05).

The study area

The Republic of North Macedonia is located in
Southeast Europe, in the center of the Balkan
Peninsula and covers an area of 25,713 km2 For
statistical, economic and administrative purposes, the
territory of the RN Macedonia is divided into eight
planning regions. Administratively, the territory is
divided in 80 municipalities, 10 of which constitute the
City of Skopje, as a separate unit of local self-
government (Figure 1). According to the last Census
conducted in 2021, there are 1.836.713 citizens [13],
[14].
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Figure 1: Statistical regions in the Republic of North Macedonia
(Source: State Statistical Office, 2024)

Based on the data from the Census (2021), the
total population of the Kumanovo municipality
(comprise 47 villages and the city of Kumanovo) is 105
484, that presents 5.8% of total population of the
country, and Gevgelija municipality (comprise 17
villages and the city of Gevgelija) with total population
of 22 988 residents (1.3% of total population).

Geology

The selection of this two regions - the
municipality of Kumanovo (Northeastern Region) and
the municipality of Gevgelija (Southeastern Region),

has been done based on the findings from the analysis
of groundwater samples indicating increasing trends in
arsenic concentration during the time, especially in the
region of the municipality of Gevgelija. Agriculture and
food production are among the main economic
activities in both regions, but is also important to
emphasize the tradition of the population to use the
groundwater from private wells for irrigation, and in
some cases even for drinking especially in the rural
areas although there is an access to public water
supply systems.

The relief of the RN Macedonia is mainly
mountainous. According to Stafilov et al., the highest
average content of arsenic in the country was found in
soil from the areas with dominant occurrence of
magmatic rocks in area of Paleogene and area of
Neogene soil. The mean content of arsenic in topsoil in
Macedonia is 9.2 mg/kg which is lower than European
topsoil content (12 mg/kg). (Table 1).

Table 1: The mean values of arsenic in soil in different regions
in the RN Macedonia

Region Mean Md Min Max
mg/kg mg/kg mg/kg mg/kg
Pelagonian 5.6 6.0 <1.0 140.0
Southwestern 11.0 12.0 <1.0 290.0
Polog 14.0 15.0 3.0 160.0
Vardar 9.3 9.0 1.0 720.0
Skopje 11.0 10.0 3.0 30.0
Southeastern 9.7 9.0 2.0 120.0
Eastern 9.7 10.0 1.0 170.0
Northeastern 10.0 10.0 2.0 160.0

Source: Stafilov T, Shajn R. Geochemical atlas of the Republic of Macedonia. 2016.

The content of arsenic in soil is slightly higher
than the country mean value in both regions - in the
Southeastern Region 9.7 mg/kg (2.0-120.0 mg/kg) and
Northeastern Region, with mean content of arsenic of
10.0 mg/kg (2.0-160.0 mg/kg) [15].

Results

Aiming to understand the relationship between
arsenic concentration in the groundwater and mortality
rate due to some cancers, Alzheimer disease and
diabetes mellitus, we have analyzed 243 groundwater
samples from the two selected regions. Analyzing the
concentration of arsenic in groundwater samples over
the observed seven-year period (2017-2023), along
with other metals, we found increasing concentration of
arsenic over time (although bellow the WHO
provisional guideline value of 10 ug/L) (Table 2). This
particularly applies to groundwater samples from the
Southeastern Region (Gevgelija).

The average monthly concentration of arsenic
is within the range of 1.3-8.9 pg/L in Gevgelija, with
maximal concentrations ranging from 17.3-24.4 ug/L.
In the municipality of Kumanovo, the average
concentration of arsenic is lower, ranging from 1.3-2.7
pg/L, and the maximal ranging from 4.5-8.8 pg/L. In
general, in the observed period, the highest
concentration of arsenic has been reported from July to
September with some exceptions (December or
January).
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Table 2: Concentration of arsenic (ug/L) in the groundwater
samples, period observed 2017-2023

Std.

) ) Deviation Skewness Kurtosis
Region N Min Max Mean S St
Statistic Statistic . Statistic .
Error Error
Gevgelija 127 0.00 2441 5.34 7.397 1.375 0.215 0.482 0.427
Kumanovo 116 0.00 879 2.04 2.378 0.944 0.225 -0.687 0.446

Source: Institute of Public Health of the RNM. 2024

Aiming to compare the findings of our study
with the countries or world regions which are at the top
of the list in terms of the arsenic contamination and
concentrations in groundwater such as China, India,
Bangladesh, Iran and some other countries [16], we
selected some health outcomes that have been used in
the study from Iran (Table 3) [17].

In Table 3 is presented the death rate per 100
000 populations due to different types of cancer,
Alzheimer disease and diabetes mellitus. In the
observed seven-year period, Gevgelija municipality
has higher all-cause mortality rate compared to the
Kumanovo (1408.7 per 100 000 population vs
1156.0/100 000). Specific mortality shows that the
highest mortality rate is observed due to total malignant
(C00-C97) in both regions - Gevgelija 232.3/100 000
and Kumanovo 201.00/100 00, especially due to the
lung cancer (Gevgelija 65.0/100 00 and 46.4 in
Kumanovo) and malignant of the digestive system
(Gevgelija 65.7/100 000 and 66.3 in Kumanovo). Also,
high mortality rate is observed due to diabetes mellitus
(101.4 and 71.4/100 000).

Table 3: Summary statistic of the mortality rate (per 100 000 population) in the regions observed, for the period 2017-2023

