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Abstract

Human exposure to arsenic (As) is a global public health concern that frequently occurs through both dietary and non-dietary
pathways. This is the first systematic field study that investigated the drinking water (n = 190) for concentrations of total As
(Asy) and its inorganic species such as arsenate As(V) and arsenite As(III) and organic species including monomethylarsonic
acid (MMA) and dimethylarsenic acid (DMA) collected from Khyber Pakhtunkhwa, Pakistan. The concentrations of Asy
surpassed (from 1.2- to 23-fold) the world health organization (WHO) drinking water guidelines in 28% samples collected
from Dera Ismail Khan (D.I. Khan) and Lakki Marwat. Results revealed that among As species, As(III) showed the highest
concentration (116 ug L™!) in drinking water samples. In addition, the results revealed that the chronic or non-cancer risk
(HQ> 1) and cancer risk (1.0E-03 to 1.0E-06) values were above their respective safe limits. Further, As species concentra-
tions were determined in consumer biomarkers (n=60) such as blood (red blood cells and plasma), hair, nails, and urine.
The highest Asy (170 ug kg™') accumulation was observed in hair samples collected from the resident of D.I. Khan District.
The study revealed that high As-contaminated drinking water led to its accumulation in human body that could threaten the
exposed population with hazardous chronic and cancer diseases.
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Introduction

Arsenic (As) is one of the most hazardous and ubiqui-
tous metalloids occurring in natural water systems (Hare
et al. 2019; Shukla et al. 2018; Zeng et al. 2018). As origi-
nates in water from the anthropogenic and natural sources
(Kippler et al. 2016; Kumarathilaka et al. 2018). The
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As-contaminated drinking water has been reported in more
than 70 countries and threatens over 130 million human pop-
ulations (Gunduz et al. 2017; Rasool et al. 2016). Exposure
to As contamination in drinking water led to both chronic
and acute health problems (Rasheed et al. 2017; Sun et al.
2014). Chronic health effects include abdominal pain, black
foot disease, cardiovascular disease, diabetes, hypertension,
nausea, severe diarrhea, vomiting, gastroenteritis and neuro-
logical manifestations, reproductive disorder, fetal mortality,
inhabit the mental growth of children, DNA damage and
immune deficiency, hyper- and hypo-pigmentation, kerato-
sis, and respiratory problems, and increase male infertility
risk. The carcinogenic effects of As include cancer (blad-
der, kidney, liver, lungs, skin, and prostrate) (Brahman et al.
2016; Muhammad et al. 2010; Tabassum et al. 2018; Twad-
dle et al. 2018).

Arsenic has both organic and inorganic species in water,
which differs not only in properties (biological, chemi-
cal, and physical) but also in their toxicities (Devesa et al.
2008). Inorganic species such as arsenate As(V) and arsenite
As(III) have higher toxicity than organic species, including
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monomethylarsonic acid (MMA) and dimethylarsinic acid
(DMA) (WHO 2011). Among inorganic species, As(IIl) is
more hazardous and prominent as compared to As(V) in nat-
ural water (Lim et al. 2007). However, depending on the eco-
logical factors (temperature, pH, microorganisms, and oxy-
gen) both species are inter-convertible (Hall 1999; Pizarro
et al. 2003). Therefore, information about the As specia-
tion is critical for true data on the biogeochemical cycling
and health hazards (Brahman et al. 2016; Tchounwou et al.
2003). Generally, the inorganic species constitute more than
95% of total As (Asy) in drinking water. The As species
could be absorbed in the digestive tract and lungs (Kazi
et al. 2011). Kidneys eliminate (50-70%) of the absorbed As
via methylation and passed through urine. However, when
ingested As is higher than the amount excreted, the surplus
amounts are accumulated in nails, hair, and other body tis-
sues (Nielsen 2001). Various studies around the world had
extensively measured the As concentrations in human hair
and other biomarkers including blood and nails for epide-
miological studies (Brima et al. 2006; Sampson et al. 2008).

