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sumed groundwater as their primary
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High F~, HCO3 and total dissolved
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Evaporation signal is prominent
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Water-rock interaction in CKDu prevail-
ing areas is gaining considerable
attention.
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ABSTRACT

The prevalence of chronic kidney disease of unknown etiology (CKDu) is receiving considerable attention due to the
serious threat to human health throughout the world. However, the roles of geo-socio-environmental factors in the
prevalence of the CKDu endemic areas are still unknown. Sri Lanka is one of the countries most seriously affected by
CKDu, where 10 out of 25 districts have been identified as the areas with the high prevalence of CKDu (10-20%). This
review summarizes the geographical distribution of CKDu and its probable geochemical, behavioral, sociological,
and environmental risk factors based on research related to hydrogeochemical influences on CKDu in Sri Lanka.
More than 98% of CKDu patients have consumed groundwater as their primary water source in daily life, indicating
the interactions of geogenic contaminants (such as F~, total dissolved solids, Hofmeister ions) in groundwater is re-
sponsible for the disease. Apart from the hydrogeochemical factors, mycotoxins, cyanotoxins, use of some herbal
medicines, dehydration, and exposure to agrochemicals were alleged as risk factors. Sociological factors, including
poverty, living habits and anthropogenic activities, may also provoke the emergence of CKDu. Therefore, the inter-
action of geo-socio environmental risk factors should be sociologically and scientifically considered to prevent the
prevalence of CKDu. Future in-depth studies are required to reveal the individual role of each of the postulated eti-
ological factors, possibly using machine learning and advanced statistics.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The emergence of a new form of chronic kidney disease (CKD) of un-
known cause has received global attention since the mid-1970s due to
impaired kidney function; this was named ‘chronic kidney disease of
unknown etiology’ (CKDu) by the World Health Organization
(Dharma-Wardana et al., 2015). CKDu is responsible for tens of thou-
sands of deaths every year globally, and it has become a significant bur-
den on public health and health care systems. However, the country-by-
country prevalence of the disease is uncertain.

The increased health burden of CKDu has been observed not only in
Asian countries but also in other parts of the world, including Central
America, the Balkan Peninsula, and Egypt (Pearce et al., 2019). Mile-
stones in the prevalence of unique CKDs around the world are shown
in Fig. 1. CKDu is known by different names such as itai-itai, Balkan en-
demic nephropathy (BeN), Mesoamerican nephropathy (MeN), etc., in
each country where the disease is diagnosed. The root causes of itai-
itai disease in Japan and Balkan endemic nephropathy (BeN) in the
Balkan Peninsula were confirmed as cadmium (Cd) exposure (1968)
and ingestion of flour contaminated with Aristolochia clematitis (1993)
seeds, respectively (Gifford et al., 2017). Sri Lanka is one of the countries
most seriously affected by CKDu, where 10 out of 25 districts have been
identified as the areas with the high prevalence of CKDu (10-20%).
However, the exact etiology for CKDu is still controversial in countries
like Sri Lanka (Gifford et al., 2017; Makehelwala et al., 2019).

In Sri Lanka, CKDu first manifested in the early 1990s, and patients
were confined to a specific geographical area, predominantly North
Central Province (NCP) which belongs to the dry zone of the country
(Abeysekera et al., 1996; Wimalawansa, 2016). The incidence of CKDu
increased up to 2016 and decreased slightly in 2017, which may have
been due to increased community awareness and the use of
community-based water supply schemes (Ranasinghe et al., 2019a).
Since 1992, Sri Lanka has reported the highest incidence of CKDu in
the South Asian region, including approximately 180,000 suffering
from the disease and approximately 50,000 reported deaths
(Wimalawansa and Wimalawansa, 2016). The Sri Lanka government
spends approximately $19.7 million/year for the management of CKDu
patients (Wimalawansa, 2019).

People affected by CKDu are mostly from underprivileged farming
communities, who make a strong contribution to the economy of Sri
Lanka. Adults from 30 to 50 years of age affected by CKDu can die due
to disease progression and the lack of health care facilities in their geo-
graphical areas (Rajapakse et al., 2016). Also, most deaths from CKDu
occur within three years of diagnosis, whereas the survival rate is
fiveyears (Rajapakse et al., 2016). Interestingly, most CKDu patients
are males from families that were relocated as part of the Accelerated
Mahaweli Development project in the 1980s. Additionally, it is known
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that they consumed groundwater as the primary source of drinking
water, either from dug wells or tube wells (Chandrajith et al., 2011b;
Dissanayake and Chandrajith, 2017). However, these patients claim
that they used to drink water from the streams adjacent to paddy fields
(de Alwis and Panawala, 2019).

The root factor(s) for the prevailing catastrophic health condition of
CKDu in Sri Lanka is yet to be identified. Based on existing evidence, it
has been postulated that multiple agents may contribute to the progres-
sion of CKDu, as evidenced by the large number of research publications
related to CKDu (Fig. S1). Previous studies on CKDu in Sri Lanka have
spanned various disciplines, including medical science (Anand et al.,
2019), molecular biology and microbiology (Liyanage et al., 2016c;
Wanigasuriya et al., 2008), water chemistry (Bandara et al., 2011;
Jayasumana et al., 2014; Paranagama et al., 2018), geochemistry
(Balasooriya et al., 2019; Cooray et al., 2019), and social sciences
(Pinto et al., 2020; Redmon et al., 2014), etc. Many research efforts
have focused on geo-environmental factors being potentially causative
of CKDu because of its unique geographic distribution (Chandrajith
etal, 2011b). In particular, the current literature suggests groundwater
as a significant contributor to the etiology of the genesis and progres-
sion of CKDu (Weragoda and Kawakami, 2017; Chandrajith et al.,
2011b), with some proposed risk factors including chronic exposure
to toxic trace metals (Cd, lead (Pb), arsenic (As)), fluoride (F~), and
cyanobacterial toxins through contaminated drinking water
(Jayasumana et al., 2014; Wimalawansa, 2016; Liyanage et al., 2016c;
Dharma-wardana, 2018). However, the predominant factors leading
to CKDu are still needed to be identified.

The hydrogeochemistry of groundwater consumed by people in the
CKDu endemic areas is of significant interest (Balasooriya et al., 2019).
The focal points of hydrogeochemical research are on the F~ content,
ionicity, and the hardness of drinking water (Dharma-Wardana et al.,
2015; Dissanayake and Chandrajith, 2017; Dissanayake and
Chandrajith, 2019). Interestingly, gene expression has revealed that ox-
idative stress induced by external sources, such as environmental condi-
tions, is high in the affected population (Sayanthooran et al., 2016). In
addition, social behavior, such as living habits and economic status,
also affects the prevalence of CKDu (Wanigasuriya et al., 2011;
Wimalawansa, 2019; Wimalawansa and Dissanayake, 2020). Therefore,
we hypothesized geochemical, sociological, and environmental factors
may be interacted each other and systematically control the emergence
of CKDu. Although few reviews have been published on CKDu, these
have focused on the causative factors, epidemiology, and clinical and
histopathological aspects (Weaver et al.,, 2015; Rajapakse et al., 2016;
Lunyera et al., 2016; Wanigasuriya, 2012). No attempts have been
made to assess the contribution of geo-socio-environmental risk factors.
For example, very few attempts have been made to assess the exposure
of people in the endemic area to pesticides and cyanotoxin in
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Fig. 1. Milestones in the prevalence of unique chronic kidney diseases worldwide.
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groundwater (Jayasumana et al., 2014; Jayasumana et al., 2015b;
Liyanage et al., 2016¢; Madhushankha et al., 2013). Consequently,
there is a need for a comprehensive study on the roles of geo-socio-en-
vironmental factors in the prevalence of the CKDu endemic areas in Sri
Lanka.

Therefore, the objectives of this study are to 1) review geographic
distribution and prevalence of CKDu in Sri Lanka, 2) evaluate geochem-
istry of water-rock interaction in CKDu endemic areas, and 3) build a
scientific bridge by investigating and consolidating probable geochemi-
cal, behavioral, sociological and environmental risk factors based on lit-
erature related to hydrogeochemical influences on CKDu in Sri Lanka.

2. Geographical distribution of CKDu

The global CKDu epidemic has emerged predominately in agricultural
communities (paddy, sugarcane, and cotton) of low-income countries
near the equator (Wijkstrom et al, 2013; Wimalawansa and
Wimalawansa, 2016). Though the causes of rapidly progressive CKDu in
Central America, India, and Sri Lanka are not yet fully understood, heat ex-
posure and dehydration, pesticides, and heavy metal-contaminated
water intake are hypothesized as common etiologic risk factors that are
associated with the behavioral influences of farming communities
(Fernando et al,, 2019a; Almaguer et al., 2014; Wimalawansa and
Dissanayake, 2020).

2.1. Worldwide prevalence and population characteristics

As shown in Fig. 2, CKDu has been reported in both tropical and sub-
tropical regions, including several Central American countries (EI
Salvador, Nicaragua, and Costa Rica), the dry zone of Sri Lanka, some
states in India (Andhra Pradesh, Tamil Nadu, and Puducherry),
European countries (Croatia, Herzegovina, Serbia, and Bosnia), and
some regions in African continent such as the Al-Minya Governorate
in Egypt and Nigeria (Lunyera et al., 2016; Balasooriya et al., 2019;
Jayasekara et al., 2019; Abeyagunawardena and Shroff, 2021; Aguilar
and Madero, 2019; Ajayi et al., 2021). Considering the geographical
characteristics of CKDu endemic regions, mostly rural areas are affected,
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and coastal agricultural communities in lowlands along the Pacific coast
in Central America also exhibit a high risk of disease (Weiner et al.,
2013). Chronic renal failure in these Mesoamerican regions is identified
as MeN (Campese, 2016). Central American countries such as Nicaragua
(Torres et al., 2010), El Salvador (Peraza et al., 2012; Gracia-Trabanino
et al., 2005; Orantes Navarro et al., 2015; Trabanino et al., 2002),
Guatemala (Cusumano et al., 2005), Honduras and Costa Rica (Cerdas,
2005; Harhay et al., 2016; Cusumano et al., 2006) have shown an ele-
vated mortality rate due to CKDu during the last two decades within
sugarcane agricultural workers, especially among young males. Similar
kidney disease was recorded in North American regions, including Cal-
ifornia, Florida, and eastern and southern Mexico, among agricultural
workers (Aguilar and Madero, 2019).

Areas that have been widely studied for CKDu among agricultural
communities include Egypt (El Minshawy, 2011), Nigeria (Ajayi et al.,
2021), Balkan countries, Southeast Asian regions including Bangladesh,
the northern region of Isan in Thailand, Andhra Pradesh, Tamil Nadu,
and Puducherry regions of India (John et al., 2019; Tatapudi et al,, 2019;
Parameswaran et al., 2020), and the north-central region of Sri Lanka
(Athuraliya et al., 2011; Jayatilake et al., 2013; Chandrajith et al., 2011b).
BeN is the term used to identify the unique CKDu occurring in rural vil-
lages in Balkan countries along the Danube River, such as Croatia,
Herzegovina, Bulgaria, Serbia, Romania, and Bosnia (Gifford et al., 2017;
Stefanovic et al., 2006; Stiborova et al,, 2016). The disease mostly prevails
in the coastal and inland rural cashew nut, coconut, jackfruit, and rice
farming areas in the Andhra Pradesh region and rice, peanut, and sugar-
cane farming areas in Tamil Nadu, and Puducherry regions of India
(Reddy and Gunasekar, 2013; Abraham et al., 2019; Tatapudi et al.,
2019; Parameswaran et al., 2020). Interestingly, only rural inland com-
munities in Egypt, Nigeria, and Sri Lanka are affected (El Minshawy,
2011; Athuraliya et al., 2011). Also, it has been reported that Chena
farmers (vegetables and other crops) in Sri Lanka are at higher risk than
rice farmers (Jayatilake et al., 2013).

The gender distribution of CKDu differs in different regions. For BeN,
females and males are equally affected. In contrast, the male population
has a higher prevalence of renal failure than the female population in
Central America, India, and Egypt. However, in Sri Lanka, there is a
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Fig. 2. Worldwide distribution of CKDu and possible causative factors in each region.
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higher overall prevalence of CKDu in females than in males, although a
higher prevalence of the final stages of CKDu can be seen in the male
population (Weaver et al., 2015).

2.2. Disease characteristics

The leading pathological feature of renal failure in Central America is
chronic tubulointerstitial nephropathy and secondarily vascular and
glomerular damage (L6pez-Marin et al., 2014). The BeN is commonly
associated with upper urothelial cancer. In India, the leading pathologi-
cal feature of CKDu is chronic tubulointerstitial nephritis, while in Sri
Lanka, the leading pathological features of CKDu are interstitial inflam-
mation, interstitial fibrosis, and tubular atrophy of varying degrees
(Wijetunge et al., 2013). Basically, in Sri Lanka, CKDu progresses slowly
with minimal proteinuria, while minor or no proteinuria occurs in Cen-
tral America and India.

Science of the Total Environment 795 (2021) 148839

In Sri Lanka, case identification mainly depends on proteinuria,
while serum creatinine and urine dipstick have been used in Central
America (Weaver et al.,, 2015). Peritoneal dialysis is commonly under-
taken in Central American regions for end-stage renal disease (ESRD).
In Latin American countries such as Brazil, Puerto Rico, Venezuela,
Chile, Argentina, and Uruguay, renal replacement is usually practiced
(Cusumano et al., 2006). The characteristics of different ESRDs in the
world are summarised in Table 1.

2.3. Possible causative or risk factors: a worldwide overview

Various hypotheses have been suggested for chronic renal failure
due to its undefined etiology in affected countries, as shown in Fig. 2
and Table 1. Heat exposure and dehydration are challenges faced by ag-
ricultural field workers in hot climates and are considered major causa-
tive factors in some regions, including Mesoamerican countries and

Table 1
Worldwide distribution of CKDu, characteristics, and the suggested hypothesis.
Country Region Characteristics of the affected population Hypotheses Characteristic References
Occupation Gender Age clinical features
Sri Lanka (SriLanka  Clusters in Uva, Central, North Low-income Predominantly Majority Heat stress, agrochemical Asymptomatic Chandrajith et al.
nephropathy) Central, and North-Western agricultural males 30-50 exposure, heavy metal until end-stage (2011b),
Provinces (Dehiattakandiya, =~ workers exposure, genetic renal failure Dharma-Wardana
Padaviya, Girandurukotte, (paddy, Chena) predisposition, illegal Sterile urine et al. (2015),
Kabithigollawa, alcohol/betel/tobacco, Dysuria Weaver et al.
Medawachchiya, cyanotoxins, high F~ content (2015)
Medirigiriya, and Nikawewa) with hardness in drinking
water
India (Uddanam Andhra Pradesh (Odisha, Goa, Rural cashew Both males and 50-60 Water-born agrochemicals, Asymptomatic Ganguli (2016),
endemic Maharashtra, Nellor) nut, coconut, females are silica/pesticides/chemical until end-stage Abraham et al.
nephropathy) and rice affected flavors in betel nuts, high renal failure (2016)
farmers equally fluoride content in drinking
water
India The states of Tamil Nadu, and  Rice, groundnut Predominantly 40-50 Work related to farming, poor Asymptomatic Parameswaran
(Tondaimandalam Puducherry and sugarcane  males socioeconomic status early-stages et al. (2020)
nephropathy) farmers, animal Reduced or absent
herders proteinuria
Small kidneys
Central America El Salvador, Nicaragua, Sugarcane Predominantly 40-50 Heat exposure and Asymptomatic Ramirez-Rubio
(Mesoamerican Mexico (Tierra Blanca), Costa  cutters males dehydration resulting from until end-stage et al. (2013),
nephropathy; Rica (agricultural strenuous work in tropical renal failure Wesseling et al.
MeN) workers from climates, excessive use of Cystitis (sterile (2013), Crowe
communities nonsteroidal urine, dysuria, et al. (2013)
along the anti-inflammatory drugs, frequency)

Balkan Peninsula
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(residents of
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India (Peraza et al., 2012; Aguilar and Madero, 2019). Heat exposure
along with long-term toxic exposure to heavy metals (Pb, Cd, As, mer-
cury (Hg) and uranium (U)) and agrochemicals (pesticides) is also sug-
gested as one of the major risk factors for sugarcane harvesters in
endemic MeN areas (Torres et al., 2010) and coconut and cashew
farms in Andhra Pradesh, India (Tatapudi et al., 2019).

Heavy metal exposure is a causative factor for ESRD in numerous
cases. Lead-containing paints used in Queensland, Australia, caused Pb
poisoning and resulted in ESRD of the adult population (Weaver et al.,
2015). Itai-itai disease in Japan was caused by the ingestion of rice irri-
gated with industrially Cd-polluted water; this high exposure to Cd re-
sulted in renal failure (Gifford et al., 2017). CKDu prevailing in Nigeria
has a hypothesized causative factor related to Pb and Cd toxicity, and el-
evated levels of these metals have been recorded in foods, water, and
soil (Sulaiman et al., 2018). Ecological studies on renal disease con-
ducted in Taiwan noted the correlation of elevated mortality rates
with moderate-high As levels in water sources. However, the Cd and
As levels reported in water sources in CKDu endemic regions in Sri
Lanka are much lower than those of high-risk regions identified in var-
ious ecologic studies worldwide (Chiu and Yang, 2005; Weaver et al.,
2015; Wickramarathna et al., 2017). Additionally, high F~ concentra-
tion in drinking water is hypothesized to be a causative factor in some
regions such as Uddanam, India (Abraham et al., 2016). Additionally,
drinking water contamination by agrochemicals and F~ and exposure
to silica, pesticides, and infections are proposed as causative factors for
Uddanam endemic nephropathy in India (Ganguli, 2016), while drink-
ing unsafe water is proposed to be a causative factor in Egypt (Kamel
and El Minshawy, 2010).