. . GEVGELIJA KUMANOVO

Mortality (disease, ICD 10 code) Min Max Mean Std. Dev. Min Max Mean Std. Dev.
Alzheimer di (G30-G30.9) 4.6 324 14.57 10.326 14.3 61.2 38.43 18.636
Bronchus and lung (C34, C34.1, C34.8, C34.9) 41.7 88.0 65.00 14.549 36.7 59.1 46.43 6.630
Bladder (C67, C67.9) 4.6 13.9 8.57 3.047 2.0 12.2 6.57 3.207
Breast (C50, C50.8, C50.9) 13.9 27.8 21.29 4.424 8.2 224 14.71 5.282
Cervix uteri, uteri (C53, C53.9, C54, C54.1, C54.9, C55) 0.0 18.5 6.86 5.956 5.1 12.2 7.43 2.699
Colon (C18, C18.8, C18.9, C19, C20, C21) 9.3 27.8 18.00 6.325 18.3 32.6 24.57 5.381
Gallbladder (C23) 0.0 4.6 .71 1.890 1.0 3.1 1.86 .900
Kidney, renal pelvis (C64, C65) 0.0 9.3 4.71 3.684 1.0 4.1 2.29 1.380
Leukaemia (C90.1-C95.9) 0.0 13.9 4.71 6.601 2.0 5.1 3.86 .900
Liver (C22, C22.0, C22.1, C22.4, C22.7, C22.9) 4.6 13.9 8.00 3.317 2.0 14.3 9.14 4.337
Lymphoma (C81, C81.9, C83, C83.0, C83.9, C85.9, C84.4, C85.1) 0.0 13.9 2.71 5.314 1.0 6.1 3.29 1.976
Larynx (C32, C32.9) 0.0 13.9 6.71 4.424 2.0 6.1 4.86 1.345
Meninges, brain (C70, C70.9, C71, C71.0, C71.9) 0.0 23.2 9.86 8.688 3.1 10.2 6.86 2.340
Malignant neoplasms (C00-C97) 190.0 264.1 232.29 23.908 174.3 225.3 201.00 18.111
Malignant neoplasms of digestive organs (C15-C26) 55.6 78.8 65.71 8.995 43.8 81.5 66.29 12.311
Oesophagus (C15, C15.9) 0.0 9.3 2.00 3.606 1.0 4.1 1.71 1.113
Ovary (C56) 0.0 9.3 4.71 3.684 1.0 5.1 2.86 1.574
Pancreas (C25, C25.0, C25.9) 9.3 324 19.29 8.159 9.2 19.4 13.29 3.147
Prostate (C61) 0.0 23.2 8.57 8.142 8.2 16.3 11.00 3.055
Stomach (C16.9, C16.8, C16) 9.3 27.8 17.29 8.077 8.2 15.3 11.86 2.968
Skin of scalp and neck (C44.4) 0.0 4.6 1.43 2.440 1.0 3.1 1.71 .951
Skin (C43.9, C44, C44.9, C44.7) 0.0 9.3 4.14 3.185 2.0 10.2 5.57 2.760
Unspecified diabetes mellitus (T1D+T2D) E10, E10.2, E10.7, E10.9, 51.0 157.6 101.43 41.725 56.1 97.9 71.43 17.203

E11-E11.9, E14-E14.9

Source: State Statistical Office. 2024

According to the results of Poisson regression
analysis (Table 4), the highest relationship with arsenic
concentration and different causes of death at a
significant level (p-value <0.05), in Gevgelija region is
observed in terms of the cancer of the cervix uteri and
uterus 1.54 (1.25-1.90), ovary 1.50 (1.17-1.93), larynx
1.38 (1.11-1.71), liver 1.30 (1.07-1.59), diabetes
mellitus 1.25 (1.18-1.32), stomach cancer 1.23 (1.07-
1.41), bronchus and lung cancer 0.92 (0.85-0.99),
leukaemia 0.69 (0.49-0.99), lymphoma 0.58 (0.35-
0.97) and cancer of prostate 0.58 (0.43-0.77).

In Kumanovo region, such a relationship is
observed in terms of diabetes mellitus 1.46 (1.17-1.82),
bronchus and lung cancer 1.33 (1.00-1.76) and as well
as in terms of the mortality from total malignancies 0.85
(0.72-0.99), malignancies of digestive organs 0.63
(0.46-0.86) and liver cancer 0.19 (0.47-0.79).

Discussion

Inorganic arsenic is naturally present at high
levels in the groundwater of a number of countries,
including Argentina, Bangladesh, Cambodia, Chile,
China, India, Mexico, Pakistan, Iran, the United States

of America and Viet Nam. The biggest scientific
evidence for the adverse effect of the arsenic actually
come from the studies conducted in these area. Long-
term exposures to concentrations of arsenic in water of
less than 150 ug/L are considered as exposure to low
to moderate levels of arsenic [5], [16]. In Europe,
groundwater with high concentrations of arsenic and
other elements like manganese, iron, ammonia and
organic substances is reported in Austria and the
eastern Croatia. The appearance of inorganic arsenic
in groundwater in Croatia is mainly caused by arsenic
from natural geological sources. Since the groundwater
is the main source of drinking water for the population
in this area, almost 200 000 people are daily drinking
water with arsenic concentration ranging from 10 to 610
Mg/L. The arsenic concentration in drinking water in
water supply system of some Croatian cities such as
Osijek is 40 pg/L, Eepin (170 pg/L) and Andrijasevci
(610 pg/L) [18]. In Serbia, Zrenjanin municipality, the
arsenic concentration is about 420 pg/L in the public
water supply [19]. In Turkey, Boron and Arsenic were
the two important contaminants determined in the
groundwater around the Bigadi¢ borate mines. Arsenic
is the major pollutant and it ranged from 33 to 911 ug/L
in the groundwater samples [20], [21].

Open Access Maced J Med Sci. 2025 Sep 15; 13(3):150-159.

153



E — Public Health

Public Health Epidemiology

Table 4: Poisson Regression analysis, evaluation of the

selected health outcomes

relationship between the arsenic concentration and mortality rate of

. GEVGELIJA KUMANOVO

Diseases (ICD10 code) IRR* [95% CI] P value IRR* [95% CI] P value
Alzheimer di G30-G30.9 1.104 .944-1.292 217 1.110 .799-1.543 .534
Bronchus and lung, C34, C34.1, C34.8, C34.9 917 .845-.996 .039 1.331 1.004-1.764 .047
Bladder, C67, C67.9 .864 .684-1.090 217 273 .066-1.125 .072
Breast, C50, C50.8, C50.9 1.038 .908-1.187 .585 .867 .485-1.550 .630
Cervix uteri, uteri, C53, C53.9, C54, C54.1, C54.9, C55 1.542 1.253-1.897 .000 .638 .254-1.605 .340
Colon, C18, C18.8, C18.9, C19, C20, C21 .874 .745-1.025 .097 .745 .463-1.200 .226
Gallbladder, C23 577 .211-1.578 .284 1.091 .242- 4.922 .910
Kidney, renal pelvis, C64, C65 1.223 .938-1.593 .136 .857 .195-3.771 .838
Leukaemia, C90.1-C95.9 .692 .485- .988 .042 1.043 .361-3.017 .937
Liver, C22, C22.0, C22.1, C22.4, C22.7, C22.9 1.299 1.065-1.585 .010 194 .047- .791 .022
Lymphoma, C81, C81.9, C83, C83.0, C83.9, C85.9, C84.4,