Arsenic concentration in drinking water and human expo-
sure have been reported from various parts of the world, i.e.,
Bangladesh (Wasserman et al. 2018), China (Li et al. 2018),

India (Chatterjee et al. 2018), and USA (Hoover et al. 2017).
Arsenic contamination in vegetables of the study area has
been reported by Rahman et al. (2015). However, no atten-
tion was paid to the most sensitive and vulnerable compart-
ment of ecosystem, i.e., water of the study area. Therefore,
the present study was aimed to investigate the As contami-
nation in drinking water and evaluate the potential risk to
consumers including chronic risk such as average daily doze
(ADD) and hazard quotient (HQ), and cancer risk (CR). This
is the first systematic research study in Khyber Pakhtunkhwa
province that investigated Asy, As(IIl), As(V), MMA, and
DMA in drinking water and consumer biomarkers.

Materials and Methods
Study Area

This study consisting of five districts: Karak, Lakki Mar-
wat, Tank, Dera Ismail Khan (D.I. Khan), and Bannu of
the Khyber Pakhtunkwa province in Pakistan (Fig. 1). The
total human population in the study area is about 4.95 mil-
lion. The area is very warm (48.9 °C) in summer and cold
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Fig. 1 Location map of the study area showing sampling sites
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(2.8 °C) in winter. Hand pumps, bore holes, dug wells, tube
wells, and springs/streams are used for drinking, house-
hold, and agriculture field irrigation. River Indus, Kuram
and Gambila, and tub wells are mainly used for irrigation
in the area. Agriculture is the main profession of the area
with major crops including sugarcane, wheat, maize, barley,
grams, rice, and vegetables.

Water Sampling, Preparation, and Analysis

Drinking water (n=5-18 replicates of each source in a
district) from the hand pumps, bore holes, dug wells, tube
wells, springs/streams, and ponds having total samples of
n=190 was collected within the study area. Water sources
(hand pumps, bore holes, dug wells, and tube wells) were
allowed to flow for 3—5 min before sample collection.
Water from springs/streams and ponds were collected at a
distance of three feet from banks and one feet depth. Elec-
trical conductivity (EC) and pH were determined on-site
using multi-parameter analyzers (COSORT C6030). Rep-
resentative sealed bottles were pre-washed three times with
respective sample and filled (100 mL). After collection,
water was filtered with (0.45 mm) filter papers and acidified
with 150 pL of nitric acid (65% HNOs) and stored in cooling
blocks (=20 °C) accordingly to the adopted method from
Kippler et al. (2016). The latitudes and longitudes of each
sampling points were measured by global position system
(GPS, Garman eTrex 30) and used for distribution maps in
the geographic information system (GIS) software.

Acidified water was analyzed for Asy using the induc-
tively coupled plasma mass spectrometer (ICP-MS, Perkin
Elmer Optima 7000 DV, USA) and the As species by high-
performance liquid chromatography (HPLC) and ICP-MS
through a column as HPLC-ICP-MS (PRP X-100, Hamilton
Company, USA).

Standards and blanks were run on column to ascertain
the accuracy of results in start and with regular interval of
10 water samples. The peaks developed were thoroughly
studied for various As species. The column was washed with
interval of 20 min during analysis.

Human Biomarkers Sampling and Preparation

Human biomarkers such as urine, blood, hair, and nails were
used for As internal dose (Davis et al. 2017; Marchiset-Fer-
lay et al. 2012). In the study area, fasting human biomarkers
(n=060) samples such as blood, mid-stream spot urine, hair,
and nails were collected early morning from the individu-
als having skin lesion symptoms to measure the As species
concentrations. Adult and parents of children participants
were given their consents for participation in this research.

Fasting blood samples were collected from the patients in
K, EDTA tubes. Blood were centrifuged to separate RBCs
and plasma. Fasting mid-stream urine samples were col-
lected in properly marked 100-mL sterilized plastic bottles.
Blood and urine samples were acidified with HNO; (65%)
and preserved in cooling blocks (-20 °C) for analyses.

Samples of 25 mL of urine and blood were put in 100-mL
polypropylene tubes and one mL of 1% HNO; (65%) was
added and kept overnight as adopted from the method of
Ettinger et al. (2017). As was determined using ICP-MS,
while As(V), As(IlI), MMA, and DMA using HPLC-ICP-
MS, connected through an anion-exchange column (PRP
X-100, Hamilton Company, USA). Total inorganic As was
then calculated by adding the concentrations of As(IIl) and
As(V).