Other than the heat exposure and unsafe water use, infectious dis-
eases such as leptospirosis, and nephrotoxic medicine use, have also
been considered as possible risk factors for CKDu (Torres et al., 2010;
Ordunez et al., 2018). Interestingly, some research suggested dietary ex-
posure to aristolochic acid and mycotoxins as causative factors for BeN
(Stiborova et al., 2016); subsequently, the causative factor for BeN was
identified as aristolochic acid containing in herbal species (Gifford
et al.,, 2017). The combined effect of physically demanding occupations
and heat stress as the cause of a renal disease has received more atten-
tion in Central America than in India and Sri Lanka, with increased
chemical monitoring frequently reported in Sri Lanka (Jayatilake et al.,
2013). Gender could also be an influencing factor because the disease
shows a pattern of more frequent prevalence in males than in females
(Gifford et al., 2017). However, there is a similarity in the hypothesized
causative factors, to a certain extent, in some regions such as India, Sri
Lanka, and Mesoamerican countries. For example, some of the causative
factors are related to the occupational environment of the affected peo-
ple, while some factors are related to the drinking water quality.

3. Prevalence of CKDu in Sri Lanka
3.1. Distribution of CKDu in Sri Lanka

The NCP of Sri Lanka is considered as the CKDu endemic region, where
10% of the adult population is affected by CKD/CKDu, and 27% of these
cases have unknown etiology (Paranagama et al., 2018). Most of the
NCP population depends on paddy cultivation, with more than 70% of
paddy cultivation in Sri Lanka taking place in NCP. The remainder of the
population relies on vegetable crops and related industries. Alongside
NCP, the North Western, Uva, Eastern and Northern Provinces are identi-
fied as CKDu prevalent regions (Kafle et al., 2019). However, CKDu is not
evenly distributed throughout NCP and occurs as clusters. As shown in
Fig. 3, the high-prevalence CKDu areas identified in the country
are Padaviya, Sripura, Girandurukotte, Medawachchiya, Nikawewa,
Dehiattakandiya, Kabithigollawa, Polpithigama, Wilgamuwa, Giribawa,
Mahiyanganaya, Rideemaliyadda, Welioya, Mahawa, Tantirimale,
Horowpathana, Gomarankadawala, and Medirigiriya (Chandrajith et al.,
2011b; Fernando and Sivakumaran, 2018; Balasooriya et al., 2019).
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According to Kafle et al. (2019), CKDu patients have also been reported
in many other districts such as Anuradhapura, Matale, Vavuniya, Ampara,
Trincomalee, Polonnaruwa, Badulla, Mullaittivu, Monaragala, and
Kurunagala.

3.2. Hypothesized etiological factors

Researchers have proposed etiological factors for chronic kidney dis-
ease related to occupational exposure to chemicals, food and water con-
sumption habits, and environmental conditions (Table S1). The most
studied causative factors for CKDu in Sri Lanka are hydrogeochemical
factors (high fluoride-concentration drinking water), common myco-
toxins (ochratoxins), use of herbal medicines (aristolochic acid and
nephrotoxic drugs), dehydration, exposure to agrochemicals (organo-
phosphate pesticides, and high levels of As and Cd released from fertil-
izers and agrochemical application) and continuous low-dose exposure
to heavy metals (Chandrajith et al., 2011a; de Silva et al., 2017; de Silva
etal., 2016).

It has been hypothesized that toxins and pollutants could significantly
contribute to CKDu by their ingestion through food, direct ingestion of
toxins, and chronic exposure to toxins and pollutants through drinking
water (Liyanage et al., 2016c). Toxins produced by animals, plants, and
microorganisms could be ingested directly or through drinking water
and could affect the function of kidneys, causing the disease (Table S1).
Snake bites are common in these areas, and the snake toxins may cause
chronic kidney failure in rural communities (Jayatilake et al., 2013).
Most of the external factors suggested by researchers as causing kidney
malfunctions are possibly associated with drinking water. Certain
cyanobacteria have the potential to produce toxins that may affect
human health. As cyanobacteria are ubiquitous in the environment and
may occur in wells, tanks and reservoirs, the quality of drinking water
could be affected by the toxins they produce. Research conducted in the
dry zone of Sri Lanka, specifically in chronic kidney disease regions, has
shown the presence of these cyanobacteria in drinking water bodies
(Liyanage et al., 2016c¢). Surface water bodies could contain cyanobacteria
and algae, while springs did not (Fernando and Sivakumaran, 2018).
Areas where spring water was consumed had a lower prevalence of the
disease.

Groundwater is the main water source in the dry zone community,
with tank and reservoir water being consumed and used for irrigation
purposes (Wickramarathna et al., 2017). The farming community is
more vulnerable to CKDu because they mostly depend on their sur-
rounding natural environment and drink more groundwater when
working under humid conditions (de Silva et al., 2017). Numerous pub-
lications have proposed that toxic elements found in agrochemicals are
the possible reason for the development of toxicity in groundwater of
the area (Wimalawansa, 2016; Bandara et al., 2011) (Table S1).
Jayasumana et al. (2015a) proposed that the continuous, long-term ap-
plication of chemical fertilizers containing heavy metals and metalloids
may result in their accumulation in drinking water sources, and ongoing
use of water with high ionicity may contribute to CKDu by a protein de-
naturing mechanism in the kidney. However, few attempts have been
made to identify the agrochemical residues in environmental water
and groundwater in CKDu endemic regions. The increased levels of
toxic trace elements in drinking water resulting from pesticides such as
As were suspected as causative of CKDu (Jayasumana et al., 2014). How-
ever, according to the results from previous studies, the correlation be-
tween As levels and CKDu is not significant (Weaver et al., 2015). High
Cd concentration in the dry zone drinking water was also a suspected
causative factor for the disease. However, the difference in Cd concentra-
tions measured in drinking water from CKDu non-prevalent and preva-
lent areas was minor, suggesting that drinking water Cd was not a
causative factor (Diyabalanage et al., 2017; Fernando and Sivakumaran,
2018).

The environmentally induced causative factor for CKDu most stud-
ied is high F~ concentration in drinking water. According to previous
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Fig. 3. CKDu prevalence areas in Sri Lanka. Percentage data source: Kafle et al. (2019).

studies, high F~ concentration may cause renal tubular damage. Fluo-
ride may not act in isolation because some high F~ zones are not
CKDu prevalent areas. Indeed, the effect of F~ may strongly depend on
calcium (Ca? ") and sodium (Na™) activity. However, the F~ concentra-
tion of drinking water may contribute to chronic renal failure alone, at
least to some extent (Chandrajith et al., 2011a). Furthermore,
Dunuweera et al. (2017) suggested that dental and skeletal fluorosis,
mostly in the North Western and North Central areas where CKDu is
prevalent, could indicate a direct relationship between CKDu and F~
concentration in drinking water. High hardness alongside high F~ con-
centration in drinking water may contribute to CKDu because this envi-
ronmental factor is related to tubular reabsorption (Balasooriya et al.,
2019; Dunuweera et al., 2017). Aluminum fluoride is another proposed
causative factor for CKDu: Ileperuma et al. (2009) identified that using
aluminum utensils for cooking under acidic conditions could increase

the leaching of aluminum (Al) as the F~ concentration of the water in-
creased. All of the ions dissolved in drinking water in CKDu endemic
areas may contribute to denaturing glomeruli basement proteins and,
thereby, the ionicity of the drinking water could be a causative factor
for chronic renal failure (Dharma-Wardana et al., 2015).

According to Senevirathna et al. (2012), direct exposure to sunlight
and dehydration may contribute to kidney failure for male farmers
working in the field. In BeN, aristolochic acid produced by Aristolochia
plant genes was suggested as a causative factor for kidney disease
(Gifford et al.,, 2017). In Sri Lanka, Aristolochia clematitis is used as ayur-
vedic medicine. Studies show that this medication produces nephro-
toxic effects on patients; however, this medicine contains very low
contents of aristolochic acid (Fernando and Sivakumaran, 2018;
Weaver et al., 2015). Therefore, this acid cannot be considered as a caus-
ative factor for CKDu. A timeline of all the proposed hypotheses and
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national responses to CKDu in Sri Lanka is shown in chronological order
in Fig. 4.

4. Geochemistry of water-rock interactions in CKDu endemic areas

In Sri Lanka, the geology of the dry zone is not distinctly different
from that of the wet zone. Therefore, the hydrological and climatic con-
ditions must play an essential role in the geochemistry of CKDu causa-
tive factors (Chandrajith et al., 2020). The groundwater in CKDu-
affected areas occurs in high-grade metamorphic regolith aquifers,
loosely arranged weathered or partially weathered soils or rocks. Stud-
ies on the CKDu endemic area in Girandurukotte showed that the sub-
surface is underlaid by charnockite and granitic gneiss, while the non-
endemic CKDu area in the flat region near Ginnoruwa is underlaid by
fluvial sediments (Balasooriya et al., 2019). Depending on the geology
and the climate of an area, the groundwater type of the area can differ.
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4.1. Groundwater types in CKDu endemic/non-endemic areas

In CKDu prevalent areas of Sri Lanka's dry zone, such as Padaviya,
Nikawewa, Girandurukotte, and Medawachchiya, groundwater mostly
consists of HCO3', Ca>* and Na™ ions, and Ca-HCOs type is predominant.
However, Wellawaya and Huruluwewa are CKDu non-endemic regions
with Na™-K* non-dominant anion type water as the common ground-
water type. The Hambantota area, which is considered as a non-
endemic region, has predominately Na/K-Cl type groundwater
(Chandrajith et al., 2011a). CKDu non-endemic regions have predomi-
nantly Na-Cl/Ca-Mg-Cl, Ca-HCOs, and then Ca-Na-HCOs, together with
Na*, K*, and Ca®* as dominant cations and HCO3 and Cl~ as dominant
anions. Na-Cl/Ca-Mg-Cl mixed groundwater types are due to seawater
intrusion, and Ca-HCO3 and Ca-Na-HCOs types are due to calcite and do-
lomite dissolution (Chandrajith et al., 2016). Weathering of silicate min-
erals present in aquifer materials is the reason for this kind of chemical
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o
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~

o &
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S John, R. J.et al., 2006)

,\ "« Risk factors for CKDu: drinking well water, snake bite, use of ayurvedic medicine and genetic
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Fig. 4. Timeline of published hypotheses and national responses to CKDu in Sri Lanka. Data from de Alwis and Panawala (2019). National responses are marked with *.
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composition. The main feature of groundwater in CKDu prevalent areas
is elevated F~ associated with higher hardness than in CKDu non-
dominant regions (Wickramarathna et al., 2017).

Prevalence of CKDu is categorized as high in Medawachchiya,
Padaviya, Kahatagasdigiliya and Kebithigollawa, moderate in
Nochchiyagama, Thalawa, and Mihintale, and low in Palagale and
Galnewa, showing that the predominant groundwater types are Ca-
HCO5 type, Mg-HCO;3 type and non-dominant Ca-HCOs type, respec-
tively. Results from CKDu non-endemic regions in Monaragala and
Kandy districts showed Na™ as the most available cation and Cl™~ as
the most available anion (Cooray et al., 2019). According to the study
by Udeshani et al. (2020), Monaragala, with a high prevalence of en-
demic CKDu, had Ca-Mg-HCOs5 type alkaline water taken from shallow
and deep groundwater in hard rock aquifers, including HCO3™ as the
major anion and Na* and Ca?* as the major cations (Dissanayake
et al., 2020). However, in the last decade water contaminated with F~
has emerged as a causative risk factor for the prevalence of CKDu. There-
fore, understanding the pathways of F~ leaching into water is crucial.

4.2. Weathering of fluoride-bearing rocks

Fluorine is one of the most available elements in the lithological en-
vironment, and F~ is the most distributed ionic form of fluorine in nat-
ural water (Ali et al., 2016). Rocks are the main source of groundwater
F~, which comes through rock-water interactions (Ranasinghe et al.,
2019b). Fluoride is leached from common rock-forming fluoride-
bearing minerals such as apatite, mica, sphene, fluorite, hornblende,
amphibole, and pyroxene with high F~ content (Chandrajith et al.,
2011a). Silicate minerals present in the earth's crust typically contain
about 650 mg/kg of F~ (Adriano, 2001). Also, fluorapatite, fluorspar,
tourmaline, topaz, and cryolite—which have high contents of fluoride
—contribute to the geochemical cycle of F~ in the environment (Ali
et al.,, 2016; Chandrajith et al., 2020; Dissanayake and Chandrajith,
2019); high-grade metamorphic rocks (gneiss) and granitic rocks con-
sist of these minerals. According to Dharmagunawardhane and
Dissanayake (1993), the F~ content of various metamorphic rock
types in Sri Lanka varies between 95 and 1440 mg/kg. Additionally,
the F~ concentration of deep groundwater taken from biotite gneiss,
calc-gneiss, charnockitic gneiss, and granulite rock aquifers was higher
than that in groundwater taken from crystalline limestone and quartzite
rock aquifers (Dharmagunawardhane and Dissanayake, 1993). This dif-
ference in F~ concentration between groundwater was caused by vari-
ous mineral components in the aquifer rocks and their F~ dissolution
capability into groundwater. Furthermore, longer resident times in frac-
tured crystalline rock aquifers leave deep groundwater to interact with
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fluoride-bearing minerals and lead to the accumulation of dissolved F~
(Chandrajith et al., 2020; Balasooriya et al., 2019).

The enhanced weathering of rocks under tropical climatic condi-
tions and the low dilution of water caused by higher evaporation
during high temperatures result in high F~ leaching into aqueous
media, thereby increasing the F~ concentration in groundwater
(Chandrajith et al., 2011a). Additionally, the chemical properties of
groundwater, such as alkali and alkaline earth metal content,
hardness, HCO3, alkalinity, and pH, determine the F~ mobility into
groundwater (Saxena and Ahmed, 2003; Guo et al., 2014).
Chandrajith et al. (2011a) suggested that the geochemical cycling
of F~ in groundwater could be more highly influenced by the climate
and the hydrology of the dry zone than by the rocks and mineral
types. In wet climatic zones, extreme rainfall results in low F~ con-
centration by washing away excess F~, while evaporation due to
high temperatures in dry climatic zones causes the enrichment of
groundwater F~ (Mukherjee and Singh, 2020; Dissanayake, 1996).

Fluoride-bearing minerals, such as fluorite, can be dissociated by fa-
vorable groundwater conditions: near neutral pH to alkaline pH (pH
7.6-8.6) with moderate specific conductivity. These factors are signifi-
cant in governing F~ dissociation from rocks (Chandrajith et al.,
2011a; Saxena and Ahmed, 2003). Additionally, sodium-rich alkaline
groundwater can result in the dissociation of F~ from minerals (Chae
et al., 2007).

4.3. Desorption of fluoride

The desorption of F~ on mineral surfaces has an important impact
on F~ in groundwater (Chandrajith et al., 2020). Generally, there is a
positive correlation between groundwater F~ and pH in Sri Lanka
(Fig. 5a), with a correlation coefficient of 0.48 (p < 0.01). A slightly
higher correlation coefficient was observed in CKDu areas (0.59) than
that in non-CKDu areas (0.41). Due to the similar geochemical proper-
ties of F~ and OH™, OH™ in a solution can easily displace F~ on the sur-
face of sediments (Chandrajith et al., 2020). Accordingly, pH is an
important factor that affects the desorption of F~ (Saxena and Ahmed,
2003). Studies have shown that the pH of groundwater in CKDu-
affected areas is higher than that in non-CKDu areas (Balasooriya
et al,, 2019) and is usually weakly alkaline (Cooray et al., 2019). In
weakly alkaline conditions, the surface charge of minerals is normally
neutral or negative, which would inhibit the adsorption of F~ and result
in the replacement of the adsorbed F~ on the surface by OH™ from
groundwater (Jacks et al., 2005). Higher F~ concentrations were ob-
served in CKDu areas (0.04 to 6.0 mg/L; median 0.90 mg/L) than those
in non-CKDu areas (0.01-6.1 mg/L; median 0.67 mg/L) (Fig. 5).
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Fig. 5. (a) Groundwater F~ versus pH (R = 0.48; p < 0.01) and (b) HCO3™ concentrations (R = 0.21; p < 0.01) in Sri Lanka. Data from: Abeywickarama et al. (2016), Balasooriya et al.
(2019), Cooray et al. (2019), Imbulana et al. (2020), Nikagolla et al. (2020), Udeshani et al. (2020), Wickramarathna et al. (2017), Senarathne et al. (2020).
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In addition to OH™, HCO3 also strongly competes with F~ for ad-
sorption sites. This is evidenced by the positive correlation between
groundwater F~ and HCO3™ (R = 0.21; p < 0.01) (Fig. 5b), indicating
that HCO3™ can replace the adsorbed F~ on the surface of solids
(Singaraja et al., 2018; Mao et al., 2016). In Sri Lanka, HCO3 is the
main groundwater anion in CKDu-affected areas (Chandrajith et al.,
2011b; Cooray et al., 2019), which may lead to desorption of F~ from
sediment surfaces. In the dry zone of Sri Lanka, the alkaline groundwa-
ter with high HCO3 concentrations enhances F~ desorption into
groundwater (Saxena and Ahmed, 2003). In contrast, in the wet zone,
the slightly acidic groundwater limits F~ dissolution (Rubasinghe
etal, 2015).

4.4. Cation exchange

Cation exchange is also involved in influencing the geochemical
routes of F~. Na™ and Ca®* are generally found in various concentra-
tions in groundwater, and these variations can affect the availability of
CKDu risk factors such as F~ (Thilakerathne et al., 2015). According to
Jacks et al. (2005) and Saxena and Ahmed (2003), groundwater can
be evaporated significantly depending on the tropical climatic condi-
tions. This increases the Na*/Ca?™ ratio by decreasing Ca activity and fi-
nally increases F~ levels in groundwater. The Na™/Ca®" ratios of
groundwater in CKDu endemic and non-endemic areas differ greatly:
in CKDu endemic areas, Ca®>™ ions have more affinity than Na™ ions
for F~ (Chandrajith et al., 2011a).