C85.1 577 .345-.967 .037 .900 .267-3.029 .865
Larynx, C32, C32.9 1.377 1.112-1.705 .003 1.034 .400-2.672 .944
Meninges, brain, C70, C70.9, C71, C71.0, C71.9 1.069 .880-1.297 .502 .400 .124-1.287 124
Malignant neoplasms (C00-C97) .997 .956-1.039 .880 .847 .722-.992 .040
Malignant neoplasms of digestive organs (C15-C26) 1.063 .986-1.146 112 .629 .461-.857 .003
Oesophagus (C15, C15.9) .845 .519-1.376 497 1.200 .263- 5477 .814
Ovary, C56 1.501 1.168-1.929 .001 1.500 .501-4.487 468
Pancreas, C25, C25.0, C25.9 1.058 .920-1.216 428 .643 .323-1.278 .208
Prostate, C61 577 432-772 .000 1.333 .747-2.379 .330
Stomach (C16.9, C16.8, C16) 1.227 1.069-1.408 .004 .640 .309-1.327 .640
Skin of scalp and neck (C44.4) .948 .552-1.629 .848 .545 .070-4.225 .562
Skin, C43.9, C44, C44.9, C44.7 1.210 .912-1.607 .186 .500 .154-1.624 249
Unspecified diabetes mellitus (T1D+T2D) E10, E10.2, E10.7,

E10.9, E11-E11.9, E14-E14.9 1.250 1.181-1.322 .000 1.463 1.173-1.824 .001

*IRR (Incidence Rate Ratio).

In the Republic of North Macedonia, a region
well known for high concentrations of arsenic is Kozuf
metallogenic district in Southeast Region. As a result of
past mining activities, there are dumps with anomalous
concentrations of antimony, arsenic, lead, mercury and
thallium at abandoned, that represent a significant
environmental and health hazards. Here is located
world-known Alichar (mine gold—arsenic—antimony—
thallium deposit), ore deposits/mineral occurrences
(Majdan - arsenic), Dudica - copper-gold and Arnicko -
antimony) and other ore deposits are supposed to have
existed here but have remained unknown due to the
lack of exploration. Through the waterways the entire
area is drained into the river Vardar, transition river
shared with neighboring country Greece [1,22]. The city
of Gevgelija used to face a severe arsenic
contamination of the groundwater (Moin wells) and
drinking water [23] until 2009, when the drinking water
from the public water supply system has been banned
for human consumption and use. The problem has
been finally solved about 2018. In the Vardar Region
near the city of Kavadarci actually the highest
concentration was determined in the soil sample due to
the lithogenic enrichment of arsenic minerals but also
due to this longtime exploitation from the Allchar mine
[15]. In Kumanovo Region, it was found that the
distribution of most elements follows the lithology of the
studied area, except for some elements (As, Pb, and
Zn) whose higher contents were found in some specific
parts of sub-areas, which is due to the current and past
mining activities in the region [24].

Numerous studies have explored arsenic
contamination in groundwater, particularly in South
Asia (e.g., Bangladesh, India), where groundwater
arsenic levels have been a major public health concern.
These studies often mention how seasonal variations
in water levels (due to monsoons or dry seasons) can
influence arsenic concentrations [25,26]. As mentioned
before, in our study, the highest concentration of

arsenic has been reported from July to September in
the observed period, with some exceptions (December
or January). Among other contributing factors for
variation of groundwater arsenic concentrations,
intense agricultural activites due to the use of
pesticides, sediment disturbances are also identified.
Warmer temperatures can sometimes lead to
increased microbial activity, which can affect the
reduction or oxidation of arsenic in the groundwater as
well [27], [28]. This could either mobilize or immobilize
arsenic, depending on the local conditions.

The mean concentration of arsenic in analyzed
samples of groundwater in the case of municipality
Kumanovo and Gevgelija is bellow 10 pg/L. Still, there
are samples exceeding the WHO limit values and
reaching maximal concentrations up to 24.4 pg/L in
Gevgelija region, and 8.8 pg/L in Kumanovo region
respectively. Groundwater is a major source not only
for water supply but also for irrigation globally, which is
the case in both regions in North Macedonia. Hence, if
arsenic polluted groundwater is used for irrigation and
crop cultivation, serious problems may occur in
agriculture production but as well as can impact the
population health. Arsenic can accumulate in the
topsoil making the soil unfit for agriculture production.
Several studies have already proved that the
consumption of rice and vegetables cultivated with As-
elevated groundwater is a potential contributor to the
human body globally. Some plants like cabbage,
potatoes, rice, lettuce and carrot can accumulate it in
the edible parts of the plant "making it unsuitable for
human consumption or other intended use" [29], [30].

Regarding the health effects and impact of the
Arsenic, the magnitude of this public health problem
globally can not be estimated due to many factors:
individual and population characteristics of the exposed
in different geographical areas, lack of methodology to
distinguish cases of cancer caused by arsenic from

154

https://oamjms.eu/index.php/mjms/index



Dimovska & Minov. Arsenic Content in Groundwater in Two Regions of the Republic of North Macedonia

cancers induced by other factors as well as lack of
universal definition of the disease caused by arsenic
[4]. According to Joint FAO/WHO Expert Committee on
Food Additives (JECFA) and their reevaluation, "in
certain regions of the world where concentrations of
inorganic arsenic in drinking-water exceed 50-100
pg/L, there is some evidence of adverse effects. In
other areas, where arsenic concentrations in water are
elevated (10-50 pg/L), there is a possibility of adverse
effects. These would be at a low incidence that would
be difficult to detect in epidemiological studies".

The findings of our present study are in line
with the studies obtained from the most polluted
regions worldwide. It showed a positive and statistically
significant  association  between the arsenic
concentration in groundwater and some of the selected
health outcomes - mortality due to cancer of larynx,
liver, diabetes mellitus, stomach cancer, leukaemia,
lymphoma and cancer of prostate. In Kumanovo
region, we found positive association with mortality due
to diabetes mellitus, bronchus and lung cancer and
from total malignancies and malignancies of digestive
organs also.