Scalp hair and nail samples were collected by stainless
steel scissors and nail clippers, respectively. Each sample
was sealed separately in zip-locked polyethylene bags. These
samples were cleaned by washing and dried according to
method adopted from Gault et al. (2008).

Hair and nail samples (100 mg) were put in polypropylene
tubes of 50 mL and add 2 mL of concentrated HNO; (65%)
and 1 mL of H,0, and kept overnight as adopted from Rah-
man et al. (2015). Samples were digested for 15 min each
at 70 °C and 115 °C in the microwave-accelerated reaction
system (CEM-Mars.V.194A05), respectively. Then digested
samples were cooled and diluted with 1% of HNO;. Asp was
determined using ICP-MS, while As(V), As(IIl), MMA, and
DMA using HPLC-ICP-MS, connected through an anion-
exchange column (PRP X-100, Hamilton Company, USA).

Precision and Accuracy

The accuracy of data was verified using samples of hair
and urine as certified reference materials. Detection limit of
instrument for As was 30 ng L™!. Recoveries of As concen-
tration were observed at level of 96.4 +5.5% for standard
reference materials and 98.5 +4.2% of sample triplicates.
Glass wares and new plastic bottles were washed with 2%
HNO; (65%) and Milli-Q water. In this study, we followed
the relevant human subject guidelines set by the ethical
Committee University of Peshawar, Peshawar, Pakistan.

Risk Assessment

Basic information such as age, body weight, drinking water
sources, containers, pre-treatment, and habits was collected
using the constructed questionnaire and interview sched-
ule during the field survey. Respondents, including children
(1-16 years) and adults (17-65 years) both male and female,
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participated in this research. The As-contaminated drinking
water through oral ingestion is the major human exposure
pathway; therefore, risk assessments were calculated for
chronic and carcinogenic risk categories.

Chronic Risk

Chronic risk or non-carcinogenic risk was calculated using
exposure through ADD and HQ. The ADD values were cal-
culated as adopted from the US (1998):

ADD = (C X IR x EF X ED)/ (BW x AT), (1

where C is the As contamination in drinking water (mg L"),
IR the rate (2 L day~!) of water ingestion, EF the expo-
sure frequency (365 days year™!), ED the exposure duration
(30 years), BW the body weight (adults 70 kg and children
30.6 kg), and AT is the average time 365 days year™' x ED
for non-carcinogens (Muhammad et al. 2010).

The values of ADD of As were used for the calculation
of HQ as adopted from the US (1998):

HQ = ADD/R{D, @)
where RfD is the reference dose (mg kg~'-day) having the
value of 0.0003 mg kg™'-day (US 1998). The exposed popu-
lation is assumed to be safe if HQ < 1 (Adimalla 2018; Adi-
malla et al. 2018; Muhammad et al. 2011).

Cancer Risk

Cancer risk was calculated according to equation following
equitation:

CR = ADD x SF, 3)
where SF stands for As cancer slope factor and its value 1.5
was used in this study.

Mapping

Global positioning system data were put in GIS software
(ArcGIS, ver. 9.3) and various concentration distribution
maps were produced as adopted from Adimalla (2018) and
Tabios and Salas (1985). Briefly, the AsT and its species
concentrations in drinking water were evaluated with the
WHO drinking water guidelines and interpolation was per-
formed by the spatial analysis module using ArcGIS. The
base map of Khyber Pakhtunkhwa was digitized from survey
of Pakistan toposheets using Arc GIS software. The GPS
data were imported in GIS platform and plotted using inter-
polation technique and the spatial distribution of As; and
its species such as As(V), As(IIl), MMA, and DMA was
obtained (Fig. 2).
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Statistical Analysis

Data collected in the field and laboratory after analyzing the
water and biomarkers samples were evaluated for ranges,
mean, and standard deviation and plotted in Sigma plot ver.
12.5. Statistical analyses such as one-way ANOVA and cor-
relation were performed by SPSS 26 (SPSS Inc., Chicago,
IL, USA).