Cation exchange mainly occurs at the interface of groundwater and
aquifer sediments, during which Ca?™ and Mg?" in groundwater are
adsorbed into aquifer sediments, and Na™ and K™ are desorbed into
groundwater. Because carbonate mineral dissolution and silicate
weathering can provide groundwater containing HCO3 and SO%~, cat-
ion exchange is calculated by subtracting equivalent concentrations of
HCO3 and SOZ~ from Ca®* and Mg?™* ((Ca®* + Mg?*) - (HCO3 +
SOZ7)). Na* that comes from desorption is calculated by subtracting
an equivalent concentration of CI~ from Nat (Na™-Cl™) because pre-
cipitation contributes identically to groundwater Na™ and Cl~ (Wei
et al., 2016). All groundwater samples were plotted near the line with
a slope of —1.0, indicating that cation exchange affects groundwater
quality in both CKDu and non-CKDu areas (Fig. S2). However, the re-
gression line between ((Ca®™ + Mg?™)-(HCO3 + SO57)) and (Na*-
Cl7) in samples collected from CKDu areas had a slope of —0.9, which
is slightly different from that from non-CKDu areas (—1.0). In addition,
the median of (Na™*-Cl™) in samples collected from CKDu areas (0.63) is
higher than that from non-CKDu areas (0.55), meaning that cation ex-
change in CKDu prevalent areas is more evident than that in non-
CKDu areas.

4.5. Evaporation

The Gibbs plot (Gibbs, 1970) is widely used to recognize the rela-
tionship between aquifer lithological characteristics and groundwater
composition. These are based on the ratios of either CI7/(CI™ +
HCO3) or (Na* + K*)/(Na* + K+ + Ca?™) as a function of total dis-
solved solids (TDS) to distinguish between three different fields: rock-
water interaction dominance, precipitation dominance and evaporation
dominance (Magesh et al., 2013). According to the Gibbs plot interpre-
tation of water quality data from the Monaragala region, the groundwa-
ter of the area fell under rock-water interaction dominance and
evaporation dominance fields by indicating that the water infiltrating
into the subsurface was modified by rock-water interactions
(Udeshani et al., 2020).

As shown in Fig. 6, most of the plots representing CKDu prevalent
areas contained higher concentrations of TDS than the plots
representing non-CKDu areas. This indicates that evaporation and con-
centration make greater contributions to the chemical compositions of
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Fig. 6. Gibbs diagram of groundwater samples from CKDu prevalent areas and non-CKDu
areas. Data from: Cooray et al. (2019), Imbulana et al. (2020), Senarathne et al. (2019).

groundwater in CKDu areas compared with groundwater in non-CKDu
areas.

In addition to Gibbs diagrams, 6'80 and &°H values in groundwater
can also reflect the effect of evaporation on its chemical composition
(Dansgaard, 1964). Groundwater values from both CKDu prevalent
(with a regression line of 8*H = 5.56 6'%0 — 2.82; r?> = 0.92) and
non-CKDu areas (with a regression line of 8°H = 6.32 8'%0 + 1.19; 1*
= 0.92) deviated from the Local Meteoric Water Lines (LMWL: 6°H =
7.71 8'80 + 10.04; (Chandrajith et al., 2013)), indicating that they
were recharged from surface water and suffered from evaporation be-
fore infiltration (Fig. S3) (Wickramarathna et al., 2017). In Fig. S3,
groundwaters from CKDu prevalent areas are located to the right and
above groundwaters from non-CKDu prevalent areas, suggesting the
stronger evaporation of groundwater from CKDu areas. This is in line
with groundwater ionic composition results, showing that the effect of
evaporation on the groundwater chemical composition is stronger in
CKDu areas.

5. Water as a risk factor
5.1. Hydrogeochemical quality of waters

Most villagers in CKDu affected areas utilize different types of drink-
ing water sources, including dug wells, tube wells, springs, and reser-
voirs. This shows that groundwater from shallow regolith aquifers is a
very important source of freshwater in rural regions. Groundwater has
stronger interactions with subsurface rocks and minerals than surface
water due to water level fluctuations during dry and wet seasons.
Hydrogeological conditions and the chemical composition of ground-
water are important factors that can lead to the deterioration of water
quality. In addition to natural influences, hydrogeochemical characteris-
tics can also be affected by anthropogenic factors.

5.1.1. Physicochemical quality

Up to date, the average pH values of water samples in CKDu affected
areas are neutral to alkaline, from pH 6.63 to 8.70 (Balasooriya et al.,
2019; Wanasinghe et al.,, 2018; Wickramarathna et al., 2017; Nikagolla
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etal.,, 2020). Cooray et al. (2019) did not observe an apparent difference
in the pH of water samples between the wet (7.85) and dry (7.30) sea-
sons in the Anuradapura district. Additionally, the electrical conductiv-
ity (EC) values of shallow and medium dug well water was found to
range from 315 to 2590 pS/cm (Wickramarathna et al, 2017;
Wanasinghe et al., 2018), while surface water in the area showed low
EC values (79.50 - 806.33 pS/cm), suggesting that these surface water
bodies may regularly blend with surface runoff or infiltrated rainwater
(Balasooriya et al., 2019).

In CKDu endemic regions, high water hardness is attributed to the
Ca-HCOs type groundwater, while non-endemic regions have Na type
groundwater attributed with high hardness (Chandrajith et al.,
2011a). The total hardness of groundwater in CKDu prevalent areas in
NCP was found to range from 122 to 454 mg/L, indicating the moder-
ately hard to very hard nature of the water (Wickramarathna et al.,
2017; Dissanayake and Chandrajith, 2017; Nikagolla et al., 2020). This
increased water hardness could be the reason for the reported high EC
values. In the contrast, surface water bodies had low water hardness
(31.2 mg/L) (Jayasumana et al., 2015b). According to a study by
Dharma-wardana (2018), kidneys can be intoxicated by Mg?* and F~
from hard water due to the development of (MgF) " paired ions. How-
ever, calcium-rich hard water does not appear to have the same effect.
Generally, lower alkalinity values were observed in wells and surface
water bodies located in non-CKDu endemic areas compared to wells
in CKDu endemic areas (Balasooriya et al., 2019).

Elevated levels of dissolved organic carbon (DOC) in drinking water
appear to increase the prevalence of CKDu (Makehelwala et al., 2019).
DOC is a mixture of various organic compounds, including fulvic acid,
humic acid, and humus, which can frequently be found in aquatic eco-
systems (Makehelwala et al., 2019). Makehelwala et al. (2019) ob-
served that groundwater in CKDu high-risk zones in the
Anuradhapura district was enriched in more aromatic DOC. However,
there has been little attention to the interaction between DOC and di-
or trivalent ions present in shallow hard groundwater in CKDu endemic
zones. Some general groundwater quality parameters from published
literature are summarised in Table 2. Although many studies have
assessed the water quality in different CKDu prevalent areas, there has
been a lack of attention on general water physicochemical parameters
even though these parameters can provide a rapid indication of water
quality.

5.1.2. Toxic trace metals

Another potential etiology of CKDu in major farming areas is expo-
sure to trace metals during irrigation. As depicted in Table 3, the most
frequently and intensively studied trace metals in relation to CKDu
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have been Cd, Pb, Al, zinc (Zn), As, iron (Fe), nickel (Ni), and copper
(Cu), which have all shown potential nephrotoxic effects. Bandara
et al. (2008) found slightly elevated concentrations of dissolved Cd, Fe,
and Pb, which ranged from 0.03 to 0.06, 0.2 to 1.28, and 0.01 to 0.03
mg/L, respectively, in five reservoirs in CKDu prevalent areas. They
were believed to be the etiological agents for the genesis of the CKDu.
Furthermore, they found eight heavy metals (Cd, cobalt (Co), chromium
(Cr), Cu, Fe, manganese (Mn), Pb, and Zn) in the storage rhizome of
Nelumbo nucifera (lotus plant) in dry zone reservoirs, which is a popular
vegetable among villagers (Bandara et al., 2008). For instance, it was es-
timated that 4.53 mg of Cd could be ingested by consuming 100 g of
lotus root (Bandara et al., 2008). In contrast, most of the toxic ele-
ments—such as Cd, As, and Pb—were found to be present in low concen-
trations in water of CKDu-affected areas and generally did not exceed
the permissible levels stipulated by the World Health Organization
(WHO); this suggested that these metals were not causal factors of
CKDu (Rango et al., 2015; Paranagama et al., 2013; Nanayakkara et al.,
2014; Nikagolla et al., 2020). Additionally, a study conducted by
Nanayakkara et al. (2014) confirmed that nephrotoxic heavy metals
(i.e. Cd and As) did not provide evidence to the pathogenesis of CKDu
in Sri Lanka. Due to these contrasting reports, there is doubt about the
involvement of trace metals in the genesis of the CKDu (Chandrajith
et al,, 2011b; Jayatilake et al., 2013). The combined effect of some
trace metals with ions in water can result in much higher toxicity than
if the trace metals were present alone (Wasana et al., 2016; Dharma-
wardana, 2018). Dharma-wardana (2018) has suggested that the
(CdF)™ ion pair in potable water has a strong synergistic effect on kid-
ney health. Additionally, the ion-pairing of A" with F~ (i.e., AlF; and
AlF; ) in drinking water increased when there was high F~ stress,
which has also been proposed as a causative factor of CKDu
(Ileperuma et al., 2009).

5.1.3. Hofmeister ions

High concentrations of major ions in the water contribute to the TDS
present in the water. It is suspected that certain concentrations of these
ions in water can activate the Hofmeister series effect leading to kidney
damage in humans (Manthrithilake, 2015). In Sri Lanka, concentrations
of F~ in groundwater in CKDu affected areas were significantly higher
than those in areas where CKDu was uncommon (Dissanayake and
Chandrajith, 2017; Udeshani et al., 2020; Nanayakkara et al., 2020). A
recent study carried out by Wasana et al. (2016) showed that F~ con-
centrations in the groundwater of some villages in NCP were in the
range of 0.41 to 1.34 mg/L, while Dissanayake and Chandrajith (2017)
observed a range from 0.62 to 1.42 mg/L. However, Cooray et al.
(2019) recorded excessive F~ values (~2.3 £ 0.2 mg/L) in drinking

Table 2
Summary of general groundwater quality parameters in some CKDu endemic areas of Sri Lanka (standard deviation mentioned with 4- mark).

Location General water quality Reference

Temperature (°C) pH EC (pS/cm) TDS (mg/L) Alkalinity (mg/L) Hardness (mg/L)
Ginnoruwa 2914+ 09 6.64 + 0.37 376 + 191 210 498 161 £ 83 154 £ 71 Balasooriya et al. (2019)
Girandurukotte - 6.88 330 - - 217 Chandrajith et al. (2011a)

- 6.63 429 - 168 150 Wickramarathna et al. (2017)

- - - - - 226 Dissanayake and Chandrajith (2017)
Nikawewa - 7.08 1008 - - 336 Chandrajith et al. (2011a)

- 739 885 - 493 422 Wickramarathna et al. (2017)

- - - - - 426 Dissanayake and Chandrajith (2017)
Wilgamuwa - 6.73 512 - 226 184 Wickramarathna et al. (2017)
Padaviya - 6.94 834 - - 443 Chandrajith et al. (2011a)

- 7.2 872.2 - 282.2 280.2 Cooray et al. (2019)

- 6.87 674.67 - - - Nikagolla et al. (2020)

- - - - - 454 Dissanayake and Chandrajith (2017)
Medawachchiya - 7.23 852 - - 324 Chandrajith et al. (2011a)

- 7.14 1049.71 - - - Nikagolla et al. (2020)

- - - - - 324 Dissanayake and Chandrajith (2017)
Padavi-Sripura - - 465 - - 1259 Jayasumana et al. (2015b)
Mahiyanganaya - 6.45 262.24 - - - Nikagolla et al. (2020)

- 9.2 - 1000 - 500.0 WHO maximum permissible limit
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Table 3
Summary of the major trace metals concentrations of groundwater in some CKDu endemic areas of Sri Lanka (ND = not detected, standard deviation mentioned with 4 mark).
Location Trace metals (pg/L) Reference
As cd Pb Cr Co Ni Cu Fe Al Zn
Ginnoruwa 017+ 0.1 0.9+ 1.68 0.15+ 023 032+ 029+ 117407 146+ 272 + 10 £85 46 4+ 584 Balasooriya et al. (2019)
0.27 03 2.34 235
Girandurukotte < 0.0027-0.006 0.046-0.215 - - 0.575-1.262 < 0.8 - 3.25-152.1 0.58-40.71 Chandrajith et al. (2011b)
0.15-0.827
- - - - - - - 0.15 - - Chandrajith et al. (2011a)
Nikawewa < 0.0027-0.004 0.046-0.046 - - 0.634-158 <0.8 1.53-4.56  0.59-92.81 Chandrajith et al. (2011b)
0.15-0.528
- - - - - - - 0.23 - - Chandrajith et al. (2011a)
Padaviya - - - - - - - 0.07 - - Chandrajith et al. (2011a)
- - - - - 1.66 <1 12.33 - 135 Nikagolla et al. (2020)
Medawachchiya <1 - - - - 1.71 <1 9.42 - 29.28 Nikagolla et al. (2020)
Padavi-Sripura 0.3 0.04 0.2 0.5 0.2 3.1 1.9 45.2 29 7.7 Jayasumana et al. (2015b)
Medirigiriya ND ND 0.672 ND - 1.38 2.85 112 - 12.9 Levine et al. (2016)
Mahiyanganaya <1 - - - - 1.71 <1 16.42 - 26.85 Nikagolla et al. (2020)
10 3 10 50 - 70 2000 - 200 3000 WHO maximum

permissible level

water and, interestingly, there was no significant difference in F~ con-
centration in water collected in the wet and dry seasons. Most of the
studies in NCP found high F~ values above the 0.5 mg/L level that is con-
sidered as permissible for drinking water in Sri Lanka (Chandrajith et al.,
2012; Dissanayake and Chandrajith, 2017; Cooray et al., 2019). In con-
trast, CI—, NO3, SOZ~, and PO3~ concentrations in drinking water
were several-fold lower than the WHO recommended limits
(Wickramarathna et al., 2017; Paranagama et al., 2018).

Hofmeister series cations were observed in most previous water
quality studies in CKDu-affected areas (Table 4). Several studies have
shown that CKDu endemic regions in NCP have comparatively lower
concentrations of major cations such as K, Ca?*, Na* and Mg?* in
drinking water (Nanayakkara et al.,, 2019; Wickramarathna et al.,
2017; Chandrajith et al., 2011a; Nikagolla et al., 2020). Not many studies
have assessed the antagonistic health effects of F~ in combination with
other ions such as Mg? . However, the difference in mean Na™/Ca?™" ra-
tios between endemic and non-endemic areas has been identified as a
promising factor to indicate major geochemical dissimilarities. A lower
Na™/Ca?" ratio was observed in CKDu endemic areas compared to in

CKDu non-endemic areas (Table S2) (Chandrajith et al., 2011a;
Paranagama et al.,, 2018; Dissanayake and Chandrajith, 2017).

Some studies have observed slightly higher Na*/Ca®™" ratios in the
water of CKDu-affected regions than those identified in the study by
Paranagama et al. (2018). This indicates that the ratio is not constant
throughout the whole endemic region and is specific to a particular
area. However, the ratio is strongly related to the F~ concentrations in
groundwater (Chandrajith et al., 2011a; Rajapakse et al., 2016). De-
creased Na™*/Ca®™ ratios in high CKDu incidence areas could be due to
either the lower Na™ activity or high Ca®>* activity. Calcium is the
chief cation in water and is directly related to hardness, along with
Mg?*. The formation of NaF by complexation of F~ with Na* occurs
rapidly when the Na™ concentration is increased, leading to decreased
F~ toxicity in the human body (Rajapakse et al., 2016). Conversely,
low Na™/Ca®* ratios in conjunction with high F~ levels in water could
aggregate the toxic effect of F~ on the human body (Rajapakse et al.,
2016). However, there are limited findings that provide Na*/Ca?* ra-
tios of both CKDu-affected and non-affected regions. Furthermore,
high evaporation rates due to prevailing high ambient temperatures in

Table 4
Summary of the Hofmeister ion concentrations for groundwater in some CKDu endemic areas of Sri Lanka.
Location Hofmeister ions (mg/L) Reference
Na* K* Cca’t Mg?+ - F~ NO3 SO5~ POz~
Ginnoruwa 312+ 149 06+03 307+179 151496 521+187 092+ 104 066+ 056 212+ 15 0.79 &+ 0.42 Balasooriya et al. (2019)
Girandurukotte 22.8 1.37 13.8 19 25 0.64 2.77 12.7 1.41 Chandrajith et al. (2011a)
215 0.71 35.2 13.6 42.1 0.76 0.7 11 0.34 Wickramarathna et al. (2017)
22.8 - 13.8 19 - 0.64 - - - Dissanayake and Chandrajith (2017)
Nikawewa 135 4.51 40.3 54.6 83 1.21 2.55 47.5 1.35 Chandrajith et al. (2011a)
79 1.8 73.5 47.2 62 1.61 1.2 25.1 0.21 Wickramarathna et al. (2017)
135 - 40.3 54.6 - 1.21 - - - Dissanayake and Chandrajith (2017)
Wilgamuwa 324 0.66 30.7 241 63.6 14 0.8 24 0.54 Wickramarathna et al. (2017)
Padaviya 58.3 0.62 35 20.1 175 0.62 2.99 34.6 0.58 Chandrajith et al. (2011a)
- - - - 69.5 2.8 - 19.9 - Cooray et al. (2019)
52.32 0.66 49.33 31.03 46.55 0.67 1.38 19.98 - Nikagolla et al. (2020)
58.3 - 35 20.1 - 0.62 - - - Dissanayake and Chandrajith (2017)
Anuradhapura 78.78 - 61.26 27.82 81.71 0.52 1.14 - 0.18 Paranagama et al. (2018)
Polonnaruwa 40.17 - 69.43 28.65 48.75 0.49 1.89 - 0.44 Paranagama et al., 2018
Medawachchiya 47.7 13.08 333 98 ND 1.42 6.19 395 0.36 Chandrajith et al. (2011a)
65.53 1.45 86 36.91 111.64 0.68 1.03 224 - Nikagolla et al. (2020)
47.7 - 333 98 - 1.42 - - - Dissanayake and Chandrajith (2017)
Padavi-Sripura 519 0.6 29 13 - - - - - Jayasumana et al. (2015b)
Medirigiriya 39.8 2.84 55.4 20.5 - 0.6 - - - Levine et al. (2016)
Mahiyanganaya 26.5 0.66 26.09 12.57 15.71 0.65 0.05 8.97 - Nikagolla et al. (2020)
200.0 - 200.0 150.0 600.0 15 50.0 600.0 - WHO maximum permissible level

(ND = not detected, standard deviation mentioned with + mark).
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arid regions may further concentrate ions and elevate the already high
electrical conductivity values in water (Cooray et al.,, 2019).