The strongest scientific evidence for organ-
specific arsenic carcinogenicity is in skin, lung, bladder
and kidney with evidence for arsenic contributions to
other cancers [31], [32]. In the Iranian study, a positive
association has been found between arsenic
concentration and mortality due to breast cancer,
stomach, liver and other digestive organs, and
leukemia as well [17]. Regarding the association with
lung cancer, the strongest evidence has been derived
from occupational exposure studies [32], [33].
However, other studies reported that the main source
of human exposure to arsenic comes trough the
chronic exposure to contaminated drinking water
compared to the contaminated soil, where such an
association has not been found [34]. Taiwan study
confirmed that there is a dose-response association of
lung cancer and arsenic exposure especially at higher
concentrations (concentrations between 100 and 300
pg/L, with excess risk (RR 1.54, 0.97-2.46)). This study
reported significant dose-response trends and the
synergistic effect of arsenic exposure and cigarette
smoking in the appearance of squamous and small cell
carcinomas, but not in adenocarcinoma. The main
contributing factor is the duration of exposure. Thus,
this study showed that long-term exposure to even
lower concentrations of arsenic will lead to lung cancer
[35].

The evidence is more limited in terms of the
increased gastrointestinal tract cancers, prostate and
laryngeal cancer, and especially in terms of the breast
cancer where other genetic factors can have strong
modifying role in arsenic-associated risk [36], [37]. The
role of environmental exposures to hormonal agents
and other factors such as exposures to endocrine
disrupting substances, indoor and outdoor air pollution,
polycyclic aromatic hydrocarbons (PAHs), arsenic,
accompanied with family history and genetic

predisposition can induce epigenetic changes in an
exposure or disease. They are "likely to contribute to
the epigenetic dysregulation of oncogenes and tumor
suppressor genes in breast cancer" [38].

Some studies suggest a potential association
between long-term exposure to arsenic and ovarian
cancer risk, the evidence is still inconclusive and further
research is needed. Many of the studies are limited by
small sample sizes, confounding factors, or lack of
direct focus on ovarian cancer specifically [17,39,40].

In the present study we did not find association
for the mortality due to skin cancer which is expected
due to the fact that skin lesions and cancer appear to
be more prevalent at exposures to drinking water levels
in excess of 50 ug/L [41], [42]. According to the study
conducted in Taiwan, skin cancer (mostly epidermoid
and basal cell carcinoma) was considered as better
indicator of long-term (at least 20 years) cumulative
exposure to arsenic than the arsenic content in hair or
urine [43].

Despite the findings reported by the IARC
about the limited evidence that the liver is a target site
for the carcinogenic effects of arsenic and arsenic
compounds in humans (which is not a case in rodents),
also the evidence is limited in terms of the kidney and
prostate cancer in humans [10], [44]. Some other
studies observed mortality due to liver cancer,
pancreatic cancer, cancer of stomach and other
digestive organs. The Taiwan study reported
significantly high standardized mortality ratio (SMR)
and cumulative mortality rate in blackfoot disease-
endemic areas for cancers of bladder, kidney, skin,
lung, liver, and colon [43].

Among the potential mechanisms in which
arsenic induces cancer, gut microbe perturbations,
genotoxic effects, and epigenetic modification are
listed. They act synergistically and combinably. The
gut microbe perturbations lead to inflammation that is
the major factor for development of cirrhosis and
hepatocellular carcinoma as a final outcome [46]. The
systematic review of the carcinogenic effect of arsenic
in relation to the digestive cancers suggested an
association, particularly in hepato-pancreatico-biliary
(HPB) malignancies. In summary of the findings of this
systematic review was reported that 43% (3/7) and
48% (10/21) studies highlighted an association
between arsenic and the incidence and mortality of
digestive cancers, respectively [46]. The positive
association was reported in study from Argentina in
terms of the exposure trough drinking water and
pancreatic and colon cancers in men and colon cancer
in women [47]. In the present study, we found
associations with liver cancer in Gevgelija region and a
positive association for mortality due to the
malignancies of the digestive organs in Kumanovo. The
study conducted in Chile that observed the most
common childhood cancers (leukemia and brain cancer
among other), reported that exposures to arsenic in
drinking water during early childhood may result in an
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increase in childhood liver cancer mortality, with the
highest rate reported in the age group 0-19 (for males
and females pooled, the RR was 10.6 (95% CI 2.9-
39.2; p<0.001) [48]. In the US-based prospective
cohort study, arsenic exposure (measured in urine)
was associated with increased mortality from lung,
pancreas and prostate cancer. The risk was statistically
non-significant in terms of kidney cancer and liver
cancer [49], [50].

The other health outcome that we observed
was mortality due to leukaemia and lymphoma. Despite
the main limitation of the study (low mortality rate from
these malignancies 4.7/100 000 and 2.7/100 000 in
Gevgelija and 3.9 and 3.3/100 000 in Kumanovo), we
found a positive association between arsenic
concentration and mortality only in Gevgelija region. In
the US-based prospective cohort study, arsenic
exposure was associated with decreased mortality
from lymphatic and hematopoietic cancers. The study
from Taiwan reported also a negative association
between arsenic concentration in drinking water in both
sexes, supporting the "dual effects of arsenic on
carcinogenesis and also a protective effect against
hematologic malignancies" [51]. This finding leads to
the conclusion that "arsenic plays different roles in the
carcinogenesis of solid cancers and hematologic
malignances". Namely, it is well known fact that arsenic
trioxide for example had been approved by the FDA as
a chemotherapeutic for leukemia in 2000 "bringing an
ancient drug into the modern era" again. Arsenic
trioxide also has a therapeutically use in some type of
ovarian cancers [52], [53], [54].

In our study, we found a positive association
between arsenic concentration in the groundwater and
total mortality for malignances (ICD10 code C00-C97)
only in Kumanovo (0.85 (0.72-0.99). Overall, in some
studies that have observed the same health outcome,
reported that increasing urine arsenic concentrations
showed a positive but non-significant association with
total cancer mortality [49], [50]. The Chilean study on
the childhood cancers, fund no associations between
the arsenic exposures trough drinking water and
mortality from the most common cancers in children -
brain cancer and leukemia [48].

