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Part 1
Source, Behavior and Distribution
of Arsenic in Soil and Water



Chapter 1
The Journey of Arsenic from Soil to Plant | o

Aritri Laha, Sudip Sengupta, Jajati Mandal, Kallol Bhattacharyya,
and Somnath Bhattacharyya

Abstract The presence of Arsenic (As) in food is a serious human health hazard. The
primary pathway of As is mediated by dietary uptake. The problem warrants more
severe attention in countries of South Eastern Asia, especially India, Bangladesh,
China, etc., because of the high population density. A coordinated study effort is
necessary to understand the fluctuations of the metalloid throughout the soil-plant
system as well as the ability of plants to naturally absorb, transfer, and retain As
in edible parts. Numerous elements in the metalloid’s natural habitat, soil, affect its
chemistry, occurrence, chemical species, etc. Several transporters in the plant system
can enable the entry of the contaminant from the root to shoot, and thereafter the
xylem and phloem mediate the As uptake in the grain. The organic form of arsenic,
especially DMA(V) has higher mobility allowing it to accumulate in edible grains
in amounts much higher than the inorganic forms of As. Particular emphasis has
also been provided to establish strategies to simulate the uptake of the metalloid
in the edible grains through the soil. This chapter’s major goal is to identify the
As pathway in the soil-plant system, final accumulation in edible grain, and draw
strategic approaches to reduce such uptake in the plant system.
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1.1 Introduction

Metalloid arsenic (As) has caused serious apprehension for environment and human
health. More than 70 countries throughout the world have this metalloid in their
groundwater (Zhao et al. 2010). As groundwater pollution has been recorded from
numerous nations, the worst issues being in Asia, specifically Bangladesh, West
Bengal, India, China, and Taiwan (Sengupta et al. 2022, 2023a). Broader exposure
to it has become a global public health issue affecting millions worldwide.

The toxic inorganic and organic forms of arsenic exist, with arsenite (AsIII) consti-
tuting the majority species in paddy fields (63% of all As), followed by arsenate (AsYV,
36%) and methylated forms (Abedin et al. 2002). The regular physiological functions
of the plants are hampered when specific As forms enter through particular trans-
porter proteins. Elevated As levels in plants have an impact on phosphate metabolism,
protein activity, and catalytic processes. In addition to these, high As can cause lower
root extension, chlorosis, shrinkage, and necrosis, severely reduced biomass accu-
mulation, and lower fertility, yield, and grain output. Even under more elevated As
due to induced stress conditions, plants may develop reactive oxygen species (ROS),
which can damage membranes, cause general protein and lipid oxidation, and even
damage DNA (Awasthi et al. 2017).

Metalloids accumulate in soils as a result of both anthropogenic and natural
(geochemical) processes, including mining operations, the use of insecticides
containing As, irrigation of crops with As-polluted water, and fertilization with
municipal solid wastes (Meharg et al. 1992). Arsenic is categorized as a class  human
carcinogen by the US Environmental Protection Agency (EPA) (Mandal et al. 2021;
Sengupta et al. 2021), which can have significant health consequences, such as skin
cancers, lungs, bladder, liver, numerous other cardiovascular, neurological, hemato-
logical, and respiratory diseases. Arsenate (AsV) and arsenite (AsIII), two inorganic
As species, are highly cytotoxic to humans and can cause cancer and hyperkeratosis
of the skin (Awasthi et al. 2017).

As-contaminated groundwater was considered the major pathway of human
arsenic exposure. However, current study have telled that food crops, especially
rice, can be a potential route of human exposure (Sengupta et al. 2023a, b; Mandal
et al. 2023). In the groundwater system, it is primarily found in the inorganic forms
of arsenate and arsenite, with very few levels of methylated arsenic-species.

Diets based on plants and animals are another manner in which humans are
exposed to As. Significant quantities of As are found in the shoot tissues and grains
of rice produced on polluted soil. Because rice straw has a considerably greater As
concentration than grains (Bhattacharya et al. 2010), it can cause arsenic to build up in
livestock, which can enter the human food chain. Arsenic solubility and availability
to plants can be altered by altering plant growth situations through water manage-
ment techniques and raising the quantity of other mineral nutrients in soil solution
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(Bhattacharyya and Sengupta 2020; Bhattacharyya et al. 2021). The exchangeable
percentage of As can be altered by certain mineral nutrients, such as phosphorus (P),
silicon (Si), iron (Fe), and sulfur (S), which can lower the arsenic concentration in
the soil solution.