5.1.4. Stable isotope signals

It is crucial to investigate groundwater dynamics in CKDu endemic
areas to identify any correlations with CKDu since groundwater is an
important water source in CKDu affected areas. Although isotopic stud-
ies exist for CKDu endemic zones, these are flawed, and general knowl-
edge is still scarce (Nikagolla et al., 2020). However, the first study that
provided isotopic data in CKDu areas reported that the 6*H and §'%0
values of groundwater in the dry zone of CKDu prevalent areas during
the pre-monsoon period varied from —39.67 to —7.37%. and from
—6.46 to —1.20%., respectively (Wickramarathna et al., 2017). These
groundwater 62H and 6'80 values deviated from the LMWL for the dry
zone, as defined by &H = 7.71 §'®%0 + 10.04 (r> = 0.950);
(Chandrajith et al., 2013), indicating that the groundwater was
recharged from surface water or that evaporation occurred before infil-
tration (Wickramarathna et al., 2017). Groundwater isotope signatures
that are located on the LMWL suggest that the groundwater is directly
from meteoric water, without any modification (Wickramarathna
etal, 2017).

Additionally, according to the study by Edirisinghe et al. (2017) in
Dehiaththakandiya, Padaviya, Medirigiriya, and Nikawewa—which are
in the dry zone of Sri Lanka—different mechanisms were responsible
for the recharge of groundwater in each area during and after the mon-
soon rain. Most of the shallow and deep wells in the Dehiaththakandiya,
Padaviya, and Nikawewa areas were recharged directly by infiltration of
rainwater. Most of the wells in non-CKDu areas were recharged from
nearby surface water bodies (Edirisinghe et al., 2017). This suggested
that water in the wells of CKDu-affected areas were not impacted by
surface water inputs and remained unchanged, infiltrated rainwater.
All shallow and deep wells in the Medirigiriya area were replenished
by infiltrated rainwater and surface water (Edirisinghe et al., 2017).
Replenished shallow water is characterized by enriched heavy isotope
composition, similar to surface water. This finding indicated that
groundwater recharged from local rainwater and surface water was
not contributing to the prevalence of CKDu in Medirigiriya. Therefore,
groundwater originating from highland rain flowed through quartzite
bands combined with localized limestone structures, dissolving
geogenic elements along the flow path, could be associated with CKDu
in the Medirigiriya area (Edirisinghe et al., 2017).

Interestingly, a study by Edirisinghe et al. (2017) suggested that the
consumption of deep groundwater could be an etiological factor for
CKDu. Furthermore, Nikagolla et al. (2020) conducted a study to identify
the water source origin by utilizing environmentally stable isotopes of
5180, 6°H, and dissolved inorganic carbon (6'3Cpc) values in the
Mahiyanganaya, Padaviya, Medawachchciya, and Rambewa areas. It
was found that §?H ranged from —13.7 to —37.7%. and 6'%0 ranged
from —2.12 to —5.99%. (Nikagolla et al., 2020); these results were con-
sistent with the findings of Wickramarathna et al. (2017). Nikagolla
et al. (2020) observed two distinct types of groundwater based on the
isotopic results in the regions: some wells contained groundwater that
had been recharged by local rainfall and with isotopically depleted wa-
ters that had not been exposed to evaporation; others had isotopically
enriched waters that had been subject to evaporation (Nikagolla et al.,
2020).

5.1.5. Agrochemicals

Since the early 1980s, farmers have relied on agrochemicals to in-
crease profits. Agrochemicals like glyphosate, toxaphene, organochlo-
rine, organophosphate pesticides, etc., are in high demand among
farmers (Wimalawansa, 2016; Gunatilake et al., 2019; Babich et al.,
2020). Apart from the aforementioned components, fertilizers, which
are used in the field to enhance crop production, contain phosphate
and nitrate (Wimalawansa, 2015). Therefore, field workers are exposed
to a high dose of chemicals for long durations due to limited self-

12

Science of the Total Environment 795 (2021) 148839

protection (Kulathunga et al., 2019). Interestingly, to date, there have
been scarce data to support agrochemical contamination in tube well
water, even though people who drink tube well water are susceptible
to CKDu (Wimalawansa, 2016).

According to Bandara et al. (2008), the Cd concentration of un-
treated soils in the NCP area is not high. However, continuous and ex-
cessive application of low-grade triple superphosphate fertilizer (TSP)
over a long period may introduce large concentrations of trace elements
into agricultural soils (Bandara et al., 2008). Excessive levels of Cd (>5
pg Cd/L) in reservoirs within the irrigated agricultural area in NCP
were observed (Bandara et al.,, 2011). Furthermore, considerable quan-
tities of phosphate and nitrate from fertilizer accumulating in the water
of CKDu endemic areas facilitate algal blooms and cyanobacterial
growth (Wimalawansa, 2015). During the past few decades, glypho-
sate—the leading herbicide in the CKDu endemic area—has been consid-
ered as an agent of CKDu due to its ability to form stable complexes with
many divalent and trivalent metallic cations including Ca®>* and Mg?*
in hard water and to act as a carrier for metals into the kidney
(Jayasumana et al., 2014). It has been suggested that even if such glyph-
osate complexes do form, they are insoluble in water and thus mini-
mally absorbed by organisms (Wimalawansa, 2014; Dharma-Wardana
et al., 2015). However, Babich et al. (2020) suggested that even ‘safe’
levels of chemical mixtures could have potential impacts on kidney dys-
function via mitochondrial impairment. Jayasumana et al. (2015b)
found a strong positive relationship between farmers suffering from
CKDu and history of glyphosate spraying (Jayasumana et al., 2015b).
Unfortunately, due to the lack of scientific data, it has not been possible
to verify that glyphosate is associated with CKDu (Chandrajith et al.,
2011b; Wimalawansa, 2014).

5.2. Biological factors

5.2.1. Dissolved organic matter

DOC can be used as a carbon source for microorganisms, thereby af-
fecting biogeochemical processes (McDonough et al., 2020). Generally,
microorganisms preferentially use organic matter with short carbon
chains and good bioavailability (Mao et al., 2018), causing the accumu-
lation of high molecular weight, refractory organic matter in the aquatic
environment. Compared with non-CKDu areas, DOC in groundwater in
CKDu affected areas is mainly refractory fulvic acid with high aromatic-
ity and low molecular weight, which indicates that strong microbial ac-
tivity has occurred (Makehelwala et al., 2020). Because natural organic
matter can control the migration and transformation of heavy metals by
interactions such as complexation and competitive adsorption
(Hoffmann et al., 2013; Makehelwala et al., 2019; Makehelwala et al.,
2020), the increase of aromatic and refractory organic matter can en-
hance the release of heavy metals from sediments into groundwater.
The elevation of heavy metals in groundwater can damage kidney tis-
sues and result in CKDu (Wanigasuriya et al., 2011; Nanayakkara et al.,
2019; Wickramarathna et al., 2017). Although nephrotoxic elements
such as As, Cd, Pb, and U cause functional and structural damage in
the proximal tubule cells of the kidney, some previous studies eliminate
the interactions of those nephrotoxicants to CKDu cases in Sri Lanka
(Rango et al., 2015).

5.2.2. Cyanobacteria and cyanotoxins

Due to eutrophication and rising temperatures, cyanobacteria in
freshwater in Sri Lanka have increased significantly over the last century
(Kulasooriya, 2017; de Figueiredo et al., 2004). Previous studies have re-
ported that cyanobacteria are present in reservoirs in CKDu-affected
areas (Dissananyake et al., 2011). Surface water in reservoirs is often
used for irrigation by residents, affecting the biological composition of
groundwater receiving the recharge from irrigation water.

Additionally, phosphate concentration in non-CKDu areas was lower
than that in CKDu affected areas (Balasooriya et al., 2019). This means
that conditions are more favorable for the growth of cyanobacteria in
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CKDu affected areas, as these have more abundant nutrients.
Cyanobacteria can produce cyanotoxins, which can damage human kid-
ney tissue (Liyanage et al., 2016c¢). Therefore, the presence of
cyanobacteria in groundwater, as found by a recent study (McDonough
et al., 2020), may be one potential etiological factor for CKDu.

The hypothesized link between cyanotoxin formation from algal
blooms/cyanobacteria is considered an essential risk factor in the etiol-
ogy of CKDu (Manage, 2019; Liyanage et al., 2016c). The recent increase
in cyanobacterial blooms in surface water systems has been attributed
to anthropogenic eutrophication caused by fertilizer runoff in CKDu en-
demic areas (Dharma-Wardana et al., 2015; Magana-Arachchi and
Liyanage, 2012; Liyanage et al., 2016a). Different cyanobacterial strains
have the potential to produce different types of cyanotoxins, such as
microcystins (MCs), cylindrospermopsins (CYNs), and nodularins
(NODs), and most of these have been detected in freshwater reservoirs
of CKDu endemic areas (Liyanage et al., 2016¢; Liyanage et al.,, 2016a).
Such toxins are capable of causing numerous health impacts, including
acute and chronic illnesses (Carmichael et al., 2001). Cyanobacterial spe-
cies with the potential to produce MCs and CYNs identified from the well
waters in Giradurukotte are shown in Fig. S4. It was found that these dif-
ferent cyanobacterial species belonged to four orders: Chroococcales,
Nostocales, Oscillatoriales, and Stigonematales, which were identified as
potential MC and CYN generators (Liyanage et al., 2016c¢; Liyanage et al.,
2016b). Furthermore, Phormidium spp. (56%) were the predominant in
the drinking water of CKDu prevalent area, Giradurukotte, and are
potent MC and neurotoxin producers (Liyanage et al., 2016c¢). Other
cyanobacterial species, including Anabaena (9%), Raphidiopsis (5%), and
Lyngbya (11%), were also notable in well water samples and are also
known to produce potent hepatotoxins, cytotoxins, and neurotoxins
that can cause kidney damage (Runnegar et al., 2002; Liyanage et al.,
2016c¢). It has been suggested that toxin ingestion through drinking
water is unlikely because most villagers utilize groundwater for drinking
and cooking (Wanigasuriya, 2012).

In addition to cyanobacterial toxins, fungal toxins such as ochratoxin
A (OA), which has carcinogenic and nephrotoxic properties, could con-
taminate many food items (Manage, 2019). Wanigasuriya et al. (2008)
showed that OA content ranged from 0.3 to 3.2 g/kg among food com-
modities like maize (Zea mays), raw and parboiled rice (Oryza sativa)
and legumes [mung (Vigna radiate), cowpea (Vigna unguiculata), millet
(Eleusine corocana), soya bean (Glycine max) and undu (Vigna mungo)|
that are grown in CKDu-affected areas. However, there have been lim-
ited studies to identify cyanobacterial diversity or cyanotoxin producers
in water bodies used for human consumption (Liyanage et al.,, 2016b).

6. Sociological factors

Despite the lack of scientific evidence, many consider sociological
factors like immunity, economic influence, and several social behaviors
and activities as potential risk factors for CKDu. These hypotheses need
further investigation (Wimalawansa, 2014; Wanigasuriya et al., 2007;
[leperuma et al., 2009). However, the combination of these suspected
risk factors can cause a markedly increased burden on kidneys ulti-
mately leading to CKDu.

6.1. Immunity

Limited studies have investigated the history of infectious diseases
such as malaria, hantavirus, and Japanese encephalitis as possible risk
factors for the development of CKDu in Sri Lanka (Yoshimatsu et al.,
2019; Sarathkumara et al., 2019; Siriwardhana et al., 2015). For exam-
ple, repeated cases of malaria (~5-6 times) were suggested as increas-
ing susceptibility to CKDu (Siriwardhana et al.,, 2015). Furthermore,
antimalarial drugs have been shown to produce nephrotoxic effects on
humans and cause structural and functional kidney damage
(Adaramoye et al., 2008). Consequently, recurrent use of antimalarial
drugs may act as a provoking factor for the development of CKDu in
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affected individuals (Siriwardhana et al., 2015). Some investigators
have speculated that dehydration from working in agricultural fields
for long periods under hot temperatures may contribute to the patho-
genesis of CKDu by dropping the immunity (Redmon et al., 2014;
Jayasekara et al.,, 2019; Siriwardhana et al., 2015). The majority of peo-
ple in CKDu endemic areas are of low economic status and therefore,
consume high-carbohydrate and high-salt diets daily, contributing to
kidney malfunction (Senevirathna et al., 2012). Additionally, some re-
searchers ponder whether genetic conditions can result in an extra bur-
den on the kidneys (Friedman and Luyckx, 2019). Furthermore, it has
been postulated that a history of snakebite could be associated with
CKDu as snake venom can increase the level of nephrotoxic constituents
in the body (Nanayakkara et al., 2014; Senevirathna et al., 2012).

6.2. Economic influence

Some research has identified the poor economic status of the farming
community as one of the contributing factors to CKDu (Wimalawansa,
2016; Wimalawansa, 2019; Wimalawansa and Dissanayake, 2020). Due
to poverty, most people in the dry zone of Sri Lanka are used to consum-
ing only a few varieties of food instead of a balanced diet and so get lim-
ited nutrients. Therefore, eating a nutrient-deficient diet increases the
possibility of malnutrition and, consequently, can affect kidney health
(Senevirathna et al., 2012; Wimalawansa, 2015; Ileperuma et al., 2009).
For example, repetitive consumption of a high-calorie diet deficient in
protein and other micronutrients over long periods might result in
chronic exposure to the toxic elements found in those foods (Ananda
Jayalal et al., 2019). Interestingly, Fernando et al. (2019b) found unique
features of anemia among CKDu patients in Sri Lanka compared to the al-
ready described anemia that occurs in CKD.

It has been argued that the rural lifestyle of residents in CKDu affected
areas might be one of the causal factors to trigger CKDu (Senevirathna
etal, 2012; Ananda Jayalal et al,, 2019). [leperuma et al. (2009) have sug-
gested that aluminum (Al) leaching from inferior quality aluminum uten-
sils could form toxic complexes (AlFy) by combining with F~ present in
the potable water and could act as a causal factor for chronic renal failure.
Most affected individuals died at home without accessing Western med-
ical treatment due to its unaffordability and poverty-associated travel dif-
ficulties (Wimalawansa and Dissanayake, 2020).

6.3. Social behavior

6.3.1. Living habits

Microalbuminuria in urine has been identified as an early indicator
of renal damage (Wanigasuriya et al, 2011). Accordingly,
Wanigasuriya et al. (2011) found that high microalbuminuria levels
were likely to be detected in people who had consumed water from
field wells and had previously smoked. Importantly, Kafle et al. (2019)
carried out an interesting and full-scale study based on self-reports of
clinical diagnoses by over 8000 households of residents diagnosed
with kidney disease in the decade to 2018. It was found that more
than 98% of households in CKDu prevalent districts in Sri Lanka had
used groundwater for at least five years as their primary source for
drinking and cooking purposes (Kafle et al., 2019). Even though it was
speculated that of these 83.11% of households in districts that consume
groundwater, since 2009, no CKDu affected patients have been reported
(Kafle et al., 2019). The food habits and frequent consumption of tea
may need to be considered as the crops are grown in affected areas
might affect CKDu. Frequent tea consumption during fieldwork could
result in high F~ accumulation because tea, in general, is enriched in
F~. Furthermore, habitual smoking of homegrown tobacco and drinking
locally-brewed illegal alcohol has been postulated as a potential cause of
CKDu (Wimalawansa, 2014; Wanigasuriya et al.,, 2011; Pry et al., 2019;
Gobalarajah et al., 2020). Interestingly, it was found that regulating such
behaviors had an approximately 2% effect on alleviating CKDu
(Wimalawansa, 2019).
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Regular exposure to sun heat for extended periods (occupational
heat stress) during the strenuous work of farmers in the hot, dry cli-
matic zone has been considered a co-factor for kidney malfunction
(Chandrajith et al., 2011b; Jayasekara et al.,, 2019). For example,
Siriwardhana et al. (2015) reported that exposure to heat for more
than 6 h per day might be a predisposing factor for CKDu
(Siriwardhana et al., 2015; Ruwanpathirana et al., 2019). Jayasekara
et al. (2019) identified that CKDu is common among male farmers
who work in sunlight. Similarly, according to the study based on self-
reports of clinical diagnoses, 71% of males and 69% of females were
CKD-symptomatic across the ten affected districts (Kafle et al., 2019).
Additionally, it was common to observe people attempting to diminish
the societal stigma associated with the deadly disease of CKDu by
concealing their real symptoms (Wimalawansa and Dissanayake,
2020). In summary, all these factors may be intricately interconnected
to contribute to individual vulnerability to CKDu.

6.3.2. Anthropogenic activities

Despite the existing environmental regulations and escalating envi-
ronmental pollution, there is a visible lack of enforcement of laws relating
to environmental protection in many developing countries, including Sri
Lanka (Wimalawansa and Dissanayake, 2020). Therefore, anthropogenic
pollution, such as leachates from septic tanks, discharge of untreated sew-
age, emissions from coal-powered plants, and the use of agrochemicals—
especially the abuse of poor-quality agrochemicals during the Green Rev-
olution in the 1970s—may have accumulated, caused severe damage to
the local hydro-environment and possibly induced CKDu.