A systematic review of experimental and
epidemiological studies analyzing the association of
arsenic in drinking water and type 2 diabetes, in
summary concluded that environmental arsenic
exposure is related with some of the main characteristic
od T2DM (insulin resistance, micro- and macrovascular
complications of T2DM, compromised glucose
tolerance also). Still, according to them, "the current
available evidence is inadequate to establish a causal
role of arsenic in diabetes", and further research is
required in order to fully understand the complex
interactions, mechanisms and contributing factors [55].
Some other studies have also revealed high rates of
diabetes among other health outcomes (asthma,
hepatomegaly, few cases of renal, skin, breast and
cervix cancer in the exposed population) [56], [57], [58],

while a Canadian and study conducted in Cyprus
revealed no association between Arsenic in
groundwater and risk of diabetes after some
adjustments of the confounding factors (age, smoking,
seafood consumptions etc. [59], [60]. In the present
study, we have not found a significant relationship
between arsenic exposure and mortality due to
Alzheimer's disease.

Limitations

In the field of limitations of this study, lack of
information about some factors that potentially could
contribute to the diseases risk such as smoking,
physical inactivity, BMI, diet, occupation, genetics,
family history of cancers is the major ones. In this
regard, this study could be a base for some further,
more detailed studies that would encompass all these
confounding and potentially contributing factors. Small
number of death cases due to some malignancies such
as gallbladder, lymphoma, oesophagus or cancer of
skin of scalp and neck are reducing statistical
significance of the analysis.

Conclusions

Despite extensive epidemiological evidence on
the association between arsenic concentration in water
and the increased risk of developing various types of
cancer, studies on the effects of arsenic present in
groundwater or drinking water from countries of the
Balkan region are still lacking.

Our study despite the methodological
limitations suggested important links between the
chronic exposure to Arsenic in groundwater and
adverse health outcomes such as diabetes mellitus,
cancer of larynx, liver, bronchus and lung cancer,
stomach cancer etc. in the RN Macedonia. Therefore,
bearing in mind that the most effective and efficient
strategy to decrease arsenic-induced cancer risk is to
reduce arsenic exposure, the policy and actions in the
RN Macedonia supposed to be focus on awareness
raising of the local population about the adverse effects
of groundwater use for irrigation, crop cultivation or
even drinking. The latter is particularly important
because both analyzed regions have access to safe
drinking water in both, urban and rural areas. Replacing
high content arsenic sources (wells) with some more
safe alternatives (surface water or collected rainwater),
blending low-arsenic water with higher-arsenic water
and regular monitoring of the arsenic content in the
groundwater, drinking water and food (crops) or
eventually ban of the use of arsenic-contaminated wells
as a last resort is recommended.

Author Contributions

Both authors contributed to the study’s
conception and design. Data collection was performed

156

https://oamjms.eu/index.php/mjms/index



Dimovska & Minov. Arsenic Content in Groundwater in Two Regions of the Republic of North Macedonia

by Atanas Minov. Mirjana Dimovska performed the
computations and writing of the manuscript. Both
authors read and approved the final manuscript.

References

1. Simek J, and H. Bure$ova H. Environmental impact assessment
of the Kozuf metallogenic district in southern Macedonia in relation
to groundwater resources, surface waters, soils and socio-economic
consequences (ENIGMA) ENIGMA Project (Ref. No. 1206 KEP.008-
12), 2014. Available from: chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://eprints.ugd.ed
u.mk/9966/1/Buresova%20et%20al%20Prague%202014.pdf.

2. WHO. Guidelines for drinking-water quality: fourth edition
incorporating the first and second addenda. Available from:
https://www.who.int/publications/i/item/9789240045064).

3. EFSA Panel on Contaminants in the Food Chain (CONTAM).
Risk assessment of small organoarsenic species in food. 2024.
EFSA Journal. 2024;22:e88.
https://doi.org/10.2903/j.efsa.2024.p220701

4. WHO. Fact Sheets. Arsenic. Available from:
https://www.who.int/news-room/fact-sheets/detail/arsenic

5. EFSA Panel on Contaminants in the Food Chain (CONTAM).
Update of the risk assessment of inorganic arsenic in food.2024.
EFSA Journal. 2024;22:e8488.
https://doi.org/10.2903/j.efsa.2024.8488 PMid:38239496

6. Waalkes MP. Arsenic and metals. In: Baan RA, Stewart BW,
Straif K, editors. Tumour Site Concordance and Mechanisms of
Carcinogenesis. Lyon (FR): International Agency for Research on
Cancer; 2019. Chapter 3. PMID: 33979075.

7. Speer RM, Zhou X, Volk LB, Liu KJ, Hudson LG. Arsenic and
cancer: Evidence and mechanisms. Adv Pharmacol. 2023;96:151-
202. PMid:36858772 PMCid:PMC10860672

8. WHO. Fact sheets on arsenic. Available on:
https://www.who.int/news-room/fact-
sheets/detail/arsenic#:~:text=People%20are%20exposed%20t0%2
Oelevated,contaminated%20food%20and%20smoking%20tobacco.
Accessed 21 December 2024.

9. WHO Regional Office for South-East Asia (2003) Arsenicosis
case-detection, management and surveillance. Report of a regional
consultation. WHO, New Delhi

10. IARC. Arsenic, metals, fibres, and dusts. IARC Monogr Eval
Carcinog Risks Hum. 2012;100C:1-499. PMID:23189751. Available
from: http://publications.iarc.fr/120.

11. 1SO 5667-3:2024. Water quality - Sampling Part 3: Preservation
and handling of water samples. 2024.

12. 1SO 15586:2003. Water quality - Determination of trace
elements using atomic absorption spectrometry with graphite
furnace, 2003.

13. State Statistical Office. Municipalities and Settlements.
Available from: https://www.stat.gov.mk/opstininm_en.aspx. [Last
accessed on 8 December 2024)

14. State Statistical Office. MakStat Database. Available from:
https://makstat.stat.gov.mk/PXWeb/pxweb/en/MakStat/?rxid=46ee0
f64-2992-4b45-a2d9-cb4e5f7ec5ef. [Last accessed on 8 December
2024].

15. Stafilov T, Shajn R. Geochemical atlas of the Republic of
Macedonia. 2016. Faculty of Natural Sciences and Mathematics, Ss
Cyril and Methodius, 2016.