1.2 Origin and Forms of Arsenic in Soil and Groundwater

Four important hypotheses for the mobilization and transportation of arsenic in
groundwater have been put forth in an effort to identify the root causes of the problem
with groundwater As (Bhattacharya et al. 2015). These hypotheses include oxidation
of pyrite, competitive ion exchange, reductive dissolution of iron oxyhydroxides, and
reduction and reoxidation. Pyrite oxidation is the primary underlying process causing
the widespread pollution of the alluvial plains in Eastern India and Bangladesh. The
competitive ion exchange theory deals with the competition among the As oxyanions
and phosphate ions that decipher the release of arsenic in the aquifers (Fakhreddine
etal. 2015). But the principle of reductive dissolution of metal oxides and Fe hydrox-
ides, which releases As, is the main reason for As contamination in Bangladesh and
India. The reduction and reoxidation theory is the fourth explanation for the As
menace. Although this combination of processes makes As immobile, a constrained
environment prevents this process from making arsenic bioavailable (Shukla et al.
2020). Arsenic mobilization from arsenic-bearing sediments to the groundwater
aquifer is thought to occur when the subsurface aquifer is anoxic, according to the
background information on As pollution. A large number of As-bearing minerals are
present in the environment, including arsenical pyrite (FeAsS), realgar (AsS), and
orpiment (As;S3) (Khosravi et al. 2019). Further anthropogenic contributions like
As-based pesticides, herbicides, wood preservatives, mining and smelting, and coal
combustion processes also build up As in soil (Hussain et al. 2021).

There are both inorganic and organic forms of arsenic in the environment. The
most common inorganic form of as that is phyto-available is arsenate (AsV). It exists
in four forms in an aqueous solution based on pH: H3AsO,, HyAsO,~, HAsO,2,
and AsO43~. Similarly, As (III) exists in five forms: H4AsO3*, H3AsO3, H;AsO; ™,
HAsO3%~, and AsO33~. The toxicity follows the order: arsine (—3) > organo-arsine
compounds > arsenites (As?*) and oxides (As>*) > arsenate (As>*) > arsonium metals
(+1) > native arsenic metal (0) (Sanyal et al. 2015).

1.3 As Occurrence in Soil as Affected by Various Factors

A number of variables, particularly the kind of clays and soil organic matter, influence
the transmission of As in its natural environment (Fig. 1.1). The amount of arsenic
and other soil characteristics such as pH, organic C, CEC, amorphous Fe content, and
sorption are different factors that affect how much As is retained in soils (Sengupta



6 A. Laha et al.

et al. 2023a). The sorbed arsenic content rises with an increase in the soil free iron
oxide, magnesium oxide, aluminium oxide, or clay content (Mandal et al. 2023).
Carbonate-bearing minerals are important for As sorption in calcareous soils, when
the pH exceeds 9. The formation of Ca bridges, the precipitation of calcium arsenates,
the formation of soluble Ca(H;AsQOy),, CaAsO4~, and CaH,AsO4* complexes, or
any combination of these processes results in the Ca-based Adsorption of arsenic
from soil on the surface of kaolinite (Cornie et al. 2003).

Arsenate adsorption reduces with increasing pH in soils with a pH of 8.5 or above,
but arsenite adsorption increases with increasing pH. For arsenate, the adsorption
maxima on FeOOH are located about pH 4.0, whereas they are located at pH 7.0
to 8.5 for arsenite (Fitz and Wenzel 2002). Jain and Loeppert (2000) also reported
similar decrease in arsenate adsorption at higher pH values and undermined elec-
trostatic repulsion among negatively charged iron oxide surface sites and arsenate
species (H,AsO4™, HAsO427). Majumdar and Sanyal (2003) observed that arse-
nate adsorption decreased with increasing pH, but only at lower concentrations of
arsenate. This effect was reversible at higher equilibrium concentrations of arsenate,
which may be related to changes in the electrostatic potential of colloidal soil surfaces
with pH, solubility product principles, and the buffering effects of the used arsenate
salt.

Soil-As and sediments are invariably held by oxides of Fe, Al, and Mn through
inner-sphere complexes via a ligand exchange process, according to studies based
on the chemical equilibrium of As in soil (Majumdar and Sanyal 2003). The redox
potential of the soil has a significant impact on the sorption of arsenic. As is not
very soluble at higher soil redox values (500-200 mV) and usually resides as As
(V). As-bioavailability occurs from the solubility of iron oxyhydroxides at a redox
potential of 0—100 mV (moderately decreased).

(>
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Fig. 1.1 Arsenic pathway in soil
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Numerous researchers have noted that the amount of phosphate in the soil affects
arsenic adsorption. Due to the anion AsO,>~’s comparable chemical behaviour to that
of PO,3~, they are in a competitive relationship (Liu et al. 2001). According to Lin
and Puls (2000), long-term aging of the clay minerals leads to a more considerable
degree of As bonding to the clay minerals as a result of an increase in levels caused
by increased dehydrations and arsenic diffusion at the soil water interface to internal
pores of the clay aggregates.

The application of organic matter can affect the availability of As in the soil-plant
system. Humic acid (HA) and fulvic acid (FA) in soil organic fractions operate as an
efficient As-accumulators by forming metal-humate complexes with varied stability
(Sengupta et al. 2021, 2022). Through the activity of the arsenite oxidase enzyme,
the soil microbial population also affects the microbial transformations of As in the
soil. These reduce As stress and promote plant development (Laha et al. 2021).