The possible pathways for over-dosed heavy metals—such as Pb, As,
and Cd in local irrigation systems—include emissions of burnt coal, im-
proper treatment of industrial discharge, and application of unqualified
agrochemicals (Bandara et al., 2008). Burning coal enriched in F~ has ag-
gravated the high F~ conditions derived from the weathering of
fluoride-bearing minerals. Additionally, heavy metals could also enter
the atmosphere and, subsequently, the hydro-system through rainfall. Re-
ported abuse of unqualified agrochemicals and inadequate disposal of in-
dustrial chemicals has led to the continuous introduction of heavy metals
into local aqueous systems. For example, the Sri Lankan agricultural sector
utilized 15,300 kg of phosphate fertilizer in 1974 and 36,200 kg in 1984.
The total amount of P,05 used since 1973 is 957,200 kg (M.O.A., 2006).
The TSP used by Sri Lankan farmers carried 71.739 mg Cd/kg of P,0s. At
this contamination level, at least 68.9 kg Cd has been added to agricultural
land since 1973 (Bandara et al., 2008). The overuse of phosphate-
containing fertilizers has introduced PO3 ~ and Ca?* into hydrological sys-
tems, which has further decreased Na™/Ca?" ratios in CKDu endemic
regions.

Due to the uneven terrain, animal farming can be ubiquitous in the
central highlands of Sri Lanka. Leachates of livestock excreta and solid
waste mix into the River Mahaweli and distributed into natural water
bodies (Mahees and Silva, 2011; Hitihamu and Epasinghe, 2015). To-
gether with domestic wastewater and septic tank leachates, this could
result in excessive NO3™ nitrogen, PO3~, and DOC being introduced
into the dry zone hydro-environment.

7. Concluding remarks

As most of the studies on CKDu have proposed independent hypoth-
eses—either from sociological or scientific perspectives—the exact cause
of CKDu is still unknown. Although most previous studies have been
based on the general water quality status, the findings have been insuf-
ficient to support any postulated hypothesis. Groundwater in the en-
demic regions of CKDu is rich in F~, alkalinity, total dissolved solids,
and hardness, however, with low cation exchange. Detailed studies
that address the groundwater chemistry, dynamics, recharge processes,
and the interaction between different elements are needed. Even
though heavy metals, such as As in fertilizers, are considered a critical
etiological factor for CKDu, no adequate studies exist on trace element
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contents in fertilizers that are commonly used among agricultural com-
munities. However, some previous studies have clearly eliminated the in-
teraction of heavy metals which are nephrotoxicants such as As, Cd, Pb,
and U to CKDu in low doses as risk factors for the emergence of CKDu. Fur-
ther, a greater attention has been devoted to the potential role of
Hofmeister ions including F~ in contributing to kidney disease. Recently,
a great diversity of cyanobacteria with the potential to produce
cyanotoxins were identified from the drinking wells in CKDu prevalent
areas. These were postulated to induce renal damage. There are gaps in
knowledge about the pathways of cyanotoxin uptake in the human
body. Although the Sri Lankan governments have installed many reverse
osmosis (RO) plants, they failed to address the need for a treatment pro-
cess for the waste ‘brine’, which is often released back into the same envi-
ronment or the irrigation canals. Therefore, a socio-economic analysis
regarding the potential effects of such temporary solutions is required.
Importantly, genetics could also play an important role in the prevalence
of CKDuy, and intensive studies should be conducted to identify whether
there is a genetic susceptibility to the condition. The causative factors
for CKDu remain unconfirmed. A combination of machine learning and
advanced statistics would be cooperative in delineating the most influen-
tial factors for CKDu. Future studies need collaborative efforts and in-
depth synergistic studies that consider all those socio-economic environ-
mental risk factors for CKDu, including natural and anthropogenic influ-
ences, to understand the interaction and role of each of the postulated
etiological factors.

CRediT authorship contribution statement

Oshadi Hettithanthri: Data curation, Formal analysis, Writing —
original draft. Sandun Sandanayake: Formal analysis, Writing - review
& editing. Dhammika Magana-Arachchi: Conceptualization, Writing -
review & editing. Rasika Wanigatunge: Conceptualization, Writing -
review & editing. Anushka Upamali Rajapaksha: Conceptualization,
Writing - review & editing. Xianjiang Zeng: Data curation, Formal anal-
ysis, Writing - original draft. Qiutong Shi: Data curation, Formal analy-
sis, Writing - original draft. Huaming Guo: Conceptualization, Funding
acquisition, Writing - review & editing. Meththika Vithanage: Concep-
tualization, Funding acquisition, Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The study was financially supported by the National Natural Science
Foundation of China (grant Nos. 41861144027 and 41825017) and
National Science Foundation of Sri Lanka (grant No. ICRP/NSF-NSFC/
2019/BS/01). Further, the authors would like to acknowledge the
UNESCO-TWAS Research grants for providing financial support (Grant
No. 20-178 RG/CHE/AS_I). Anonymous reviewers were greatly appreci-
ated for their constructive comments which help in improving the quality
of the article.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.148839.

References

Abeyagunawardena, A.S., Shroff, R,, 2021. CKDu: the known unknowns. Pediatr. Nephrol.
36 (2), 219-221. https://doi.org/10.1007/s00467-020-04596-2.


https://doi.org/10.1016/j.scitotenv.2021.148839
https://doi.org/10.1016/j.scitotenv.2021.148839
https://doi.org/10.1007/s00467-020-04596-2

O. Hettithanthri, S. Sandanayake, D. Magana-Arachchi et al.

Abeysekera, D.T.DJ., Kaiyoom, S.A.A., Dissanayake, S.U., 1996. Place of peritoneal dialysis
in the management of renal failure patients admitted to General Hospital Kandy.
Kandy Society of Medicine 18th Annual Academic Conference, Kandy, Sri Lanka, p. 19.

Abeywickarama, B., Ralapanawa, U., Chandrajith, R,, 2016. Geoenvironmental factors re-
lated to high incidence of human urinary calculi (kidney stones) in Central Highlands
of Sri Lanka. Environ. Geochem. Health 38 (5), 1203-1214. https://doi.org/10.1007/
510653-015-9785-x.

Abraham, G., Varughese, S., Thandavan, T., lyengar, A., Fernando, E., Naqvi, S., Sheriff, R.,
Ur-Rashid, H., Gopalakrishnan, N., Kafle, R.K., 2016. Chronic kidney disease hotspots
in developing countries in South Asia. Clin. Kidney J. 9 (1), 135-141. https://doi.
org/10.1093/ckj/sfv109.

Abraham, G., Agarwal, S.K., Gowrishankar, S., Vijayan, M., 2019. Chronic kidney disease of
unknown etiology: hotspots in India and other Asian countries. Semin. Nephrol. 39
(3), 272-277. https://doi.org/10.1016/j.semnephrol.2019.02.005.

Adaramoye, O.A., Osaimoje, D.O., Akinsanya, A.M., Nneji, C.M., Fafunso, M.A., Ademowo,
0.G., 2008. Changes in antioxidant status and biochemical indices after acute admin-
istration of artemether, artemether-lumefantrine and halofantrine in rats. Basic Clin.
Pharmacol. Toxicol. 102 (4), 412-418. https://doi.org/10.1111/j.1742-
7843.2008.00211.x.

Adriano, D.C., 2001. Trace elements in terrestrial environments: biogeochemistry, bio-
availability, and risks of P-type ATPase HMAS interacts with metallochaperones and
functions in copper detoxification of roots. Plant J. 45, 225-236.

Aguilar, DJ., Madero, M., 2019. Other potential CKD hotspots in the world: the cases of
Mexico and the United States. Semin. Nephrol. 39 (3), 300-307. https://doi.org/
10.1016/j.semnephrol.2019.02.008.

Ajayi, S.0., Raji, Y.R,, Michael, O.S., Adewole, D., Akande, T., Abiola, B., Aminu, S.,
Olugbenga-Bello, A, Arije, A., 2021. Exposure to agrochemicals and markers of kidney
damage among farmers in rural communities in southwestern Nigeria. West Afr.
J. Med. 38 (1), 48-53.

Ali, S., Thakur, S.K., Sarkar, A., Shekhar, S., 2016. Worldwide contamination of water by
fluoride. Environ. Chem. Lett. 14 (3), 291-315. https://doi.org/10.1007/s10311-016-
0563-5.

Almaguer, M., Herrera, R., Orantes, C.M., 2014. Chronic kidney disease of unknown etiol-
ogy in agricultural communities. MEDICC Rev. 16 (2), 09-15.

Anand, S., Montez-Rath, M.E., Adasooriya, D., Ratnatunga, N., Kambham, N., Wazil, A.,
Wijetunge, S., Badurdeen, Z., Ratnayake, C., Karunasena, N., Schensul, S.L., Valhos, P.,
Haider, L., Bhalla, V., Levin, A., Wise, P.H., Chertow, G.M., Barry, M., Fire, A.Z.,
Nanayakkara, N., 2019. Prospective biopsy-based study of CKD of unknown etiology
in Sri Lanka. Clin. J. Am. Soc. Nephrol. 14 (2), 224-232. https://doi.org/10.2215/
CJN.07430618.

Ananda Jayalal, T.B., Jayaruwan Bandara, T.W.M.A., Mahawithanage, S.T.C., Wansapala, M.
aJ,, Galappaththi, S.P.L, 2019. A quantitative analysis of chronic exposure of selected
heavy metals in a model diet in a CKD hotspot in Sri Lanka. BMC Nephrol. 20 (1), 208.
https://doi.org/10.1186/s12882-019-1371-5.

Athuraliya, N.T.C., Abeysekera, T.D.J., Amerasinghe, P.H., Kumarasiri, R., Bandara, P.,
Karunaratne, U., Milton, A.H., Jones, A.L,, 2011. Uncertain etiologies of proteinuric-
chronic kidney disease in rural Sri Lanka. Kidney Int. 80 (11), 1212-1221. https://
doi.org/10.1038/ki.2011.258.

Babich, R., Ulrich, J.C,, Ekanayake, EIM.D.V., Massarsky, A., De Silva, P.M.C.S., Manage, P.M.,
Jackson, B.P., Ferguson, P.L., Di Giulio, R.T., Drummond, L.A,, Jayasundara, N., 2020. Kid-
ney developmental effects of metal-herbicide mixtures: implications for chronic kid-
ney disease of unknown etiology. Environ. Int. 144, 106019. https://doi.org/10.1016/].
envint.2020.106019.

Balasooriya, S., Munasinghe, H., Herath, A.T., Diyabalanage, S., Illeperuma, O.A.,
Manthrithilake, H., Daniel, C., Amann, K., Zwiener, C., Barth, J.A.C,, Chandrajith, R.,
2019. Possible links between groundwater geochemistry and chronic kidney disease
of unknown etiology (CKDu): an investigation from the Ginnoruwa region in Sri
Lanka. Expos. Health 12 (4), 1-12. https://doi.org/10.1007/s12403-019-00340-w.

Bandara, J., Senevirathna, D., Dasanayake, D., Herath, V., Bandara, J., Abeysekara, T.,
Rajapaksha, K., 2008. Chronic renal failure among farm families in cascade irrigation
systems in Sri Lanka associated with elevated dietary cadmium levels in rice and
freshwater fish (Tilapia). Environ. Geochem. Health 30 (5), 465-478.

Bandara, J.M.R.S., Wijewardena, H.V.P., Bandara, Y.M.AY., Jayasooriya, R.G.P.T.,
Rajapaksha, H., 2011. Pollution of River Mahaweli and farmlands under irrigation
by cadmium from agricultural inputs leading to a chronic renal failure epidemic
among farmers in NCP, Sri Lanka. Environ. Geochem. Health 33 (5), 439-453.
https://doi.org/10.1007/s10653-010-9344-4.

Campese, V.M., 2016. The Mesoamerican nephropathy: a regional epidemic of chronic
kidney disease? Nephrol. Dial. Transplant. 31 (3), 335-336. https://doi.org/10.1093/
ndt/gfv430.

Carmichael, W.W., Azevedo, S.M., An, ].S., Molica, RJ., Jochimsen, E.M,, Lau, S., Rinehart,
K.L., Shaw, G.R., Eaglesham, G.K., 2001. Human fatalities from cyanobacteria: chemical
and biological evidence for cyanotoxins. Environ. Health Perspect. 109 (7), 663-668.
https://doi.org/10.1289/ehp.01109663.

Cerdas, M., 2005. Chronic kidney disease in Costa Rica. Kidney Int. 68 (97), S31-S33.
https://doi.org/10.1111/j.1523-1755.2005.09705.x.

Chae, G.-T., Yun, S.-T., Mayer, B., Kim, K.-H., Kim, S.-Y., Kwon, J.-S., Kim, K., Koh, Y.-K., 2007.
Fluorine geochemistry in bedrock groundwater of South Korea. Sci. Total Environ.
385 (1-3), 272-283. https://doi.org/10.1016/j.scitotenv.2007.06.038.

Chandrajith, R., Dissanayake, C.B., Ariyarathna, T., Herath, H.M.].M.K., Padmasiri, ].P.,
2011a. Dose-dependent Na and Ca in fluoride-rich drinking water —another major
cause of chronic renal failure in tropical arid regions. Sci. Total Environ. 409 (4),
671-675. https://doi.org/10.1016/j.scitotenv.2010.10.046.

Chandrajith, R., Nanayakkara, S., Itai, K., Aturaliya, T.N.C,, Dissanayake, C.B., Abeysekera, T.,
Harada, K., Watanabe, T., Koizumi, A., Koizumi, A., 2011b. Chronic kidney diseases of
uncertain etiology (CKDue) in Sri Lanka: geographic distribution and environmental

15

Science of the Total Environment 795 (2021) 148839

implications. Environ. Geochem. Health 33 (3), 267-278. https://doi.org/10.1007/
s10653-010-9339-1.

Chandrajith, R., Padmasiri, J., Dissanayake, C., Prematilaka, K., 2012. Spatial distribution of
fluoride in groundwater of Sri Lanka. J. Natl. Sci. Found. Sri Lanka 40 (4). https://doi.
org/10.4038 /jnsfsr.v40i4.5044.

Chandrajith, R., Barth, J.a.C,, Subasinghe, N.D., Merten, D., Dissanayake, C.B., 2013. Geo-
chemical and isotope characterization of geothermal spring waters in Sri Lanka: evi-
dence for steeper than expected geothermal gradients. J. Hydrol. 476, 360-369.
https://doi.org/10.1016/j.jhydrol.2012.11.004.

Chandrajith, R, Diyabalanage, S., Premathilake, K.M., Hanke, C,, Van Geldern, R,, Barth, J.a.
C., 2016. Controls of evaporative irrigation return flows in comparison to seawater in-
trusion in coastal karstic aquifers in northern Sri Lanka: evidence from solutes and
stable isotopes. Sci. Total Environ. 548-549, 421-428. https://doi.org/10.1016/j.
scitotenv.2016.01.050.

Chandrajith, R, Diyabalanage, S., Dissanayake, C.B., 2020. Geogenic fluoride and arsenic in
groundwater of Sri Lanka and its implications to community health. Groundw. Sus-
tain. Dev. 10, 100359. https://doi.org/10.1016/j.gsd.2020.100359.

Chiu, H.-F., Yang, C.-Y., 2005. Decreasing trend in renal disease mortality after cessation
from arsenic exposure in a previous arseniasis-endemic area in southwestern
Taiwan. ]. Toxicol. Environ. Health A 68 (5), 319-327. https://doi.org/10.1080/
15287390590900804.

Cooray, T., Wei, Y., Zhong, H., Zheng, L., Weragoda, S.K., Weerasooriya, R., 2019. Assess-
ment of groundwater quality in CKDu affected areas of Sri Lanka: implications for
drinking water treatment. Int. J. Environ. Res. Public Health 16 (10), 1698. https://
doi.org/10.3390/ijerph16101698.

Crowe, J., Wesseling, C., Solano, B.R., Umaiia, M.P., Ramirez, AR, Kjellstrom, T., Morales, D.,
Nilsson, M., 2013. Heat exposure in sugarcane harvesters in Costa Rica. Am. J. Ind.
Med. 56 (10), 1157-1164. https://doi.org/10.1002/ajim.22204.

Cusumano, A.N.a.M,, Di Gioia, C., Hermida, O., Lavorato, C., 2005. The Latin American dial-
ysis and renal transplantation registry annual report 2002. Kidney Int. 68 (97), S46-
S52. https://doi.org/10.1111/j.1523-1755.2005.09708.x.

Cusumano, A., Garcia-Garcia, G., Di Gioia, C., Hermida, O., Lavorato, C., Agost Carrefio, C,,
Placida Garron Torrico, M., Benigno Pena Batista, P., Egidio Romao Jr., J., Poblete
Badal, H., 2006. End-stage renal disease and its treatment in Latin America in the
twenty-first century. Ren. Fail. 28 (8), 631-637. https://doi.org/10.1080/
08860220600925693.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16 (4), 436-468. https://doi.
org/10.3402/tellusa.v16i4.8993.

De Alwis, A., Panawala, P., 2019. A review of the national response to CKDu in Sri Lanka.
Sri Lanka J. Soc. Sci. 42 (2), 83-100. https://doi.org/10.4038/sljss.v42i2.7966.

De Figueiredo, D.R., Azeiteiro, U.M., Esteves, S.M., Gongalves, FJ.M., Pereira, M.J., 2004.
Microcystin-producing blooms—a serious global public health issue. Ecotoxicol. Envi-
ron. Saf. 59 (2), 151-163. https://doi.org/10.4038/sljss.v42i2.7966.

De Silva, P.M.C.S., Abdul, K.S.M., Eakanayake, E.M.D.V., Jayasinghe, S.S., Jayasumana, C.,
Asanthi, H.B., Perera, H.S.D., Chaminda, G.G.T., Chandana, E.P.S., Siribaddana, S.H.,
2016. Urinary biomarkers KIM-1 and NGAL for detection of chronic kidney disease
of uncertain etiology (CKDu) among agricultural communities in Sri Lanka. PLoS
Negl. Trop. Dis. 10 (9), 1-17. https://doi.org/10.1371/journal.pntd.0004979.

De Silva, M\W.A,, Albert, S.M., Jayasekara, ].M.K.B., 2017. Structural violence and chronic
kidney disease of unknown etiology in Sri Lanka. Soc. Sci. Med. 178, 184-195.
https://doi.org/10.1016/j.socscimed.2017.02.016.