16. Shaji E, Santosh M, Sarath K, Prakash P, Deepchand V, Divya
B. Arsenic contamination of groundwater: A global synopsis with
focus on the Indian Peninsula. Geosci. Front. 2021;12(3):101079.
https://doi.org/10.1016/j.gsf.2020.08.015

17. Rahmani A and al. The association of arsenic exposure with
mortality due to cancer, diabetes, Alzheimer's and congenital
anomalies using Poisson regression. Sci Rep. 2023 Sep
19;13(1):15456. https://doi.org/10.1038/s41598-023-42744-4
PMid:37726351 PMCid:PMC10509156

18. Habuda-Stani¢ M. et al. Quality of groundwater in eastern
Croatia. The problem of arsenic pollution, Desalination, Volume
210, Issues. 2007;1-3: 157-162.
https://doi.org/10.1016/j.desal.2006.05.040

19. Jovanovi¢ DD, Paunovi¢ K, Manojlovi¢ DD, Jakovljevi¢ B,
Rasic-Milutinovi¢ Z, Dojcinovi¢ BP. Arsenic in drinking water and
acute coronary syndrome in Zrenjanin municipality, Serbia. Environ
Res. 2012 Aug;117:75-82.
https://doi.org/10.1016/j.envres.2012.04.016 PMid:22626473

20. Unsal Gemici, Giiltekin Tarcan, Cahit Helvaci, A. Melis Somay,
High arsenic and boron concentrations in groundwaters related to
mining activity in the Bigadic borate deposits (Western Turkey),
Applied Geochemistry, 2008;Volume 23, Issue 8, Pages 2462-
2476. https://doi.org/10.1016/j.apgeochem.2008.02.013

21. Gordana Meduni¢, Zeljka Fiket, and Maja Ivanié. Arsenic
Contamination Status in Europe, Australia, and Other Parts of the
World).

22. Baceva Andonovska K., Stafilov T. and Matevski V.
Bioaccumulation of Heavy Metals by Endemic Viola Species from
the Soil in the Vicinity of the As-Sb-TI Mine "Allchar", Republic of
Macedonia. International Journal of Phytoremediation.
2014;16(4):347-365.
https://doi.org/10.1080/15226514.2013.783551 PMid:24912236

23. Kostic V. et al. Distribution of the total arsenic content in
drinking watre obtained from different water sources in the Republic
of Macedonia. Journal of Food and Nutrition Sciences. 2014;2(4):
146-155. https://doi.org/10.11648/j.jfns.20140204.18

24. Stafilov, T., Sajn, R., Velitkovski-Simonovié, S., & Tanaselia, C.
Multivariate statistical methods in determining the spatial
distribution of chemical elements in soils (Kumanovo region, North
Macedonia). Geologica Macedonica. 2023;37(1): 15-36.
https://doi.org/10.46763/GEOL23371015s

25. Sen, J., Barry Bogin, Nitish Mondal, Sima Dey, & Shreysai Roy.
Groundwater arsenic contamination in the Bengal Delta Plain is an
important public health issue: A review. Human Biology and Public
Health, 2021;1. https://doi.org/10.52905/hbph.v1.7

26. Islam, S M Nazrul & Rahmana, S. & Chowdhury, Didarul Alam &
Rahman, Md & Tareq, Shafi. Seasonal Variations of Arsenic in the
Ganges and Brahmaputra River, Bangladesh. Journal of Scientific
Research. 2012;4:65-75. https://doi.org/10.3329/jsr.v4i1.7820

27. Viktoria Milller, Teresa Chavez-Capilla, Jorg Feldmann, Adrien
Mestrot. Increasing temperature and flooding enhance arsenic
release and biotransformations in Swiss soils. Science of The Total
Environment. 2022; Volume 838, Part 1, 156049.
https://doi.org/10.1016/j.scitotenv.2022.156049 PMid:35598661

28. Shailesh Kumar Yadav, AL. Ramanathan, Chidambaram
Sabarathinam, Alok Kumar, Manoj Kumar, Anshula Dhiman,
Understanding arsenic behavior in alluvial aquifers: Evidence from
sediment geochemistry, solute chemistry and environmental
isotopes. Geoscience Frontiers. 2024; Volume 15, Issue 5, 101844.
https://doi.org/10.1016/j.gsf.2024.101844

29. irat Sandil, Mihaly Ovari, Péter Dobosy, Viktéria Vetési, Anett
Endrédi, Anita Takacs, Anna Fuzy, Gyula Zaray. Effect of arsenic-
contaminated irrigation water on growth and elemental composition
of tomato and cabbage cultivated in three different soils, and related
health risk assessment, Environmental Research. 2021; Volume
197, 111098. https://doi.org/10.1016/j.envres.2021.111098
PMid:33826942

30. Kovacevik, Biljana and Boev, Blazo and Zajkova-Paneva,
Vesna and Mitrev, Sasa. Assesment of arsenic-polluted
groundwater in the Strumica region, an intensive agriculture
production area. In: 17th CEEPUS Symposium and Summer School
on Bioanalysis, 02-08 July 2017, Ohrid, Republic of Macedonia.

Open Access Maced J Med Sci. 2025 Sep 15; 13(3):150-159.

157


https://doi.org/10.2903/j.efsa.2024.p220701
https://doi.org/10.2903/j.efsa.2024.8488
https://doi.org/10.1016/j.gsf.2020.08.015
https://doi.org/10.1038/s41598-023-42744-4
https://doi.org/10.1016/j.desal.2006.05.040
https://doi.org/10.1016/j.envres.2012.04.016
https://doi.org/10.1016/j.apgeochem.2008.02.013
https://doi.org/10.1080/15226514.2013.783551
https://doi.org/10.11648/j.jfns.20140204.18
https://doi.org/10.46763/GEOL23371015s
https://doi.org/10.52905/hbph.v1.7
https://doi.org/10.3329/jsr.v4i1.7820
https://doi.org/10.1016/j.scitotenv.2022.156049
https://doi.org/10.1016/j.gsf.2024.101844
https://doi.org/10.1016/j.envres.2021.111098

E — Public Health

Public Health Epidemiology

Available at http://eprints.ugd.edu.mk/18678/. [Accessed 11
January 2025]