1.4 Arsenic Uptake Mechanism Under an Anaerobic
Environment

Rice is the leading food consumed by 50 percent of the world’s population, and
it also provides a significant amount of arsenic in the diet (Sengupta et al. 2021).
Rice makes up over 50% of the total dietary intake for people in West Bengal and
Bangladesh and up to 60% of Chinese people (Li et al. 2011). Rice is a hydrophilic
plant and requires a lot of water to thrive, so it accumulates a higher quantity of As in
grains than other cereals like wheat and barley (Williams et al. 2007). Groundwater
tainted with arsenic has been widely used to irrigate paddy rice, which is mainly
farmed during the dry season (Sengupta et al. 2021; Mandal et al. 2021).

On the surface of the roots, iron plaque (IP) production is a regular occurrence.
It has a crystalline or amorphous structure and contains lepidocrocite, goethite, and
iron hydroxides (Fe). Numerous studies demonstrate that IP contains mixed-phase
Fe hydroxides; the crystalline and weakly crystalline phases are frequently found
close together on aquatic roots. The local biogeochemical factors at particular places
are what lead to the distinct phases that are present. Lepidocrocite [g-FeO(OH)]
and siderite (FeCO3) have been discovered in numerous studies, although ferrihy-
drite [(Fe**),05.5H,0] and goethite [a-FeO(OH)] is most prevalent (Tripathi et al.
2014). Like wetland plants, rice is a semi-aquatic plant with abundant aerenchyma
in its roots. This aerenchyma permits oxygen to enter from shoots so that roots can
breathe. A portion of the oxygen is released from the aerenchyma of rice roots to the
rhizosphere in order to combat the anaerobic conditions in submerged soil. Radial
oxygen loss (ROL), which varies from genotype to genotype and is influenced by soil
waterlogging and/or O, availability, is what is meant by this (Colmer et al. 2006). Iron
oxides and hydroxides precipitate on the root surface as a result of ferrous iron (Fe*)
being oxidized by released oxygen to ferric iron (Fe**). This artifact is referred to as
an iron plaque and is a distinctive orange color (Fig. 1.2). The oxides and hydroxides
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Fig. 1.2 The graphical representation of different arsenic species and their uptake and transport
through Aquaporins channel

of Fe are strong sorbents for As; hence, iron plaque becomes a major sink of As and
contains even greater amounts of As than roots (Awasthi et al. 2017).

Rice plants absorb arsenic from the soil solution into the root cells by two different
methods. The phosphate (PO,>~) transport route is crucial in the initial mechanism
of absorption (Sengupta et al. 2023a). The phosphate transporters absorb arsenate
from the soil solution and then deliver it to the plant’s aerial portions (Wu et al.
2011). Aquaporin channels mediate the second method of As absorption in rice
plants (Fig. 1.3); the As species that are taken up are As(IIl) (silicic acid analog)
and methylated As species (Ma et al. 2008). The arsenite uptake in the rice root cells
is highly favored by Si transporter as acidic forms of As(II) owing to its similar-
ities with silicic acid; both possessing high pKa and also similar sized tetrahedral
structure. After the root cell-mediated As(IIl) uptake, a portion of it is instantly
released into the rhizosphere through the partial activity of the Lsil serving as a
bidirectional channel; while the remaining As is sequestered into the root vacuoles
and/or translocated to the shoots and thereafter it is distributed to various organs.
Monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA), two methylated
As species, comprise a small portion of the total soil As. As opposed to inorganic
As species, the absorption processes of methylated species have not been the subject
of as many studies. The plant often absorbs MMA and DMA through an intrinsic
protein that resembles nodulin 26. This causes a high translocation from the root to
the shoot, increasing phytotoxicity and improving herbicidal action. Although the
translocation efficiency of inorganic arsenic is lower than that of methylated species,
Raab et al. (2007) believed that inorganic As species (AsIII and AsV) have consid-
erably larger absorption efficiency than methylated As species (DMA and MMA). It
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Fig. 1.3 Arsenic species availability to paddy and subsequently arsenic uptake by roots are
influenced by radial oxygen loss and iron plaque development on paddy root surface

is well known that inorganic As is far more hazardous than pentavalent methylated
As by several orders of magnitude.