Dharmagunawardhane, H.A,, Dissanayake, C.B., 1993. Fluoride Problems in Sri Lanka. En-
viron. Manag. Health 4 (2), 9-16. https://doi.org/10.1108/09566169310033422.
Dharma-Wardana, M\W.C,, 2018. Chronic kidney disease of unknown etiology and the ef-
fect of multiple-ion interactions. Environ. Geochem. Health 40 (2), 705-719. https://

doi.org/10.1007/s10653-017-0017-4.

Dharma-Wardana, M.W.C., Amarasiri, S.L., Dharmawardene, N., Panabokke, C.R., 2015.
Chronic kidney disease of unknown aetiology and ground-water ionicity: study
based on Sri Lanka. Environ. Geochem. Health 37 (2), 221-231. https://doi.org/
10.1007/s10653-014-9641-4.

Dissananyake, D.M., Jayasekera, ].M.K., Ratnayake, P., Wickramasinghe, W., Radella, Y.A.,
2011. The short term effect of cyanobacterial toxin extracts on mice kidney.
Peradeniya University Research Session. 16. University of Peradeniya, p. 95.

Dissanayake, C.B., 1996. Water quality and dental health in the Dry Zone of Sri Lanka.
Geol. Soc. Lond., Spec. Publ. 113 (1), 131-140. https://doi.org/10.1144/GSL.
SP.1996.113.01.10.

Dissanayake, C., Chandrajith, R., 2017. Groundwater fluoride as a geochemical marker in
the etiology of chronic kidney disease of unknown origin in Sri Lanka. Ceylon J. Sci.
46 (2), 3-12. https://doi.org/10.4038/cjs.v46i2.7425.

Dissanayake, C., Chandrajith, R., 2019. Fluoride and hardness in groundwater of tropical
regions-review of recent evidence indicating tissue calcification and calcium phos-
phate nanoparticle formation in kidney tubules. Ceylon J. Sci. 48 (3), 197-207.
https://doi.org/10.4038/cjs.v48i3.7643.

Dissanayake, H.M.K.P., Udeshani, W.a.C., Koswatte, S., Rathnayake, K.T., Gunatilake, S.V.,
Fernando, R., Gunatilake, S.K., 2020. Quality of surface and ground waters for domes-
tic and irrigation purposes in CKD/CKDu prevalent areas in Moneragala District, Sri
Lanka. Ceylon J. Sci. 49 (1), 81-91. https://doi.org/10.4038/cjs.v49i1.7708.

Diyabalanage, S., Fonseka, S., Dasanayake, D.M.S.N.B., Chandrajith, R., 2017. Environmen-
tal exposures of trace elements assessed using keratinized matrices from patients
with chronic kidney diseases of uncertain etiology (CKDu) in Sri Lanka. J. Trace
Elem. Med. Biol. 39, 62-70. https://doi.org/10.1016/j.jtemb.2016.08.003.

Dunuweera, R., Shimomura, R.M.G., Priyankarage, M., Jayasingha, P., Wimalawansa, S.J.,
2017. Chronic kidney disease of multifunctional origin (CKDmfo) prevailing in Sri
Lanka: re-evaluated. World ]. Pharm. Res. 6, 33-66.

Edirisinghe, E.A.N.V., Manthrithilake, H., Pitawala, H.M.T.G.A., Dharmagunawardhane,
H.A., Wijayawardane, R.L, 2017. Geochemical and isotopic evidences from


http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0010
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0010
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0010
https://doi.org/10.1007/s10653-015-9785-x
https://doi.org/10.1007/s10653-015-9785-x
https://doi.org/10.1093/ckj/sfv109
https://doi.org/10.1093/ckj/sfv109
https://doi.org/10.1016/j.semnephrol.2019.02.005
https://doi.org/10.1111/j.1742-7843.2008.00211.x
https://doi.org/10.1111/j.1742-7843.2008.00211.x
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0035
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0035
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0035
https://doi.org/10.1016/j.semnephrol.2019.02.008
https://doi.org/10.1016/j.semnephrol.2019.02.008
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0045
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0045
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0045
https://doi.org/10.1007/s10311-016-0563-5
https://doi.org/10.1007/s10311-016-0563-5
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0055
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0055
https://doi.org/10.2215/CJN.07430618
https://doi.org/10.2215/CJN.07430618
https://doi.org/10.1186/s12882-019-1371-5
https://doi.org/10.1038/ki.2011.258
https://doi.org/10.1038/ki.2011.258
https://doi.org/10.1016/j.envint.2020.106019
https://doi.org/10.1016/j.envint.2020.106019
https://doi.org/10.1007/s12403-019-00340-w
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0085
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0085
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0085
https://doi.org/10.1007/s10653-010-9344-4
https://doi.org/10.1093/ndt/gfv430
https://doi.org/10.1093/ndt/gfv430
https://doi.org/10.1289/ehp.01109663
https://doi.org/10.1111/j.1523-1755.2005.09705.x
https://doi.org/10.1016/j.scitotenv.2007.06.038
https://doi.org/10.1016/j.scitotenv.2010.10.046
https://doi.org/10.1007/s10653-010-9339-1
https://doi.org/10.1007/s10653-010-9339-1
https://doi.org/10.4038/jnsfsr.v40i4.5044
https://doi.org/10.4038/jnsfsr.v40i4.5044
https://doi.org/10.1016/j.jhydrol.2012.11.004
https://doi.org/10.1016/j.scitotenv.2016.01.050
https://doi.org/10.1016/j.scitotenv.2016.01.050
https://doi.org/10.1016/j.gsd.2020.100359
https://doi.org/10.1080/15287390590900804
https://doi.org/10.1080/15287390590900804
https://doi.org/10.3390/ijerph16101698
https://doi.org/10.3390/ijerph16101698
https://doi.org/10.1002/ajim.22204
https://doi.org/10.1111/j.1523-1755.2005.09708.x
https://doi.org/10.1080/08860220600925693
https://doi.org/10.1080/08860220600925693
https://doi.org/10.3402/tellusa.v16i4.8993
https://doi.org/10.3402/tellusa.v16i4.8993
https://doi.org/10.4038/sljss.v42i2.7966
https://doi.org/10.4038/sljss.v42i2.7966
https://doi.org/10.1371/journal.pntd.0004979
https://doi.org/10.1016/j.socscimed.2017.02.016
https://doi.org/10.1108/09566169310033422
https://doi.org/10.1007/s10653-017-0017-4
https://doi.org/10.1007/s10653-017-0017-4
https://doi.org/10.1007/s10653-014-9641-4
https://doi.org/10.1007/s10653-014-9641-4
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0210
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0210
https://doi.org/10.1144/GSL.SP.1996.113.01.10
https://doi.org/10.1144/GSL.SP.1996.113.01.10
https://doi.org/10.4038/cjs.v46i2.7425
https://doi.org/10.4038/cjs.v48i3.7643
https://doi.org/10.4038/cjs.v49i1.7708
https://doi.org/10.1016/j.jtemb.2016.08.003
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0240
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0240

O. Hettithanthri, S. Sandanayake, D. Magana-Arachchi et al.

groundwater and surface water for understanding of natural contamination in
chronic kidney disease of unknown etiology (CKDu) endemic zones in Sri Lanka. Iso-
topes Environ. Health Stud. 54 (3), 244-261. https://doi.org/10.1080/
10256016.2017.1377704.

El Minshawy, O., 2011. End-stage renal disease in the EI-Minia Governorate, upper Egypt:
an epidemiological study. Saudi . Kidney Dis. Transplant. 22 (5), 1048. https://www.
sjkdt.org/text.asp?011/22/5/1048/84569.

Fernando, A., Sivakumaran, N., 2018. A comprehensive review of chronic kidney disease
of unknown etiology. Int. J. Sci. Techn. Res. Eng. 3 (2), 38-48.

Fernando, B.N.T.W., Alli-Shaik, A., Hemage, R.K.D., Badurdeen, Z., Hettiarachchi, T.W.,
Abeysundara, H.T.K., Abeysekara, T.D.J., Wazil, A., Rathnayake, S., Gunaratne, ].,
Nanayakkara, N., 2019a. Pilot study of renal urinary biomarkers for diagnosis of
CKD of uncertain etiology. Kidney Int. Rep. 4 (10), 1401-1411. https://doi.org/
10.1016/j.ekir.2019.07.009.

Fernando, W., Hettiarachchi, TW., Sudeshika, T., Badurdeen, Z., Abeysundara, H.,
Ranasinghe, S., Rathnayake, M.P., Nanayakkara, N., 2019b. Snap shot view on anaemia
in chronic kidney disease of uncertain aetiology. Nephrology (Carlton) 24 (10),
1033-1040. https://doi.org/10.1111/nep.13545.

Friedman, D., Luyckx, V.A., 2019. Genetic and developmental factors in chronic kidney dis-
ease hotspots. Semin. Nephrol. 39 (3), 244-255. https://doi.org/10.1016/j.
semnephrol.2019.02.002.

Ganguli, A., 2016. Uddanam nephropathy/regional nephropathy in India: preliminary
findings and a plea for further research. Am. J. Kidney Dis. 68 (3), 344-348. https://
doi.org/10.1053/j.ajkd.2016.04.012.

Gibbs, RJ., 1970. Mechanisms controlling world water chemistry. Science 170 (3962),
1088-1090. https://doi.org/10.1126/science.170.3962.1088.

Gifford, FJ., Gifford, R.M., Eddleston, M., Dhaun, N., 2017. Endemic nephropathy around
the world. Kidney Int. Rep. 2 (2), 282-292. https://doi.org/10.1016/j.
ekir.2016.11.003.

Gobalarajah, K., Subramaniam, P., Jayawardena, U.A,, Rasiah, G., Rajendra, S., Prabagar, J.,
2020. Impact of water quality on Chronic Kidney Disease of unknown etiology
(CKDu) in Thunukkai Division in Mullaitivu District, Sri Lanka. BMC Nephrol. 21
(1), 507. https://doi.org/10.1186/s12882-020-02157-1.

Gracia-Trabanino, R., Dominguez, ]., Jansa, ].M., Oliver, A., 2005. Proteinuria and chronic
renal failure in the coast of El Salvador. Nefrologia 25 (1), 31-38 (PMID: 15789534).

Gunatilake, S., Seneff, S., Orlando, L., 2019. Glyphosate’s synergistic toxicity in combina-
tion with other factors as a cause of chronic kidney disease of unknown origin. Int.
J. Environ. Res. Public Health 16 (15), 2734. https://doi.org/10.3390/ijerph16152734.

Guo, H.M,, Wen, D,, Liu, Z, Jia, Y., Guo, Q., 2014. A review of high arsenic groundwater in
Mainland and Taiwan, China: distribution, characteristics and geochemical processes.
Appl. Geochem. 41, 196-217. https://doi.org/10.1016/j.apgeochem.2013.12.016.

Harhay, M.N., Harhay, M.O., Coto-Yglesias, F., Rosero Bixby, L., 2016. Altitude and regional
gradients in chronic kidney disease prevalence in Costa Rica: data from the Costa
Rican Longevity and Healthy Aging Study. Trop. Med. Int. Health 21 (1), 41-51.
https://doi.org/10.1111/tmi.12622.

Hitihamu, S., Epasinghe, S., 2015. Socio-economic Condition of Dairy Industry in
Mahaweli H Area. Hector Kobbekaduwa Agrarian Research and Training Institute,
p. 184.

Hoffmann, M., Mikutta, C., Kretzschmar, R., 2013. Arsenite binding to natural organic mat-
ter: spectroscopic evidence for ligand exchange and ternary complex formation. En-
viron. Sci. Technol. 47 (21), 12165-12173. https://doi.org/10.1021/es4023317.

Illeperuma, O.A., Dharmagunawardhane, H.A., Herath, K.P.R.P., 2009. Dissolution of alu-
minium from sub-standard utensils under high fluoride stress: a possible risk factor
for chronic renal failure in the North-Central Province. J. Natl. Sci. Found. Sri Lanka
37 (3), 219-222. https://doi.org/10.4038/jnsfsr.v37i3.1217.

Imbulana, S., Oguma, K., Takizawa, S., 2020. Evaluation of groundwater quality and re-
verse osmosis water treatment plants in the endemic areas of Chronic Kidney Disease
of Unknown Etiology (CKDu) in Sri Lanka. Sci. Total Environ. 745, 140716. https://doi.
org/10.1016/j.scitotenv.2020.140716.

Jacks, G., Bhattacharya, P., Chaudhary, V., Singh, K.P., 2005. Controls on the genesis of
some high-fluoride groundwaters in India. Appl. Geochem. 20 (2), 221-228.
https://doi.org/10.1016/j.apgeochem.2004.07.002.

Jayasekara, K.B., Kulasooriya, P.N., Wijayasiri, K.N., Rajapakse, E.D., Dulshika, D.S., Bandara,
P., Fried, L.F., De Silva, A,, Albert, S.M., 2019. Relevance of heat stress and dehydration
to chronic kidney disease (CKDu) in Sri Lanka. Prev. Med. Rep. 15, 100-928. https://
doi.org/10.1016/j.pmedr.2019.100928.

Jayasumana, C., Gunatilake, S., Senanayake, P., 2014. Glyphosate, hard water and nephro-
toxic metals: are they the culprits behind the epidemic of chronic kidney disease of
unknown etiology in Sri Lanka? Int. ]J. Environ. Res. Public Health 11 (2),
2125-2147. https://doi.org/10.3390/ijerph110202125.

Jayasumana, C., Fonseka, S., Fernando, A., Jayalath, K., Amarasinghe, M., Siribaddana, S.,
Gunatilake, S., Paranagama, P., 2015a. Phosphate fertilizer is a main source of arsenic
in areas affected with chronic kidney disease of unknown etiology in Sri Lanka.
SpringerPlus 4 (1), 1-8. https://doi.org/10.1186/s40064-015-0868-z.

Jayasumana, C., Paranagama, P., Agampodi, S., Wijewardane, C., Gunatilake, S.,
Siribaddana, S., 2015b. Drinking well water and occupational exposure to herbicides
is associated with chronic kidney disease, in Padavi-Sripura, Sri Lanka. Environ.
Health 14 (1), 1-10. https://doi.org/10.1186/1476-069X-14-6.

Jayatilake, N., Mendis, S., Maheepala, P., Mehta, F.R.,, 2013. Chronic kidney disease of un-
certain aetiology: prevalence and causative factors in a developing country. BMC
Nephrol. 14 (1), 1-13. https://doi.org/10.1186/1471-2369-14-180.

John, O., Gummidi, B., Tewari, A., Muliyil, ].P., Ghosh, A., Sehgal, M., Bassi, A., Prinja, S.,
Kumar, V., Kalra, O.P.,, Kher, V., Thakur, ].S., Ramakrishnan, L., Pandey, C.M.,
Sivakumar, V., Dhaliwal, R.S., Khanna, T., Kumari, A., Sharma, J., Malakondiah, P., Jha,
V., 2019. Study to test and operationalize preventive approaches for CKD of

16

Science of the Total Environment 795 (2021) 148839

undetermined etiology in Andhra Pradesh, India. Kidney Int. Rep. 4 (10),
1412-1419. https://doi.org/10.1016/j.ekir.2019.06.003.

Kafle, K., Balasubramanya, S., Horbulyk, T., 2019. Prevalence of chronic kidney disease in
Sri Lanka: a profile of affected districts reliant on groundwater. Sci. Total Environ.
694, 133767. https://doi.org/10.1016/j.scitotenv.2019.133767.

Kamel, E.G., El Minshawy, 0., 2010. Environmental factors incriminated in the develop-
ment of end stage renal disease in El-Minia Governorate, Upper Egypt. Int.
J. Nephrol. Urol. 2 (3), 431-437.

Kulasooriya, S.A., 2017. Toxin producing freshwater cyanobacteria of Sri Lanka. Ceylon
J. Sci. 46 (1), 3-16. https://doi.org/10.4038/cjs.v46i1.7413.

Kulathunga, M., Wijayawardena, M.A,, Naidu, R., Wijeratne, A., 2019. Chronic kidney dis-
ease of unknown aetiology in Sri Lanka and the exposure to environmental
chemicals: a review of literature. Environ. Geochem. Health 41 (5), 1-10. https://
doi.org/10.1007/s10653-019-00264-z.

Levine, K.E., Redmon, ].H,, Elledge, M.F., Wanigasuriya, K.P., Smith, K., Munoz, B., Waduge,
V.A,, Periris-John, RJ., Sathiakumar, N., Harrington, J.M., 2016. Quest to identify geo-
chemical risk factors associated with chronic kidney disease of unknown etiology
(CKDu) in an endemic region of Sri Lanka—a multimedia laboratory analysis of bio-
logical, food, and environmental samples. Environ. Monit. Assess. 188 (10), 548.

Liyanage, H., Arachchi, D.M., Abeysekara, T., Guneratne, L., 2016a. Toxicology of freshwa-
ter cyanobacteria. J. Environ. Sci. Health Part C 34 (3), 137-168. https://doi.org/
10.1080/10590501.2016.1193923.

Liyanage, H.M., Arachchi, D.N.M., Chandrasekaran, N.V., 2016b. Genetic divergence among
toxic and non-toxic cyanobacteria of the dry zone of Sri Lanka. SpringerPlus 5 (1),
2026. https://doi.org/10.1186/s40064-016-3680-5.

Liyanage, M., Magana-Arachchi, D., Priyadarshika, C,, Abeysekara, T., Guneratne, L., 2016c.
Cyanobacteria and cyanotoxins in well waters of the girandurukotte, ckdu endemic
area in Sri Lanka; do they drink safe water? ]. Ecotechnol. Res. 18 (1), 17-21.
https://doi.org/10.11190/jer.18.17.

Lopez-Marin, L., Chavez, Y., Garcia, X.A,, Flores, W.M,, Garcia, Y.M., Herrera, R., Almaguer,
M., Orantes, C.M., Calero, D., Bayarre, H.D., 2014. Histopathology of chronic kidney
disease of unknown etiology in Salvadoran agricultural communities. MEDICC Rev.
16 (2), 49-54.