31. Agency for Toxic Substances and Disease Registry (ATSDR).
Addendum to Toxicological profile for Arsenic. Atlanta, GA: U.S.
Department of Health and Human Services, Public Health Service.
2016. Available at:
https://www.atsdr.cdc.gov/toxprofiles/Arsenic_addendum.pdf

32. Palma-Lara |, Martinez-Castillo M, Quintana-Peréz JC, Arellano-
Mendoza MG, Tamay-Cach F, Valenzuela-Limoén OL, Garcia-
Montalvo EA, Hernandez-Zavala A. Arsenic exposure: A public
health problem leading to several cancers. Regul Toxicol
Pharmacol. 2020. https://doi.org/10.1016/j.yrtph.2019.104539
PMid:31765675

33. Agency for Toxic Substances and Disease Registry (ATSDR).
Toxicological profile for Arsenic. Atlanta, GA, U.S. Department of
Health and Human Services, Public Health Service. 2007. Available
at: http://www.atsdr.cdc.gov/ToxProfiles/tp2.pdf).

34. Huang HH, Huang JY, Lung CC, Wu CL, Ho CC, Sun YH, Ko
PC, Su SY, Chen SC, Liaw YP. Cell-type specificity of lung cancer
associated with low-dose soil heavy metal contamination in Taiwan:
an ecological study. 2013. https://doi.org/10.1186/1471-2458-13-
330 PMid:23575356 PMCid:PMC3643867

35. Chen CL, Chiou HY, Hsu LI, Hsueh YM, Wu MM, Chen CJ.
Ingested arsenic, characteristics of well water consumption and risk
of different histological types of lung cancer in northeastern Taiwan.
Environ Res, 2010. https://doi.org/10.1016/j.envres.2009.08.010
PMid:19735913

36. Moslehi R, Stagnar C, Srinivasan S, Radziszowski P, Carpenter
DO. The possible role of arsenic and gene-arsenic interactions in
susceptibility to breast cancer: a systematic review. Rev Environ
Health, 2020. https://doi.org/10.1515/reveh-2020-0080
PMid:34223716 PMCid:PMC8258236

37. Pullella K, Kotsopoulos J. Arsenic Exposure and Breast Cancer
Risk: A Re-Evaluation of the Literature. Nutrients. Oct
28;12(11):3305, 2020. https://doi.org/10.3390/nu12113305
PMid:33126678 PMCid:PMC7694128

38. Thakur C, Qiu Y, FuY, Bi Z, Zhang W, Ji H, Chen F.
Epigenetics and environment in breast cancer: New paradigms for
anti-cancer therapies. Front Oncol. Sep 15;12:971288, 2022.
https://doi.org/10.3389/fonc.2022.971288 PMid:36185256
PMCid:PMC9520778

39. MS Akhileshwari Nath, Aseem Kumar Anshu, Priyanka, Simran
Kriti, Shailendra. Alteration of Gene Expression Due to Arsenic
Induced Oxidative Stress Leading to Ovarian Cancer. Journal of
Medical Science and Clinical Research 3 (1), 3946-3955)

40. Shailendra Kumar, Preety Sinha. Comparative Analysis of
Arsenic Levels in the Blood of Arsenic Induced Female Mice and Its
Correlation with Ovarian Cancer Patients. JETIR1705081.
Electronic Journal. 4(5):448-452, 2017.

41. Karagas MR, Gossai A, Pierce B, Ahsan H Drinking Water
Arsenic Contamination, Skin Lesions, and Malignancies: A
Systematic Review of the Global Evidence. Curr Environ Health
Rep, 2015. https://doi.org/10.1007/s40572-014-0040-x
PMid:26231242 PMCid:PMC4522704

42. Boffetta P, Zunarelli C, Borron C. Dose-Response Analysis of
Exposure to Arsenic in Drinking Water and Risk of Skin Lesions: A
Systematic Review of the Literature. Dose Response. 2020;
21;18(4):1559325820957823.
https://doi.org/10.1177/1559325820957823 PMid:33633510
PMCid:PMC7887677

43. Chen C-J, Chuang Y-C, Lin T-M, Wu H-Y. Malignant neoplasms
among residents of a blackfoot disease-endemic area in Taiwan:
High-arsenic artesian well water and cancers. Cancer Res.
1985;45(11 Part 2):5895-5899. Available at chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.ahajourn
als.org/doi/pdf/10.1161/01.ATV.8.5.452 [Accessed on 14.1.2025].

44.1ARC, 2019; Scientific Publication No. 165 Part 1, Chapter 3..
Tumour Site Concordance and Mechanisms of Carcinogenesis.

Edited by Baan RA, Stewart BW, Straif K. Available at
https://www.iarc.who.int/news-events/iarc-scientific-publication-no-
165-tumour-site-concordance-and-mechanisms-of-carcinogenesis/).

45. Jonathan Choiniere, Li Wang. Exposure to inorganic arsenic
can lead to gut microbe perturbations and hepatocellular
carcinoma, Acta Pharmaceutica Sinica B. 2016; Volume 6, Issue 5,
Pages 426-429. https://doi.org/10.1016/j.apsb.2016.07.011
PMid:27709011 PMCid:PMC5045549

46. Kasmi S, Moser L, Gonvers S, Dormond O, Demartines N,
Labgaa I. Carcinogenic effect of arsenic in digestive cancers: a
systematic review. Environ Health. 2023 Apr 17;22(1):36.
https://doi.org/10.1186/s12940-023-00988-7 PMid:37069631
PMCid:PMC10108502

47. Duarte LE, Delgado F, Di Leo NC, Bertone CL, Franci Alvarez
M, Montico S, et al. Mortalidad por cancer, arsénico y nitratos en
aguas de consumo y superficies sembradas en Argentina. Rev
Panam Salud Publica. 2022;47:e129. In Spanish. Available at
https://doi.org/10.26633/RPSP.2022.129 PMid:36060206
PMCid:PMC9426947

48. Jane Liaw et al. Increased childhood liver cancer mortality and
arsenic in drinking water in Northern Chile. Cancer Epidemiol
Biomarkers Prev. 2008 August; 17(8): 1982-1987.
https://doi.org/10.1158/1055-9965.EPI-07-2816 PMid: 18708388
PMCid:PMC2694756