As(IIT) and DMA are the two main species in rice grains. However, comparing
the two forms shows that the proportion of DMA between the two increases as the
total As concentration in the grain rises. Additionally, studies have shown that DMA
is less hazardous than its inorganic As equivalents (Syu et al. 2015). Independent
of rice variety, further analysis of the various plant components of rice reveals that
As accumulation in the root is between 28 and 75 times higher than that in the
shoot and grain, respectively (Rahman et al. 2005). Arsenic is sequestered in nodal
phloem cells, where it is retained at higher concentrations, and less of it travels to
the grain. Different cultivable rice types are thought to over-express the vacuolar
transporter OsABCC1 as a way to lower As concentrations in grain (Wang et al.
2015). In terms of mobility once more, methylated As species, particularly DMA,
move more quickly toward rice grain than inorganic species (Carey et al. 2010), and
the potential acquisition of As in aleurone, endosperm, and embryo are the leading
causes of decreased seed setting and spikelet sterility, which ultimately results in
yield losses (Zheng et al. 2013).

1.5 Uptake of as from the Soil to Edible Grains of Aerobic
Crops

The cultivation of crops restricted to an aerobic environment faces the primary form
of As as the oxidized As(V). Arsenate marks its entry into the plant system through
P-cell channels that are usually present at the root level. After the entry, the As
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is subsequently reduced to arsenite in the root system of maize plant through the
formation of complexes with phytochelatins and thereafter has a vacuolar storage
as arsenite-tris thiolate complex. The remaining portion of As, which has not been
reduced, has an upward translocation into the aerial portion of the plant via the
xylem and the cell phosphate transporter into the shoot and is most commonly
stored as arsenite-tris glutathione complex (Rosas-Castor et al. 2014). In some cases,
methylated inorganic-As are found, although it is debatable whether it is taken up in
that form or has undergone detoxification (Abbas and Meharg 2008). In his study,
Lomax et al. (2012) further escalated the debate by suggesting that plants cannot
absorb methylated organic forms; instead, they are produced by microorganisms in
the agricultural soil.

Maize plants generally have a lower translocation efficiency than other cereal
crops (Su et al. 2009). The translocation of As to higher parts of the plants, especially
the grains, is affected by several factors, including the soluble fraction of soil As,
root-chelating agents, crop age, and soil type. Higher As concentration may often
limit its translocation in the grains (Mallick et al. 2011). If the crop has a short period
of growth, relatively high translocation efficiency may be observed. An elevated
concentration of chelating agents in the root can curtail the As translocation, as
evident from the sequestration of As on Fe oxide plaques and thiol ligands of maize
roots. The presence of arbuscular mycorrhizal fungi (Yu et al. 2009) can effectuate
a high reduction of As in the above-ground portions of the maize plant. The stage
of a plant can also affect As-uptake (Zheng et al. 2011), as the total As was found
to increase after flowering, and inorganic As has a greater incidence in caryopsis
when the plant reaches the stage of grain development. Studies have revealed soil
properties to play an important role in As translocation (Gulz et al. 2005), as evident
from low As-transfer in finer-textured soil rather than coarse-textured one. Raab et al.
(2007) in a study to reveal the species of As that is translocated in maize, showed the
translocation pattern as DMA(V) > As(V) > MMA(V), though substantial arsenite
recovery has also been reported.

1.6 Mobilization of as Through Root-Shoot-Grain

A fascinating viewpoint emerges if we contrast the intake and translocation of As-
species. Compared to organic As, which exhibits the opposite pattern, inorganic
arsenic has higher absorption but lower translocation (Sengupta et al. 2023a). Studies
have also shown that DMA (V) only absorbs one-tenth as much as As(III) but that it
relocates 100 times as much (Lomax et al. 2012). Therefore, As species follow the
trend of DMA(V) > MMA(V) > inorganic arsenic in terms of mobility.

Arsenic moves from the root tissues to the above-ground plant (shoot) either
directly (with no energy needed) or through the xylem sap through transporter-
mediated As loading (Suriyagoda et al. 2018). Pi transporters are used for loading
arsenate, while aquaporins are used for loading arsenite (Verbruggen et al. 2009). It
was reported that phosphate transporter OsPht1;8, OsPHF1 (phosphate transporter
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traffic facilitator 1), and PHR2 (phosphate starvation response 2) are responsible
for xylem loading of arsenate, while arsenite uptake is facilitated by OsLsi2 (Ma
et al. 2008) transporter or OsSNRAMP1—natural resistance-associated macrophage
protein transporter.

Phloem transporters in the upper stem nodes are highly crucial for translocation
to the grain (Chen et al. 2015); however, the role of the xylem is less obvious since
transpiration is restricted in this area. The phloem loading mechanism for arsenate
is regulated by OsPHT1;8 and OsPHT1;1, while OsPTR7 has been reported for
DMA(V) and MMA(V). Despite frequently being referred to as inositol transporters
(INT), arsenite transporters for phloem are still unknown (Duan et al. 2016). Stem
nodes mostly regulate the grain transport of As from the shoot, which is further
accentuated by the symplastic discontinuity between the maternal (plant) and the
filial (seed) tissues (Zhao et al. 2013). Despite the substantial uptake of DMA(V) in
edible cereal grains, there may be some good news: organic DMA is significantly
less toxic than inorganic versions, which lowers the dietary risk of the carcinogen
(de Oliveira et al. 2020).