Lunyera, J., Mohottige, D., Von Isenburg, M., Jeuland, M., Patel, U.D., Stanifer, JW., 2016.
CKD of uncertain etiology: a systematic review. Clin. J. Am. Soc. Nephrol. 11 (3),
379-385. https://doi.org/10.2215/CJN.07500715.

M.O.A, 2006. Annual Report-2004.National Fertilizer Secretariat of SriLanka. Ministry of
Agriculture, Sri Lanka.

Madhushankha, L., Dhammika, M.-A., Naduwiladath, C., 2013. Identification of
Cylindrospermopsin and Cylindrospermopsis raciborskii from Anuradhapura District,
Sri Lanka. J. Ecotechnol. Res. 17 (1), 23-28. https://doi.org/10.11190/jer.17.23.

Magana-Arachchi, D.N., Liyanage, H.M., 2012. Determining the presence of cyanotoxins in
water reservoirs of Anuradhapura, using molecular and bioassay methods. J. Natl. Sci.
Found. Sri Lanka 40 (2), 157-167. https://doi.org/10.4038/jnsfsr.v40i2.4443.

Magesh, N.S., Krishnakumar, S., Chandrasekar, N., Soundranayagam, J.P., 2013. Groundwa-
ter quality assessment using WQI and GIS techniques, Dindigul district, Tamil Nadu,
India. Arab. ]. Geosci. 6 (11), 4179-4189. https://doi.org/10.1007/s12517-012-0673-
8.

Mahees, M.T.M,, Silva, K.T., 2011. Awareness and attitude of solid waste disposal and
water pollution in upper Mahaweli catchment in Sri Lanka. Third International Con-
ference on Water and Flood Management (ICWFM 2011), Dhaka, Bangladesh, p. 1.

Makehelwala, M., Wei, Y., Weragoda, S.K.,, Weerasooriya, R., Zheng, L., 2019. Characteriza-
tion of dissolved organic carbon in shallow groundwater of chronic kidney disease af-
fected regions in Sri Lanka. Sci. Total Environ. 660, 865-875. https://doi.org/10.1016/
j.scitotenv.2018.12.435.

Makehelwala, M., Wei, Y., Weragoda, S.K., Weerasooriya, R., 2020. Ca2+ and SO42— in-
teractions with dissolved organic matter: implications of groundwater quality for
CKDu incidence in Sri Lanka. J. Environ. Sci. 88, 326-337. https://doi.org/10.1016/].
jes.2019.09.018.

Manage, P., 2019. Cyanotoxins: a hidden cause of chronic kidney disease of unknown eti-
ology (CKDu) in Sri Lanka-a review. Sri Lanka J. Aquat. Sci. 24 (1), 1-10. https://doi.
org/10.4038/sljas.v24i1.7562.

Manthrithilake, H., 2015. CKDu: are we shooting the right target? Water Resources Board
(WRB) and Dam Safety and Water Resources Planning Project (DSWRPP). Workshop
on Importance of Groundwater Monitoring in Sri Lanka, Colombo

Mao, RY., Guo, HM,, Jia, Y.F, Jiang, Y.-X,, Cao, Y.-S., Zhao, W.-G., Wang, Z., 2016. Distribu-
tion characteristics and genesis of fluoride groundwater in the Hetao basin, Inner
Mongolia. Earth Sci. Front. 23 (2), 260-268.

Mao, R, Guo, H., Xiu, W., Yang, Y., Huang, X, Zhou, Y., Li, X,, Jin, J., 2018. Characteristics and
compound-specific carbon isotope compositions of sedimentary lipids in high arsenic
aquifers in the Hetao basin, Inner Mongolia. Environ. Pollut. 241, 85-95. https://doi.
org/10.1016/j.envpol.2018.05.021.

Mcdonough, LK., Meredith, K T., Nikagolla, C., Middleton, RJ., Tan, ] K., Ranasinghe, A.V.,
Sierro, F., Banati, R.B., 2020. The water chemistry and microbiome of household
wells in Medawachchiya, Sri Lanka, an area with high prevalence of chronic kidney
disease of unknown origin (CKDu). Sci. Rep. 10 (1), 18295. https://doi.org/10.1038/
s41598-020-75336-7.

Mukherjee, L., Singh, U.K., 2020. Fluoride abundance and their release mechanisms in
groundwater along with associated human health risks in a geologically heteroge-
neous semi-arid region of East India. Microchem. J. 152, 104304. https://doi.org/
10.1016/j.microc.2019.104304.

Nanayakkara, S., Senevirathna, S.T., Abeysekera, T., Chandrajith, R., Ratnatunga, N.,
Gunarathne, E.D., Yan, J., Hitomi, T., Muso, E., Komiya, T., Harada, K.H., Liu, W.,
Kobayashi, H., Okuda, H., Sawatari, H., Matsuda, F., Yamada, R., Watanabe, T.,
Miyataka, H., Himeno, S., Koizumi, A, 2014. An integrative study of the genetic, social
and environmental determinants of chronic kidney disease characterized by


https://doi.org/10.1080/10256016.2017.1377704
https://doi.org/10.1080/10256016.2017.1377704
https://www.sjkdt.org/text.asp?011/22/5/1048/84569
https://www.sjkdt.org/text.asp?011/22/5/1048/84569
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0255
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0255
https://doi.org/10.1016/j.ekir.2019.07.009
https://doi.org/10.1016/j.ekir.2019.07.009
https://doi.org/10.1111/nep.13545
https://doi.org/10.1016/j.semnephrol.2019.02.002
https://doi.org/10.1016/j.semnephrol.2019.02.002
https://doi.org/10.1053/j.ajkd.2016.04.012
https://doi.org/10.1053/j.ajkd.2016.04.012
https://doi.org/10.1126/science.170.3962.1088
https://doi.org/10.1016/j.ekir.2016.11.003
https://doi.org/10.1016/j.ekir.2016.11.003
https://doi.org/10.1186/s12882-020-02157-1
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0295
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0295
https://doi.org/10.3390/ijerph16152734
https://doi.org/10.1016/j.apgeochem.2013.12.016
https://doi.org/10.1111/tmi.12622
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0315
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0315
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0315
https://doi.org/10.1021/es4023317
https://doi.org/10.4038/jnsfsr.v37i3.1217
https://doi.org/10.1016/j.scitotenv.2020.140716
https://doi.org/10.1016/j.scitotenv.2020.140716
https://doi.org/10.1016/j.apgeochem.2004.07.002
https://doi.org/10.1016/j.pmedr.2019.100928
https://doi.org/10.1016/j.pmedr.2019.100928
https://doi.org/10.3390/ijerph110202125
https://doi.org/10.1186/s40064-015-0868-z
https://doi.org/10.1186/1476-069X-14-6
https://doi.org/10.1186/1471-2369-14-180
https://doi.org/10.1016/j.ekir.2019.06.003
https://doi.org/10.1016/j.scitotenv.2019.133767
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0375
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0375
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0375
https://doi.org/10.4038/cjs.v46i1.7413
https://doi.org/10.1007/s10653-019-00264-z
https://doi.org/10.1007/s10653-019-00264-z
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0390
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0390
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0390
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0390
https://doi.org/10.1080/10590501.2016.1193923
https://doi.org/10.1080/10590501.2016.1193923
https://doi.org/10.1186/s40064-016-3680-5
https://doi.org/10.11190/jer.18.17
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0410
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0410
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0410
https://doi.org/10.2215/CJN.07500715
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0420
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0420
https://doi.org/10.11190/jer.17.23
https://doi.org/10.4038/jnsfsr.v40i2.4443
https://doi.org/10.1007/s12517-012-0673-8
https://doi.org/10.1007/s12517-012-0673-8
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0440
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0440
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0440
https://doi.org/10.1016/j.scitotenv.2018.12.435
https://doi.org/10.1016/j.scitotenv.2018.12.435
https://doi.org/10.1016/j.jes.2019.09.018
https://doi.org/10.1016/j.jes.2019.09.018
https://doi.org/10.4038/sljas.v24i1.7562
https://doi.org/10.4038/sljas.v24i1.7562
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0460
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0460
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0460
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0465
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0465
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0465
https://doi.org/10.1016/j.envpol.2018.05.021
https://doi.org/10.1016/j.envpol.2018.05.021
https://doi.org/10.1038/s41598-020-75336-7
https://doi.org/10.1038/s41598-020-75336-7
https://doi.org/10.1016/j.microc.2019.104304
https://doi.org/10.1016/j.microc.2019.104304

O. Hettithanthri, S. Sandanayake, D. Magana-Arachchi et al.

tubulointerstitial damages in the North Central Region of Sri Lanka. J. Occup. Health
56 (1), 28-38. https://doi.org/10.1539/joh.13-0172-0a.

Nanayakkara, S., Senevirathna, S.T.M.L.D., Harada, K.H., Chandrajith, R., Hitomi, T.,
Abeysekera, T., Muso, E., Watanabe, T., Koizumi, A., 2019. Systematic evaluation of ex-
posure to trace elements and minerals in patients with chronic kidney disease of un-
certain etiology (CKDu) in Sri Lanka. . Trace Elem. Med. Biol. 54, 206-213. https://doi.
org/10.1016/j.jtemb.2019.04.019.

Nanayakkara, S., Senevirathna, S.T.M.L.D., Harada, K.H., Chandrajith, R., Nanayakkara, N.,
Koizumi, A., 2020. The influence of fluoride on chronic kidney disease of uncertain
aetiology (CKDu) in Sri Lanka. Chemosphere 257, 127186. https://doi.org/10.1016/j.
chemosphere.2020.127186.

Nikagolla, C., Meredith, K.T., Dawes, L.A., Banati, R.B., Millar, G.J., 2020. Using water quality
and isotope studies to inform research in chronic kidney disease of unknown
aetiology endemic areas in Sri Lanka. Sci. Total Environ. 745, 140896. https://doi.
org/10.1016/j.scitotenv.2020.140896.

Orantes Navarro, C.M., Herrera Valdes, R., Lopez, M.A,, Calero, DJ., Fuentes De Morales, J.,
Alvarado Ascencio, N.P., Vela Parada, X F., Zelaya Quezada, S.M., Granados Castro, D.V.,
Orellana De Figueroa, P., 2015. Epidemiological characteristics of chronic kidney dis-
ease of non-traditional causes in women of agricultural communities of El Salvador.
Clin. Nephrol. 83 (7 Suppl 1), 24-31. https://doi.org/10.5414/cnp83s024.

Ordunez, P., Nieto, F.J., Martinez, R., Soliz, P., Giraldo, G.P., Mott, S.A., Hoy, W.E., 2018.
Chronic kidney disease mortality trends in selected Central America countries,
1997-2013: clues to an epidemic of chronic interstitial nephritis of agricultural com-
munities. Epidemiol. Commun. Health 72 (4), 280-286. https://doi.org/10.1136/jech-
2017-210023.

Parameswaran, S., Rinu, P.K, Kar, S.S., Harichandrakumar, K.T., James, T.D., Priyamvada,
P.S.P., Haridasan, S., Mohan, S., Radhakrishnan, J., 2020. A newly recognized endemic
region of CKD of undetermined etiology (CKDu) in South India—“tondaimandalam
nephropathy”. Kidney Int. Rep. 5 (11), 2066-2073. https://doi.org/10.1016/j.
ekir.2020.08.032.

Paranagama, D., Jayasuriya, N., Bhuiyan, M., 2013. Water quality parameters in relation to
chronic kidney disease in Sri Lanka. Capacity Building for Sustainability. University of
Peradeniya, pp. 173-183.

Paranagama, D.G.A., Bhuiyan, M.A,, Jayasuriya, N., 2018. Factors associated with Chronic
Kidney Disease of unknown aetiology (CKDu) in North Central Province of Sri
Lanka: a comparative analysis of drinking water samples. Appl Water Sci 8 (6),
151. https://doi.org/10.1007/s13201-018-0792-9.

Pearce, N., Caplin, B, Gunawardena, N., Kaur, P., O’'callaghan-Gordo, C., Ruwanpathirana,
T., 2019. CKD of unknown cause: a global epidemic? Kidney Int. Rep. 4 (3),
367-3609. https://doi.org/10.1016/j.ekir.2018.11.019.

Peraza, S., Wesseling, C., Aragon, A., Leiva, R., Garcia-Trabanino, R.A,, Torres, C., Jakobsson,
K., Elinder, C.G., Hogstedt, C., 2012. Decreased kidney function among agricultural
workers in El Salvador. Am. J. Kidney Dis. 59 (4), 531-540. https://doi.org/10.1053/
j-ajkd.2011.11.039.

Pinto, U., Thoradeniya, B., Maheshwari, B., 2020. Water quality and chronic kidney disease
of unknown aetiology (CKDu) in the dry zone region of Sri Lanka: impacts on well-
being of village communities and the way forward. Environ. Sci. Pollut. Res. 27 (4),
3892-3907. https://doi.org/10.1007/s11356-019-06669-8.

Pry, J.M., Jackson, W., Rupasinghe, R., Lishanthe, G., Badurdeen, Z., Abeysekara, T.,
Chandrajith, R, Smith, W., Wickramasinghe, S., 2019. A pilot study of behavioral, en-
vironmental, and occupational risk factors for chronic kidney disease of unknown eti-
ology in Sri Lanka. bioRxiv, 837393 https://doi.org/10.1101/837393.

Rajapakse, S., Shivanthan, M.C,, Selvarajah, M., 2016. Chronic kidney disease of unknown
etiology in Sri Lanka. Int. . Occup. Environ. Health 22 (3), 259-264. https://doi.org/
10.1080/10773525.2016.1203097.

Ramirez-Rubio, O., Mcclean, M.D., Amador, JJ., Brooks, D.R., 2013. An epidemic of chronic
kidney disease in Central America: an overview. Postgrad. Med. J. 89 (1049),
123-125.

Ranasinghe, A.V., Kumara, G.W.G.P., Karunarathna, RH., De Silva, A.P., Sachintani, K.G.D.,
Gunawardena, J.M.C.N., Kumari, S.K.C.R,, Sarjana, M.S.F., Chandraguptha, J.S., De
Silva, M.V.C,, 2019a. The incidence, prevalence and trends of chronic kidney disease
and chronic kidney disease of uncertain aetiology (CKDu) in the North Central Prov-
ince of Sri Lanka: an analysis of 30,566 patients. BMC Nephrol. 20 (1), 1-11. https://
doi.org/10.1186/s12882-019-1501-0.

Ranasinghe, N., Kruger, E., Chandrajith, R., Tennant, M., 2019b. The heterogeneous nature
of water well fluoride levels in Sri Lanka: an opportunity to mitigate the dental fluo-
rosis. Community Dent. Oral Epidemiol. 47 (3), 236-242. https://doi.org/10.1111/
cdoe.12449.

Rango, T., Jeuland, M., Manthrithilake, H., Mccornick, P., 2015. Nephrotoxic contaminants
in drinking water and urine, and chronic kidney disease in rural Sri Lanka. Sci. Total
Environ. 518-519, 574-585. https://doi.org/10.1016/j.scitotenv.2015.02.097.

Reddy, D., Gunasekar, A., 2013. Chronic kidney disease in two coastal districts of Andhra
Pradesh, India: role of drinking water. Environ. Geochem. Health 35 (4), 439-454.
https://doi.org/10.1007/s10653-012-9506-7.

Redmon, ].H., Elledge, M.F., Womack, D.S., Wickremashinghe, R., Wanigasuriya, K.P.,
Peiris-John, RJ., Lunyera, ], Smith, K., Raymer, ].H., Levine, K.E., 2014. Additional per-
spectives on chronic kidney disease of unknown aetiology (CKDu) in Sri Lanka-
lessons learned from the WHO CKDu population prevalence study. BMC Nephrol.
15 (1), 125. https://doi.org/10.1186/1471-2369-15-125.

Rubasinghe, R., Gunatilake, S.K., Chandrajith, R., 2015. Geochemical characteristics of
groundwater in different climatic zones of Sri Lanka. Environ. Earth Sci. 74 (4),
3067-3076. https://doi.org/10.1007/s12665-015-4339-1.

Runnegar, M.T., Xie, C., Snider, B.B., Wallace, G.A., Weinreb, S.M., Kuhlenkamp, J., 2002. In
vitro hepatotoxicity of the cyanobacterial alkaloid cylindrospermopsin and related
synthetic analogues. Toxicol. Sci. 67 (1), 81-87. https://doi.org/10.1093/toxsci/
67.1.81.

17

Science of the Total Environment 795 (2021) 148839

Ruwanpathirana, T., Senanayake, S., Gunawardana, N., Munasinghe, A., Ginige, S., Gamage,
D., Amarasekara, J., Lokuketagoda, B., Chulasiri, P., Amunugama, S., 2019. Prevalence
and risk factors for impaired kidney function in the district of Anuradhapura, Sri
Lanka: a cross-sectional population-representative survey in those at risk of chronic
kidney disease of unknown aetiology. BMC Public Health 19 (1), 763. https://doi.
org/10.1186/s12889-019-7117-2.

Sarathkumara, Y.D., Gamage, C.D., Lokupathirage, S., Muthusinghe, D.S., Nanayakkara, N.,
Gunarathne, L., Shimizu, K., Tsuda, Y., Arikawa, J., Yoshimatsu, K., 2019. Exposure to
hantavirus is a risk factor associated with kidney diseases in Sri Lanka: a cross sec-
tional study. Viruses 11 (8), 700. https://doi.org/10.3390/v11080700.

Saxena, V., Ahmed, S., 2003. Inferring the chemical parameters for the dissolution of fluo-
ride in groundwater. Environ. Geol. 43 (6), 731-736. https://doi.org/10.1007/s00254-
002-0672-2.

Sayanthooran, S., Magana-Arachchi, D.N., Gunerathne, L., Abeysekera, T.DJ.,
Sooriyapathirana, S.S., 2016. Upregulation of oxidative stress related genes in a
chronic kidney disease attributed to specific geographical locations of Sri Lanka.
Biomed. Res. Int. 2016, 7546265. https://doi.org/10.3390/v11080700.

Senarathne, S.L., Jayawardana, ] M.CK,, Edirisinghe, E.a.N.V., Chandrajith, R., 2019. Charac-
terization of groundwater in Malala Oya river basin, Sri Lanka using geochemical and
isotope signatures. Groundw. Sustain. Dev. 9, 100225. https://doi.org/10.1016/j.
£s5d.2019.100225.