Results and Discussion
Basic Properties of Water

The pH of drinking water ranged 6.5-8.3, 6.0-8.2, 5.8-8.5,
6.0-8.2, and 6.5-8.5 with average values of 7.4, 7.3, 7.1,
7.3, and 7.3 in the D.I. Khan, Bannu, Lakki Marwat, Karak,
and Tank Districts, respectively (Table 1). Drinking water
pH showed slightly alkaline nature in the study area. The
pH of drinking water has no direct effect on human health
(Adimalla 2018; Adimalla and Venkatayogi 2017), but it can
indirectly affect metals’ solubility and pathogen survival in
aquatic habitats. The EC is also an important water quality
parameter that represents the presence of salts in water. The
values of EC ranged 210-395, 210400, 210-390, 210400,
and 230-390 pS cm~! with mean values of 286, 298, 299,
297, and 291 pS cm”~!in the D.I. Khan, Bannu, Karak, Lakki
Marwat, and Tank Districts, respectively (Table 1). The
highest pH and EC values were observed in samples col-
lected from D.I. Khan and Karak Districts. Results showed
that pH and EC values of drinking water in the studied dis-
tricts were found within their respective safe drinking water
permissible limits (WHO 2011). In the study area, pH values
of drinking water were found lower, while those of EC are
higher than those determined in Kohistan region, northern
Pakistan by Muhammad et al. (2010).

Arsenic in Drinking Water

The concentrations of As species in water are summarized
in Table 1 and that of each sampling site in Fig. 2. The con-
centrations of Asy ranged 0.06-231, 0.22-8.71, 0.19-12.2,
0.02-5.37, and 0.12-0.61 ug L~! in the drinking water
collected from D.I. Khan, Bannu, Lakki Marwat, Karak,
and Tank District, respectively (Table 1). As; and As(III)
showed highest mean concentrations of 21.8 ug L~! and
10.9 ug L' in the D.I. Khan District followed by 1.36 ug L™
and 1.18 pg L~! in Lakki Marwat. As(V) revealed high-
est mean concentrations of 6.94 ug L™! in the D.I. Khan,
followed by Bannu (0.52 pg L™!). The DMA (2.36 ug L™}
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Table 1 Concentrations (ug L™!) of As; and its species in drinking water of the study area (n=190)

Location Statistics pH EC As (III) As (V) DMA MMA Asy

D.I. Khan Range 6.5-8.3 210-395 0.03-116 BD-81.5 BD-20.5 BD-13.7 0.06-231
Mean 7.4+0.3% 286+32.2 10.9+6.55 6.94+4.82 236+1.22 1.41+0.77 21.8+13.3

Bannu Range 6.0-8.2 210-400 0.14-4.73 0.10-2.13 BD-1.13 BD-0.64 0.22-8.71
Mean 73+04 298+44.1 0.81+0.28 0.52+0.28 0.30+0.20 0.12+0.06 0.64+0.38

Lakki Marwat Range 5.8-8.5 210-390 0.13-7.28 0.08-2.43 BD-1.19 BD-1.25 0.19-12.2
Mean 7.1+0.5 299+27.4 1.18+0.34 0.43+0.24 0.24+0.16 0.06+0.06 1.36+1.04

Karak Range 6.0-8.2 210-400 BD-3.05 BD-1.56 BD-1.17 BD-0.37 0.02-5.37
Mean 7.3+0.3 297+29.3 0.58+0.19 0.36+0.22 0.14+0.12 0.02+0.02 1.10+0.71

Tank Range 6.5-8.5 230-390 0.10-0.33 BD-0.29 BD-0.12 BD 0.12-0.61
Mean 7.3+0.3 291+22.3 0.20+0.08 0.14+0.08 0.01+0.01 BD 0.38+0.11

n=Number of samples
Standard deviation

"Below detection

and MMA (1.41 pg L™!) revealed significantly (p <0.001)
higher mean concentrations in the D.I. Khan as compared to
other studied districts (Fig. 2). Result revealed that inorganic
As species exhibited higher levels as compared to organic.
The Asp concentrations had surpassed the safe drinking
water guidelines formulated by WHO (2011) in 28% and
2% samples of D.I. Khan and Lakki Marwat by 1.4-23 and
1.2-fold, respectively. Higher contamination of Asy in the
studied drinking water was consistent with previous study
from Sindh, southern Pakistan (Brahman et al. 2013). The
As contamination in drinking water of the study area was
observed multifold lower than that of the Cambodia, Taiwan,
and southern Pakistan (Fig. 3). Higher contamination of As
could result in higher potential chronic and carcinogenic
risks in those parts of the world.