1.7 Conclusion and the Future Perspective of the Research

From a global perspective, the natural occurrence of arsenic in soils, sediments, and
aquatic bodies, as a toxic metalloid has raised serious alarms over the decades. The
current chapter primarily focuses on amalgamating plenty of research initiatives that
have been undertaken to effectuate the understanding of As behavior in soil and the
possible mechanism of uptake in edible grains. As the global population is increasing,
the consumption of As-laden food materials is crippling people about their normal
survival. In several areas, the level of As in water is several folds higher than the
WHO-prescribed safe limit of the carcinogen. Using such water in irrigating crops in
Asian countries further intensifies soil build-up and results in food chain-mediated
human exposure. In this line, a concerted effort is required to assess As in groundwater
thoroughly, its uptake-mediated dietary risk, and a predictive model based on the
problem to draw possible lines and master plans to amend the arsenic-polluted water,
soil, and other environmental compartments.
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Chapter 2 ®)
Speciation of Arsenic in Environment: i
Biotransformation and Techniques

Avinash Gaur and Surabhi Yadav

Abstract Arsenic found in environmental segments like lithosphere, hydrosphere
and in atmosphere in various inorganic and organic forms like Arsenate (AsV),
Arsenite (As'™), Monomethylarsine (MMA), Dimethylarsine (DMA), Trimetylar-
sine (TMA, Gossiogas), Trimethylarsineoxide (TMAO), AB (Arsenobetaine), AC
(Arsenocholine) etc. Some forms are toxic while others are less toxic. In this review,
we studied about biotransformation of various organic and inorganic arsenic species
in aqueous environment, soil and atmosphere. Marine organisms like fishes, lobsters,
fungi, bacteria, cytoplasm of microorganisms, yeast, some enzymes like, ArsC, algae,
genes like aos, aio, aox, photosynthetic microorganisms etc., do biotransformation of
arsenic as oxidation and reduction in inorganic arsenic species and do methylation in
organic arsenic. Many researchers proposed different pathways of arsenic biotrans-
formations. Arsenic speciation generally completes in three stepsi.e. extraction, sepa-
ration, and detection. There are several techniques for arsenic extraction, separation
and detection. Voltametric methods i.e. DPP (Differential pulse polarography), CSV
(Cathodic stripping Voltametry), ASV (Anodic stripping Voltametry) and Hydride
generation (HG) are the main techniques for extraction. Similarly for separation and
detection chromatography are used with spectroscopic detection systems.

Keywords Arsenic biotransformation - Arsenic speciation + Methylation of
arsenic + Speciation techniques

Abbreviations

AB Arsenobetaine

AC Arsenocholine

ASV Anodic stripping Voltametry
CSV Cathodic stripping Voltametry

A. Gaur - S. Yadav (X))
Department of Chemistry, Bipin Bihari College, Jhansi, UP, India
e-mail: surabhiyadav1764@gmail.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 15
N. Kumar and S. Kumar (eds.), Arsenic Toxicity Remediation: Biotechnological

Approaches, Environmental Science and Engineering,
https://doi.org/10.1007/978-3-031-37561-3_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37561-3_2&domain=pdf
mailto:surabhiyadav1764@gmail.com
https://doi.org/10.1007/978-3-031-37561-3_2

16

CZE

CZE-UV

DIN

DMA

DMAA

DMAE

DPP

DPV

GC- FID
HPLC-HG-AAS

HPLC-ICP-MS

HPLC-HG-MIP-AES

HPLC-USN-AFS
HPLC-UV-HG-AAS

HG
HG-GC-PID

IC-HG-AAS
IEC-PID
ICP-AES

ICP-MS
LCFAB-MS

LNCT
LSV
MMA
NPV
AQSTCV
SWV
TMA
TMAO

A. Gaur and S. Yadav

Capillary zone electrophoresis

Capillary zone electrophoresis-Ultraviolet spectroscopy
Direct injector nebulizer

Dimethylarsine

Dimethyl arsinoyl acetatic acid

Dimethylarsenoylethanol

Differential pulse polarography

Differential pulse voltametry

Gas chromatography- Flame ionization detector

High performance liquid chromatography—Hydride gener-
ation—Atomic absorption spectroscopy

High performance liquid chromatography-Inductively
coupled plasma- Mass spectrometry

High performance liquid chromatography—Hydride gener-
ation Hydride generation—-Microwave induced plasma-
Atomic emmision spectroscopy