49. Garcia-Esquinas E, Pollan M, Umans JG, Francesconi KA,
Goessler W, Guallar E, Howard B, Farley J, Best LG, Navas-Acien
A. Arsenic exposure and cancer mortality in a US-based
prospective cohort: the strong heart study. Cancer Epidemiol
Biomarkers Prev. 2013 Nov;22(11):1944-53. Erratum in: Cancer
Epidemiol Biomarkers Prev. 2013 https://doi.org/10.1158/1055-
9965.EPI-13-0234-T PMid:23800676 PMCid:PMC3843229

50. Tsai S-M, Wang T-N, Ko Y-C. Mortality for certain diseases in
areas with high levels of arsenic in drinking water. Arch. Environ.
Health Int. J. 1999;54(3):186-193.
https://doi.org/10.1080/00039899909602258 PMid: 10444040

51. Lin Ming-Hsien, Li Chung-Yi, Cheng Ya-Yun , Guo How-Ran.
Arsenic in Drinking Water and Incidences of Leukemia and
Lymphoma: Implication for Its Dual Effects in Carcinogenicity.
Frontiers in Public Health. 2022; VOLUME 10.
https://doi.org/10.3389/fpubh.2022.863882 PMid:35570949
PMCid:PMC9099091

52. Speer RM, Zhou X, Volk LB, Liu KJ, Hudson LG. Arsenic and
cancer: Evidence and mechanisms. Adv Pharmacol. 2023;96:151-
202. https://doi.org/10.1016/bs.apha.2022.08.001 PMid:36858772
PMCid:PMC10860672

53. Hoonjan M., Jadhav V., Bhatt P. Arsenic trioxide: insights into
its evolution to an anticancer agent. Journal of Biological Inorganic
Chemistry. 2018;23(3):313-329. https://doi.org/10.1007/s00775-
018-1537-9 PMid:29396610

54.Yang Y, Li X, Wang Y, Shen X, Zhao L, Wu Y, Li Y, Wang J,
Wei L. Application of Arsenic Trioxide-Based Combined Sequential
Chemotherapy in Recurrent Resistant and Refractory Ovarian
Cancers: A Single-Center, Open Phase Il Clinical Study. J Oncol.
2022 Aug 31;2022:6243165. https://doi.org/10.1155/2022/6243165
PMid:36090905 PMCid:PMC9452931

55. Samaneh Abolli, Samaneh Dehghani, Rasha Atlasi, Zahra
Maleki, Masud Yunesian, Ozra Tabatabaei-Malazy, Maryam Saraei,
Mina Khosravifar, Zahra Soleimani, Arsenic and type 2 diabetes:
Revealing the environmental exposure relationship through
effective factors - A systematic review, Results in Engineering.
2024; Volume 22: 102054.
https://doi.org/10.1016/j.rineng.2024.102054

56. Kumar A, Kumar R, Rahman et al. Assessment of arsenic
exposure in the population of Sabalpur village of Saran District of
Bihar with mitigation approach. Environ Sci Pollut Res Int. 2021
Aug;28(32):43923-43934. https://doi.org/10.1007/s11356-021-
13521-5 PMid:33840036

57. W.C. Pan, W.J. Seow, M.L. Kile, E.B. Hoffman, Q.
Quamruzzaman, M. Rahman, et al.Association of low to moderate

158

https://oamjms.eu/index.php/mjms/index


https://doi.org/10.1016/j.yrtph.2019.104539
https://doi.org/10.1186/1471-2458-13-330
https://doi.org/10.1186/1471-2458-13-330
https://doi.org/10.1016/j.envres.2009.08.010
https://doi.org/10.1515/reveh-2020-0080
https://doi.org/10.3390/nu12113305
https://doi.org/10.3389/fonc.2022.971288
https://doi.org/10.1007/s40572-014-0040-x
https://doi.org/10.1177/1559325820957823
https://doi.org/10.1016/j.apsb.2016.07.011
https://doi.org/10.1186/s12940-023-00988-7
https://doi.org/10.26633/RPSP.2022.129
https://doi.org/10.1158/1055-9965.EPI-07-2816
https://doi.org/10.1158/1055-9965.EPI-13-0234-T
https://doi.org/10.1158/1055-9965.EPI-13-0234-T
https://doi.org/10.1080/00039899909602258
https://doi.org/10.3389/fpubh.2022.863882
https://doi.org/10.1016/bs.apha.2022.08.001
https://doi.org/10.1007/s00775-018-1537-9
https://doi.org/10.1007/s00775-018-1537-9
https://doi.org/10.1155/2022/6243165
https://doi.org/10.1016/j.rineng.2024.102054
https://doi.org/10.1007/s11356-021-13521-5
https://doi.org/10.1007/s11356-021-13521-5

Dimovska & Minov. Arsenic Content in Groundwater in Two Regions of the Republic of North Macedonia

levels of arsenic exposure with risk of type 2 diabetes in
Bangladesh. Am. J. Epidemiol. (2013); 178(10):1563-1570.
https://doi.org/10.1093/aje/kwt195 PMid:24049161
PMCid:PMC3888275

58. Sung TC, Huang JW, Guo HR. Association between Arsenic
Exposure and Diabetes: A Meta-Analysis. Biomed Res Int.
2015;2015:368087. doi: 10.1155/2015/368087.
https://doi.org/10.1155/2015/368087 PMid:26000288
PMCid:PMC4427062

59. McLeod L, Bharadwaj L, Epp TY, Waldner CL. Bayesian
Hierarchical Models as Tools to Evaluate the Association Between
Groundwater Quality and the Occurrence of Type 2 Diabetes in

Rural Saskatchewan, Canada. Arch Environ Contam Toxicol. 2019
Apr;76(3):375-393. https://doi.org/10.1007/s00244-018-00588-4
PMid:30617606

60. K.C. Makris, C.A. Christophi, M. Paisi, A.S. Ettinger. A
preliminary assessment of low level arsenic exposure and diabetes
mellitus in Cyprus. BMC Publ. Health. 2012;12:1-8.
https://doi.org/10.1186/1471-2458-12-334 PMid:22569201
PMCid:PMC3390279

Open Access Maced J Med Sci. 2025 Sep 15; 13(3):150-159.

159


https://doi.org/10.1093/aje/kwt195
https://doi.org/10.1155/2015/368087
https://doi.org/10.1007/s00244-018-00588-4
https://doi.org/10.1186/1471-2458-12-334