Arsenic contamination in water originates from natural
(weathering of bedrocks and ore deposits, and chemical
release of As-bound minerals under anoxic or oxic condi-
tions) (Smedley and Kinniburgh 2002; Fendorf et al. 2010;
Michael 2013) and anthropogenic (agrochemicals mining,
groundwater over abstraction, and industrial waste) sources
(Azizullah et al. 2011; Mandal and Suzuki 2002; Winkel
et al. 2011). Higher As contaminations in drinking water
of D.I. Khan District could be attributed to the disbanding
of As-rich mineral sediments supplied from the Himala-
yas by the Indus River. The As contamination may be pre-
cipitated with time and percolated or leached down to the
groundwater through biogeochemical processes (Baig et al.
2010; Brahman et al. 2016). The As-contaminated ground-
water and surface water used for drinking purposes could
result in direct human exposure (Muhammad et al. 2010) or
indirectly by uptake of food grown on contaminated water
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(Davis et al. 2017). Chronic human exposure to As(III),
As(V), and Asq through consumption of contaminated
water and food has been associated with hyperkeratosis,
skin pigmentation, spotted melanosis, and lung cancer
(Yoshida et al. 2004). The toxicity of As depends on its spe-
cies that are inter-convertible (Brima et al. 2006). Inorganic
As specie like As(V) is metabolized and reduced to As(I1I),
followed by oxidative methylation in human blood. Then
they were taken up by hepatocytes and detoxified to methyl-
ate of DMA and MMA (Hsueh et al. 1998). These metab-
olized methylated organic As species are less toxic than
inorganic species (Adair et al. 2005). However, recently,
the metabolized As organic species have been identified to
be more genotoxic than inorganic one (Brima et al. 2006;
Hsueh et al. 1998).

Risk Assessment

Arsenic ingestion through oral pathway is the major human
exposure route (ATSDR 2000). Water and food through oral
intake have been reported as the major source of As, with
minor share inhalation/ingestion or dermal absorption of
airborne soil particles (Brahman et al. 2016; Meacher et al.
2002; Sharifi et al. 2018). Daily enrichment of As through
water consumption is a more precise tool for calculating
human exposure. Human exposure to Asp concentrations
through drinking water consumptions in five districts of
Khyber Pakhtunkwa has been summarized in Fig. 4a—c.
Results showed the highest (6.24E-04 mg Kg~'-day) ADD
values through drinking water consumption for consumers
of D.I. Khan District, followed by Lakki Marwat, while the
lowest in Tank District (Fig. 4a). Higher consumptions of
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As in the D.I. Khan District were attributed to higher con-  prevalence of increase in skin lesion disease was reported
tamination of drinking water as compared to other districts.  even at a low level (5-10 ug L™") of As exposure in drinking
As is one of the most hazardous elements; therefore, the water (Yoshida et al. 2004).
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Exposure to higher rate of As consumption in the
study area led to higher HQ values > 3, and CR values
1.0E-03 for adults and children in the D.I. Khan District
(Fig. 4b, Fig. 4c). Chronic and carcinogenic risk values
in the D.I. Khan District of the study area had surpassed
the safe limits set by USEPA (1999). Children showed
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higher consumption of As, HQ, and CR values. Children
are more vulnerable to the As toxicity and risk through
oral consumption (Waheed et al. 2013). The CR values
for both adults and children residing in D.I. Khan District
were highest and observed to have potential for developing
various health problems, including cancer. Additionally,
the intake of As-contaminated water for 8—10 years devel-
ops the symptoms of arsenicosis in exposed population
(Anawar et al. 2002; Sampson et al. 2008). Chronic and
cancer risk values were observed multifold higher than
those reported for drinking water of Kohistan region by
Muhammad et al. (2010) but lower than those reported
in Muzzafar Garh, south Punjab, Pakistan (Nickson et al.
2005). Findings of this study indicated that As intake
through water is subjected to the amount of ingested water
and As contamination levels.