High performance—ultrasonic nebulizer—atomic fluores-
cence spectroscopy

High performance-Ultraviolet-Hydride
Atomic absorption spectroscopy

Hydride generation

Hydride generation-Gas chromatography-photoionisation
detection

Inductively coupled-hydride generation—atomic absorp-
tion spectroscopy

Ion exchange chromatography—Potential induced degrada-
tion

Inductively coupled plasma—Atomic emmision spec-
troscopy

Inductively coupled plasma—mass spectrometry

Liquid chromatography fast atom bombardment—Mass
spectrometry

Liquid-nitrogen-cooled trapping

Linear sweep voltammetry

Monomethylarsine

Normal pulse voltammetry

Staircase voltammetry

Square wave voltammetry

Trimethylarsine

Trimethylarsineoxide

generation—



2 Speciation of Arsenic in Environment: Biotransformation and Techniques 17

2.1 Introduction

Arsenic is 20th most abundant element on the earth’s crust which is associated
with sedimentary rocks of sulfide ores (National Research Council 1977; Boyle
and Jonasson 1973). Emission of arsenic depends of some natural phenomena
i.e. volcanic activity, biological activity, weathering and some anthropogenic input
(Chilvers and Peterson 1987).The environmental behavior of arsenic is dependent
on chemical and physical properties, biotransformation of arsenic, toxicity, and
mobility. Unique heavy metalloid, arsenic is mostly poisonous in inorganic triva-
lent arsenite which also occurs in 0, +5, and —3 oxidation states in environment.
Arsenic poisoning in ground water events is familiar to the world but the conse-
quences of soil contamination are still unrevealed to the community, especially the
people of contaminated countries (Cullen and Reimer 1989a, b).

Arsenic is present in soil in both inorganic and organic forms. The inorganic forms
of arsenic are more prevalent than the organic forms. When inorganic arsenic enters
the food chain, get methylated and forms less toxic organic forms like Monomethy-
larsine (MMA), Dimethyl arsine (DMA) and Trimethylarsine (TMA) (Kossoff and
Hudson 2012; Srivastava et al. 2015). Trimethylarsine (TMA) is known as “ Gosio
gas” which is toxic and volatile arsenic species, produced by molds development
on wallpaper coloured with arsenic pigments such as Copper arsenite or Scheele’s
green and Schweinfurt- green (copper arsenite 4 copper acetate) (Challenger 1942;
Gossio 1893; Gossio 1901).

Besides these arsenic species, there are some other species which are known
as Thiolated arsenicals viz. Monomethyl monothioarsonic acid (MMMTAVY),
Dimethylarsinothioyl glutathione (DMMTAY (GS)), Dimethylmonothioarsinic acid
(DMMTAY), Dimethyldithioarsinic acid (DMDTAY) (Sun et al. 2016). Arsenosugars
are Glycerol arsenosugar (arsenosugar- OH), Thio- arsenosugar glycerol (Thio-
OH), Thio- arsenosugar phosphate (Thio-PO,), phosphate arsenosugar (Arseno-
sugar POy), sulfonate-arsenosugar (Arsenosugar—SQO3), Thio-arsenosugar-sulfonate
(Thio-SOs3), sulfate arsenosugar (Arsenosugar-SO4), Thio-arsenosugar sulfate
(Thio-SO4), some Trimethylarsonium compounds like TMAsSugar-Sulfonate,
TMAsSugar-Sulfate, TMAsSugar-glycerol, TMAsSugar-phosphate (Luvonga et al.
2020). There are some Arsenolipid compounds like Arsenosugar phospholipids
i.e. AsPL958, AsPL978, AsPL1006, and Arsenic containing hydrocarbons i.e.
AsHC332, AsHC360. (Glabonjat et al. 2020).

Now a day, various techniques are available to speciate the arsenic species in
hydrosphere and lithosphere samples. This new arsenic speciation analysis improves
knowledge about arsenic toxicity, biogeochemistry and metabolism and arsenic cycle
in environment. The complete isolation of arsenic compounds is very challenging
work (Jackson 2015). Therefore a simple and frequent method is necessary for the
analysis of arsenic species in various matrices. From the exact determination of
arsenic species in environment samples (i.e. water, soil, and plants), we get a help to
accurate assessment of the harmful impacts caused by arsenic. In this way, for exact
identification of various species of arsenic, appropriate pretreatment techniques are
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necessary. Various studies have been done regarding speciation analysis of arsenic
till now (Reid et al. 2020; Liu et al. 2018; Reis and Duarte 2018). Yet, this overview
includes translocation of arsenic species in plants, soil, and water, arsenic biotransfor-
mation, methods of determination of speciation of arsenic and techniques of arsenic
species like extraction techniques, separation techniques with their detection systems.
This study will give wide discussion in the latest improvements in speciation of
arsenic and challenges for further research.

2.2 Translocation of Arsenic Species in Environment

Speciation means determination of specific ions of any element in aqueous and
other solutions. Arsenic in environment is mainly speciated into plants, soil and
water. Thus, on this base we can categories arsenic speciation as arsenic specia-
tion in plants, soil and water. Arsenic is reached into the environmental segments
either anthropogenically or naturally. Its degradation from environmental segments
is almost impossible. The availability of arsenic depends on speciation, geological
source, oxidation state and other environmental factors (Pfeiffer et al. 2002; Jang
et al. 2016). In earth crust arsenate (As V) form present almost 60% and 20% in the
form of arsenites, oxides, silicates and as elemental form and remaining 20% present
as sulfonates and sulfides (Onishi and Wedepohl 1969).