Senarathne, S., Jayawardana, ].M.CK,, Edirisinghe, E.A.N.V,, Chandrajith, R., 2020. Influence
of regional climatic on the hydrogeochemistry of a tropical river basin—a study from
the Walawe river basin of Sri Lanka. Environ. Sci. Pollut. Res., 1-15 https://doi.org/
10.1007/s11356-020-11712-0.

Senevirathna, L., Abeysekera, T., Nanayakkara, S., Chandrajith, R., Ratnatunga, N., Harada,
K.H., Hitomi, T., Komiya, T., Muso, E., Koizumi, A., 2012. Risk factors associated with
disease progression and mortality in chronic kidney disease of uncertain etiology: a
cohort study in Medawachchiya, Sri Lanka. Environ. Health Prevent. Med. 17 (3),
191-198. https://doi.org/10.1007/s12199-011-0237-7.

Singaraja, C., Chidambaram, S., Jacob, N., Johnson Babu, G., Selvam, S., Anandhan, P.,
Rajeevkumar, E., Balamurugan, K., Tamizharasan, K., 2018. Origin of high fluoride in
groundwater of the Tuticorin district, Tamil Nadu, India. Appl Water Sci 8 (2), 54.
https://doi.org/10.1007/s13201-018-0694-x.

Siriwardhana, E.A.R.LE., Perera, P.A]., Sivakanesan, R., Abeysekara, T., Nugegoda, D.B.,
Jayaweera, J.A.A.S., 2015. Dehydration and malaria augment the risk of developing
chronic kidney disease in Sri Lanka. Indian J. Nephrol. 25 (3), 146. https://doi.org/
10.4103/0971-4065.140712.

Stefanovic, V., Toncheva, D., Atanasova, S., Polenakovic, M., 2006. Etiology of Balkan en-
demic nephropathy and associated urothelial cancer. Am. J. Nephrol. 26 (1), 1-11.
https://doi.org/10.1159/000090705.

Stiborova, M., Arlt, V.M., Schmeiser, H.H., 2016. Balkan endemic nephropathy: an update
on its aetiology. Arch. Toxicol. 90 (11), 2595-2615. https://doi.org/10.1007/s00204-
016-1819-3.

Sulaiman, M.M., Shettima, ], Ndahi, K., Abdul, H., Mohammed, M.B., Ummate, I., Hussein,
K., 2018. Chronic kidney disease of unknown origin in Northern Yobe, Nigeria: expe-
rience from a regional tertiary hospital in northeastern Nigeria. Borno Med. J. 16 (1),
1-8.

Tatapudi, R.R,, Rentala, S., Gullipalli, P., Komarraju, A.L., Singh, A.K., Tatapudi, V.S., Goru,
K.B., Bhimarasetty, D.M., Narni, H., 2019. High prevalence of CKD of unknown etiology
in Uddanam, India. Kidney Int. Rep. 4 (3), 380-389. https://doi.org/10.1016/j.
ekir.2018.10.006.

Thilakerathne, A, Schiith, C,, Chandrajith, R., 2015. The impact of hydrogeological settings
on geochemical evolution of groundwater in karstified limestone aquifer basin in
northwest Sri Lanka. Environ. Earth Sci. 73 (12), 8061-8073. https://doi.org/
10.1007/s12665-014-3962-6.

Torres, C., Aragon, A., Gonzalez, M., Lopez, 1., Jakobsson, K., Elinder, C.-G., Lundberg, 1.,
Wesseling, C., 2010. Decreased kidney function of unknown cause in Nicaragua: a
community-based survey. Am. J. Kidney Dis. 55 (3), 485-496. https://doi.org/
10.1053/j.ajkd.2009.12.012.

Trabanino, R.G., Aguilar, R,, Silva, CR., Mercado, M.O., Merino, R.L, 2002. End-stage renal
disease among patients in a referral hospital in El Salvador. Pan Am. J. Public Health
12 (3), 202-206. https://doi.org/10.1590/51020-49892002000900009.

Udeshani, W.a.C., Dissanayake, H.M.K.P., Gunatilake, S.K., Chandrajith, R., 2020. Assess-
ment of groundwater quality using water quality index (WQI): a case study of a
hard rock terrain in Sri Lanka. Groundw. Sustain. Dev. 11, 100421. https://doi.org/
10.1016/j.gsd.2020.100421.

Wanasinghe, W., Gunarathna, M., Herath, H., Jayasinghe, G., 2018. Drinking water quality
on chronic kidney disease of unknown aetiology (CKDu) in Ulagalla Cascade, Sri
Lanka. Sabaragamuwa Univ. 16 (1), 17-27. http://repo.lib.sab.ac.lk:8080/xmlui/han-
dle/123456789/632.

Wanigasuriya, K., 2012. Aetiological factors of chronic kidney disease in the North Central
Province of Sri Lanka: a review of evidence to-date. J. Coll. Commun. Phys. Sri Lanka
17 (1), 15-20. https://doi.org/10.4038/jccpsl.v17i1.4931.

Wanigasuriya, K.P., Peiris-John, R/, Wickremasinghe, R., Hittarage, A., 2007. Chronic renal
failure in North Central Province of Sri Lanka: an environmentally induced disease.
Trans. R. Soc. Trop. Med. Hygiene 101 (10), 1013-1017. https://doi.org/10.1016/].
trstmh.2007.05.006.

Wanigasuriya, K.P., Peiris, H., [leperuma, N., Peiris-John, R.J., Wickremasinghe, R., 2008.
Could ochratoxin A in food commodities be the cause of chronic kidney disease in
Sri Lanka? Trans. R. Soc. Trop. Med. Hyg. 102 (7), 726-728. https://doi.org/10.1016/
j-trstmh.2008.04.007.

Wanigasuriya, K.P., Peiris-John, R]., Wickremasinghe, R., 2011. Chronic kidney disease of
unknown aetiology in Sri Lanka: is cadmium a likely cause? BMC Nephrol. 12 (1), 32.
https://doi.org/10.1186/1471-2369-12-32.


https://doi.org/10.1539/joh.13-0172-oa
https://doi.org/10.1016/j.jtemb.2019.04.019
https://doi.org/10.1016/j.jtemb.2019.04.019
https://doi.org/10.1016/j.chemosphere.2020.127186
https://doi.org/10.1016/j.chemosphere.2020.127186
https://doi.org/10.1016/j.scitotenv.2020.140896
https://doi.org/10.1016/j.scitotenv.2020.140896
https://doi.org/10.5414/cnp83s024
https://doi.org/10.1136/jech-2017-210023
https://doi.org/10.1136/jech-2017-210023
https://doi.org/10.1016/j.ekir.2020.08.032
https://doi.org/10.1016/j.ekir.2020.08.032
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0520
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0520
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0520
https://doi.org/10.1007/s13201-018-0792-9
https://doi.org/10.1016/j.ekir.2018.11.019
https://doi.org/10.1053/j.ajkd.2011.11.039
https://doi.org/10.1053/j.ajkd.2011.11.039
https://doi.org/10.1007/s11356-019-06669-8
https://doi.org/10.1101/837393
https://doi.org/10.1080/10773525.2016.1203097
https://doi.org/10.1080/10773525.2016.1203097
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0555
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0555
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0555
https://doi.org/10.1186/s12882-019-1501-0
https://doi.org/10.1186/s12882-019-1501-0
https://doi.org/10.1111/cdoe.12449
https://doi.org/10.1111/cdoe.12449
https://doi.org/10.1016/j.scitotenv.2015.02.097
https://doi.org/10.1007/s10653-012-9506-7
https://doi.org/10.1186/1471-2369-15-125
https://doi.org/10.1007/s12665-015-4339-1
https://doi.org/10.1093/toxsci/67.1.81
https://doi.org/10.1093/toxsci/67.1.81
https://doi.org/10.1186/s12889-019-7117-2
https://doi.org/10.1186/s12889-019-7117-2
https://doi.org/10.3390/v11080700
https://doi.org/10.1007/s00254-002-0672-2
https://doi.org/10.1007/s00254-002-0672-2
https://doi.org/10.3390/v11080700
https://doi.org/10.1016/j.gsd.2019.100225
https://doi.org/10.1016/j.gsd.2019.100225
https://doi.org/10.1007/s11356-020-11712-0
https://doi.org/10.1007/s11356-020-11712-0
https://doi.org/10.1007/s12199-011-0237-7
https://doi.org/10.1007/s13201-018-0694-x
https://doi.org/10.4103/0971-4065.140712
https://doi.org/10.4103/0971-4065.140712
https://doi.org/10.1159/000090705
https://doi.org/10.1007/s00204-016-1819-3
https://doi.org/10.1007/s00204-016-1819-3
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0650
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0650
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0650
https://doi.org/10.1016/j.ekir.2018.10.006
https://doi.org/10.1016/j.ekir.2018.10.006
https://doi.org/10.1007/s12665-014-3962-6
https://doi.org/10.1007/s12665-014-3962-6
https://doi.org/10.1053/j.ajkd.2009.12.012
https://doi.org/10.1053/j.ajkd.2009.12.012
https://doi.org/10.1590/s1020-49892002000900009
https://doi.org/10.1016/j.gsd.2020.100421
https://doi.org/10.1016/j.gsd.2020.100421
http://repo.lib.sab.ac.lk:8080/xmlui/handle/123456789/632
http://repo.lib.sab.ac.lk:8080/xmlui/handle/123456789/632
https://doi.org/10.4038/jccpsl.v17i1.4931
https://doi.org/10.1016/j.trstmh.2007.05.006
https://doi.org/10.1016/j.trstmh.2007.05.006
https://doi.org/10.1016/j.trstmh.2008.04.007
https://doi.org/10.1016/j.trstmh.2008.04.007
https://doi.org/10.1186/1471-2369-12-32

O. Hettithanthri, S. Sandanayake, D. Magana-Arachchi et al.

Wasana, H.M., Aluthpatabendi, D., Kularatne, W., Wijekoon, P., Weerasooriya, R., Bandara,
J., 2016. Drinking water quality and chronic kidney disease of unknown etiology
(CKDu): synergic effects of fluoride, cadmium and hardness of water. Environ.
Geochem. Health 38 (1), 157-168. https://doi.org/10.1007/510653-015-9699-7.

Weaver, V.M., Fadrowski, ].J., Jaar, B.G., 2015. Global dimensions of chronic kidney disease
of unknown etiology (CKDu): a modern era environmental and/or occupational ne-
phropathy? BMC Nephrol. 16 (1), 1-8. https://doi.org/10.1186/s12882-015-0105-6.

Wei, C,, Guo, H,, Zhang, D., Wu, Y., Han, S., An, Y., Zhang, F., 2016. Occurrence and hydro-
geochemical characteristics of high-fluoride groundwater in Xiji County, southern
part of Ningxia Province, China. Environ. Geochem. Health 38 (1), 275-290. https://
doi.org/10.1007/s10653-015-9716-x.

Weiner, D.E., Mcclean, M.D., Kaufman, J.S., Brooks, D.R., 2013. The central American epi-
demic of CKD. Clin. J. Am. Soc. Nephrol. 8 (3), 504-511. https://doi.org/10.2215/
CJN.05050512.

Weragoda, S.K., Kawakami, T., 2017. Evaluation of groundwater quality in 14 districts in
Sri Lanka: a collaboration research between Sri Lanka and Japan. Trends in Asian
Water Environmental Science and Technology. Springer, pp. 151-155 https://doi.
org/10.1007/978-3-319-39259-2_13.

Wesseling, C., Crowe, ]., Hogstedt, C., Jakobsson, K., Lucas, R., Wegman, D.H., 2013. The ep-
idemic of chronic kidney disease of unknown etiology in Mesoamerica: a call for in-
terdisciplinary research and action. Am. J. Public Health 103 (11), 1927-1930. https://
doi.org/10.2105/AJPH.2013.301594.

Wickramarathna, S., Balasooriya, S., Diyabalanage, S., Chandrajith, R., 2017. Tracing envi-
ronmental aetiological factors of chronic kidney diseases in the dry zone of Sri Lanka
—a hydrogeochemical and isotope approach. J. Trace Elem. Med. Biol. 44, 298-306.
https://doi.org/10.1016/j.jtemb.2017.08.013.

Wijetunge, S., Ratnatunga, N.V.I,, Abeysekera, D.T.D,J., Wazil, A W.M.,, Selvarajah, M.,
Ratnatunga, C.N., 2013. Retrospective analysis of renal histology in asymptomatic pa-
tients with probable chronic kidney disease of unknown aetiology in Sri Lanka. Cey-
lon Med. J. 58 (4), 142-147. https://doi.org/10.4038/cmj.v58i4.6304.

Wijkstrom, J., Leiva, R., Elinder, C.G., Leiva, S., Trujillo, Z., Trujillo, L., Soderberg, M.,
Hultenby, K., Wernerson, A., 2013. Clinical and pathological characterization of

18

Science of the Total Environment 795 (2021) 148839

Mesoamerican nephropathy: a new kidney disease in Central America. Am.
J. Kidney Dis. 62 (5), 908-918. https://doi.org/10.1053/j.ajkd.2013.05.019.

Wimalawansa, SJ., 2014. Escalating chronic kidney diseases of multi-factorial origin in Sri
Lanka: causes, solutions, and recommendations. Environ. Health Prevent. Med. 19
(6), 375-394.

Wimalawansa, SJ., 2015. Agrochemicals and chronic kidney disease of multifactorial ori-
gin: environmentally induced occupational exposure disease. Int. J. Nephrol. Kidney
Fail. 1 (3), 1-9. https://doi.org/10.16966/2380-5498.111.

Wimalawansa, SJ., 2016. The role of ions, heavy metals, fluoride, and agrochemicals: crit-
ical evaluation of potential aetiological factors of chronic kidney disease of multifac-
torial origin (CKDmfo/CKDu) and recommendations for its eradication. Environ.
Geochem. Health 38 (3), 639-678. https://doi.org/10.1007/s10653-015-9768-y.

Wimalawansa, S.J., 2019. Public health interventions for chronic diseases: cost-benefit
modelizations for eradicating chronic kidney disease of multifactorial origin
(CKDmfo/CKDu) from tropical countries. Heliyon 5 (10), e02309. https://doi.org/
10.1016/j.heliyon.2019.e02309.

Wimalawansa, SJ., Dissanayake, C.B., 2020. Factors affecting the environmentally induced,
chronic kidney disease of unknown aetiology in dry zonal regions in tropical coun-
tries—novel findings. Environments 7 (1), 2. https://doi.org/10.3390/
environments7010002.

Wimalawansa, S.A., Wimalawansa, S.J., 2016. Environmentally induced, occupational dis-
eases with emphasis on chronic kidney disease of multifactorial origin affecting trop-
ical countries. Ann. Occup. Environ. Med. 28 (1), 33. https://doi.org/10.1186/s40557-
016-0119-y.

Yoshimatsu, K., Gamage, C., Sarathkumara, Y., Kulendiran, T., Muthusinghe, D.,
Nanayakkara, N., Gunarathne, L., Shimizu, K., Tsuda, Y., Arikawa, ]., 2019. Thailand
orthohantavirus infection in patients with chronic kidney disease of unknown
aetiology in Sri Lanka. Arch. Virol. 164 (1), 267-271. https://doi.org/10.1007/
s00705-018-4053-x.


https://doi.org/10.1007/s10653-015-9699-7
https://doi.org/10.1186/s12882-015-0105-6
https://doi.org/10.1007/s10653-015-9716-x
https://doi.org/10.1007/s10653-015-9716-x
https://doi.org/10.2215/CJN.05050512
https://doi.org/10.2215/CJN.05050512
https://doi.org/10.1007/978-3-319-39259-2_13
https://doi.org/10.1007/978-3-319-39259-2_13
https://doi.org/10.2105/AJPH.2013.301594
https://doi.org/10.2105/AJPH.2013.301594
https://doi.org/10.1016/j.jtemb.2017.08.013
https://doi.org/10.4038/cmj.v58i4.6304
https://doi.org/10.1053/j.ajkd.2013.05.019
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0750
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0750
http://refhub.elsevier.com/S0048-9697(21)03911-5/rf0750
https://doi.org/10.16966/2380-5498.111
https://doi.org/10.1007/s10653-015-9768-y
https://doi.org/10.1016/j.heliyon.2019.e02309
https://doi.org/10.1016/j.heliyon.2019.e02309
https://doi.org/10.3390/environments7010002
https://doi.org/10.3390/environments7010002
https://doi.org/10.1186/s40557-016-0119-y
https://doi.org/10.1186/s40557-016-0119-y
https://doi.org/10.1007/s00705-018-4053-x
https://doi.org/10.1007/s00705-018-4053-x

	Risk factors for endemic chronic kidney disease of unknown etiology in Sri Lanka: Retrospect of water security in the dry zone
	1. Introduction
	2. Geographical distribution of CKDu
	2.1. Worldwide prevalence and population characteristics
	2.2. Disease characteristics
	2.3. Possible causative or risk factors: a worldwide overview

	3. Prevalence of CKDu in Sri Lanka
	3.1. Distribution of CKDu in Sri Lanka
	3.2. Hypothesized etiological factors

	4. Geochemistry of water-rock interactions in CKDu endemic areas
	4.1. Groundwater types in CKDu endemic/non-endemic areas
	4.2. Weathering of fluoride-bearing rocks
	4.3. Desorption of fluoride
	4.4. Cation exchange
	4.5. Evaporation

	5. Water as a risk factor
	5.1. Hydrogeochemical quality of waters
	5.1.1. Physicochemical quality
	5.1.2. Toxic trace metals
	5.1.3. Hofmeister ions
	5.1.4. Stable isotope signals
	5.1.5. Agrochemicals

	5.2. Biological factors
	5.2.1. Dissolved organic matter
	5.2.2. Cyanobacteria and cyanotoxins


	6. Sociological factors
	6.1. Immunity
	6.2. Economic influence
	6.3. Social behavior
	6.3.1. Living habits
	6.3.2. Anthropogenic activities


	7. Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