Low-level long-term As exposure causes various
human organ toxicities as reported in the clinical investi-
gation (Kapaj et al. 2006; Rahman et al. 2005). Residents
in D.I. Khan showed the highest health issues, including
skin diseases, kidney problems, diabetes, gastroenteritis,
developmental abnormalities, liver failures and cardio-
vascular diseases, skin lesions, and cancer as compared to
other selected districts (Table 2). During the survey, it was
observed that the population of the study area belongs to
high rate of poverty, ignorance, and illiteracy. Women play
a key role in the management of household and bring water
at a distance from remote area to meet their needs. Unfor-
tunately, female population lack awareness of drinking
water and sanitation importance and modern approaches
of hygiene promotion and behavior change. Skin lesions
and diabetes are the prevailing health problem in As-poi-
soning countries like Bangladesh, China, and India (Juan
Guo et al. 2001; Kippler et al. 2016; Smith et al. 2000).

Arsenic Concentrations in Human Biomarkers

Arsenic species concentrations in the human biomarkers
including hair, nails, plasma, RBCs, and urine of the five
studied districts were summarized (Table 3). Hair showed
the highest mean As; concentrations (84.6 ug g™, fol-
lowed by As(IIT) (35.3 ug g7!) in the D.I. Khan, while the
lowest (BD) concentration of As(V) and MMA in Karak
(Table 3). Nails showed the highest mean As; concen-
trations (79.5 ug g'), followed by As(IIT) (18.6 pug gh)
in the D.I. Khan, while the lowest (BD) concentrations
of DMA and MMA in Karak (Table 3). Plasma showed
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Table 2 Questionnaire surveys

. : Parameters D.I. Khan Bannu Lakki Marwat Karak Tank
and resident responses in five
diStFiCtS of Khyber Pakhtunkwa, Households number 1570 1455 1475 1520 1115
Pakistan Male 3400 3200 2950 3500 2560
Female 3450 3100 2900 3200 2060
Cancer (%) 60 20 35 10 40
Skin diseases (%) 70 40 40 20 50
Kidney diseases (%) 45 25 30 30 35
Gastroenteritis (%) 55 30 20 35 30
Diabetes (%) 30 20 25 30 35
Developmental abnormalities (%) 30 10 20 20 15
Cardiovascular diseases (%) 20 15 20 35 55
Liver failures (%) 20 10 20 15 25
the highest mean As| concentrations (32.1 ug LY in the Conclusions

Lakki Marwat followed by Bannu District. The highest
concentrations of As(IIT) were 23.7 ug g~! in the hair
samples of Bannu, while the lowest (BD) concentrations
of DMA and MMA were reported in Karak and Lakki
Marwat Districts (Table 3). The RBCs showed the high-
est mean As; concentrations (47.5 ug L), followed by
As(IIT) (23.7 pg L™, while the lowest (BD) concen-
trations for As(V), DMA, and MMA in Lakki Marwat
District (Table 3). Urine showed the highest mean con-
centrations (48.1 pg L™!) of Asy, while the lowest (BD)
concentrations for As(V), MMA, and DMA in Lakki Mar-
wat (Table 3). Higher As; concentration was consistent
with previous reported studies (a comparison is given in
Fig. 3). The As levels in hair and other human biomark-
ers suggest the toxic effects. Results showed considerably
higher As concentrations in hair than other human tissues.
Higher As concentrations in hair could be attributed to its
natural protein composition (a-keratin), which has multi-
ple subunits as cysteine enriched with sulfur-containing
amino acids. Sulfur-containing or reduced sulfur groups
regularly offer spots for complexation of metalloids such
as As expelled by the body (Byrne et al. 2010). Thus, As
enrichment in hair could be used as a pinpointing sign of
As toxicity (Brahman et al. 2016; Freeman et al. 2004;
Karagas et al. 2004).

Arsenic contamination levels in drinking water of the D.I.
Khan District were the highest as compared to the studied
districts and had surpassed (23-fold) the safe drinking water
WHO guidelines.

e Higher As contamination led to greater human exposure
and accumulation in biomarkers and posed higher risk to
the consumers (adults and children) in D.I. Khan District.
Drinking water of D.I. Khan District showed positive
correlation with the human biomarkers. Arsenicosis clin-
ical complications, including skin disorders, gastrointes-
tinal, respiratory, and weakness problems, were reported
among residents.

e This study concluded that D.I. Khan water is unsuitable
for drinking purposes and household daily uses. There-
fore, it is imperative for policy-making bodies to take
strict actions for water remediation and formulate poli-
cies to create awareness in the local community of water
collection, storage, and remediation.
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