2.2.1 Arsenic Speciation in Plants

Although there is no need of arsenic in plants yet it’s concentration in plants should
be less than one mg/kg dry weight (Adriano 2001). Plants absorb both the organic
and inorganic arsenic by different mechanisms. Inorganic arsenic reaches in plants
by mainly two mechanisms. In first mechanism phosphate (POj,) transporter uptake
arsenate (As V) from soil and transfer it into other parts of plants. This is called
Phosphate transport pathway (Catarecha et al. 2007; Shin et al. 2004; Wu et al.
2011). In second mechanism aqua channels of plants roots absorbs arsenic species
like DMA, MMA and As " silicic analog (Ma et al. 2008). As I in root cells of rice
uses Si transporter due to its similarity with silicic acid. ACR2 (Arsenic reductase)
also reduced As ¥ into As ™ (Kumar et al. 2015). The detoxification of arsenate is
obtained by forming complexes with thiol-rich peptides (Liu et al. 2010). The organic
arsenic species such as DMA and MMA are found in soil in less quantity.

Raab et al. (2007) removed and translocated inorganic and methylated arsenic
species by plants with the use of intrinsic protein of Oncokin. They found that
organic arsenic species (methylated) like MMA and DMA are more absorbed in
comparison to inorganic species like As V and As ™ while the translocation efficiency
of methylated As species is less in comparison to inorganic species in plant stems.
The reason of better translocation in methylated arsenic species in the roots may be



2 Speciation of Arsenic in Environment: Biotransformation and Techniques 19

the decrease in formation of arsenic complex with the ligands like glutathione (Raab
etal. 2007). In rice, As ! and DMA are mostly found. Similarly MMA and As V are
found either in lower concentration or may be undefined (Huang et al. 2012). Abedin
and their companions gave the uptake kinetics of arsenic species in rice plants and
showed that As ¥, As " and DMA predominantly found in rice straw (Abedin et al.
2002).

2.2.2 Arsenic Speciation in Soil

Various arsenic species in soil are present in the precipitated solids, free ions,
absorbed on inorganic constituents or soil organic, exchangable and structural
components of secondary and primary minerals (Shahid et al. 2017; Niazi et al.
2011). Both the organic and inorganic arsenic species are present in soil. Organic
species are DMA and MMA while inorganic species are As " and As V in soil. The
order of toxicity of arsenic species is DMA < MMA< As V < As ', The transforma-
tion of arsenic in soil may be via adsorption, precipitation, dissolution, volatilisation,
oxidation and reduction. The inorganic species like arsenite and arsenate Present in
the form of arsenous acid or protonated arsenic acids (Sadiq et al. 1997). Arsenate
and Arsenite are the main thermodynamically stable form in soil. They are present
as H3AsO;3;, H;AsO4~, HAsO,~. This existence of different forms of arsenic in
soil mainly depends on redox potential, pH value, organic matter and texture of the
surrounding environment. In oxidised soil (aerobic conditions) the arsenic present
as As" and it is quickly adsorbed on Fe/Mn oxides/hydroxides and clay minerals. In
paddy fields (reducing environment), As ! dominates and its toxicity, solubility and
mobility are almost sixty times that of As ¥ (Khalid et al. 2017). Under anaerobic
conditions arsenic present in the form of arsenic sulfate and allow to leave excess
arsenic into the environment (Koyama 1975). Reduction and oxidation of As species
takes place chemically and biologically in water and soil (Rhine 2006). In organic
and alluvial soil arsenic concentration is higher while in sandy soil, arsenic concen-
tration is very less (Mandal and Suzuki 2002). Arsenic fixation is seen on clay. Clay
particles present in soil absorbed As ¥ with neutral pH. At lower pH value arsenic
forms compounds with iron (i.e. FeAsOy4) and alluminium (i.e. AIAsOy4). At neutral
pH, As V present in the form of oxygen anions while As ' gets a neutral charge at
pH 7.0. It tends to the formation of FeAsO4, Mn3 (AsOy4); and Caz(AsOy), (Sadiq
etal. 1982). As the pH value increases over 8.5 adsorption capacity of As ! increases
while As V decreases. About pH 4, the adsorption of arsenate is maximum on FeOOH
(Mahimairaja et al. 2005). In reducing conditions, as AsY reduced to As "', it binds
loosely to the hydroxide solids, thus bioavailability of arsenic increases (Marquez
etal. 2011). On the other hand, organo-arsenic complex formed due the high arsenic
sorption capacity and solubility of arsenic decreases in soil (Rahaman et al. 2011).
Generally, arsenic reaches in soil via oxidation and hydrolysis of sulfide minerals
(e.g. Arsenopyrite) and absorbed by Fe(OH),. Similarly phosphate plays an impor-
tant role in absorption of arsenic from contaminated soil. A group of researchers
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reported that in acidic soil which consists of iron oxides, H,PO, do displacement
of sixty percent absorbed trivalent arsenic and seventy percent pentavalent arsenic.
Microbes present in soil affect the desorption/adsorption, bioavailability, solubility,
mobility of arsenic with changing in chemical speciation of arsenic in soil. Due to
the microbial activities dimethyl sulfoxide, pesticides of DMA, methylated arsenic
compounds like DMA and MMA may be accumulated in soil (Willium et al. 2003;
Mishra et al. 2017; Ayangbenro et al. 2017).

2.2.3 Arsenic Speciation in Water

In water, arsenic may be present in either particulate or dissolved form. Arsenate
(AsY) and arsenite (As'") are most common forms of arsenic species i.e. As304%",
H,AsO4~, HAsO42~ and H3AsO; are also present in natural water (Wilkin et al.
2003). Aquatic organisms do biomethylation of arsenic, they reduce As" to soluble
As'™ species (Bhattacharya et al. 2002). In seawater, As" considered as main form
of arsenic. Beside this, MMA and DMA found in less quantity in seawater (Cabon
and Cabon 2002).

2.3 Arsenic Biotransformation

Aquatic animals are able to stockpilling arsenic and they are capable to catalyse the
oxidation of As (III) to As (V) and also including the Methylarsine formation via
biomethylation reaction (Johnson and Braman 1975). McBride and Wolfe (1971)
demonstrated methylarsine production under aerobic conditions by methogenic
bacteria. They reported that CH3AsO(OH), (Methyl Arsenic acid) and dimethy-
larsinic acid act as intermidiate in this reductive methylation of dimethyl arsine from
inorganic Arsenic. They also reported that under aerobic conditions Methanobac-
terium do methylation of Arsenic into Dimethyl arsine (McBride and Wolfe 1971).
Saxena and Howard gave reaction of this methylation. In this reductive methylation
reaction, first of all Arsenate gives arsenite by accepting two electrons. Now arsenite
reacts with methylcobalamin (3+) and forms methylarsonic acid. Here methylcobal-
amin acts as methyl donor. Again methylcobalamin donates Methyl to methylar-
sonic acid yields to dimethylarsinic acid (Cacodylic acid). This dimethylarsinic acid
accepts four electrons and gives finally trimethylarine (Saxena and Howard 1977,
Kumaresan and Riyazuddin 2001) (Fig. 2.1).

Ridley et al. (1977) proposed the formation of methylarsonic acid and dimethy-
larsinic acid by the reaction of volatile arsines with molecular oxygen (Ridley et al.
1977). Generally in marine organisms, organic arsenic compounds are present but
J.S. Edmonds isolated AB (Arsenobetaine) from rock lobster of western sea. This
is isolated from the tail muscles of that lobster (Edmonds et al. 1977). Cox and
Alexander (1973) reported that Candida humicola (a sewage fungi) transforms
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Arsenate + 2 e- —— Arsenite + Methylcobalamin (3+) —» Methylarsonic acid
+

Methylcobalamin (3+)

|

Dimethylarsinic acid + 4 e-

l

Trimetylarsine

Fig. 2.1 Reductive methylation reaction of arsenite to dimethylarsinic acid

trimetylarsine from Arsenate. Incubation of fungi with methyl arsonate, arsenite
and dimethylarsine form trimetylarsine in lessar amount. These arsenic species act
as intermediates in the alkylation and reduction As (V) (Arsenate) to trimetylarsine.
(Cox and Alexander 1973).

A researcher reported that Gliocaninum roseum, Penicilium and Candida humi-
cola are the fungi which are able to generate trimethylarsine, (CH3)3As, from the
pesticides of dimethyl arsine and monomethylarsonate (Alexander 1974). Thayer
and Brinckman reported that C. Humicola reduces the formation rate of trimethylar-
sine as molds get its resting form (Thayer and Brinckman 1982). The alkyl arsines
which are toxic in nature have a different odour like garlic and have a property of the
rapid oxidation into less toxicity in the atmosphere. Wood et al. (1974) demonstrated
the biological cycle of arsenic in sediments, water and air. In sediments, arsenate
reacts with bacteria and yields arsenite. The arsenite then yields methylarsonic acid
with bacteria and finally dimethylarsinic acid. This reaction completes in sediments.
Now these arsenic species like arsenite, arsenate, methylarsonic acid and dimethy-
larsinic acid reach in water. In water methylarsonic acid and dimethylarsinic acid
react with molds and bacterias and form trimetylarsine and dimethylarsine. Now
these dimethylarsine and trimethylarsine come in contact with air (O,) from water
and again dimethylarsinic acid. From air this Dimethylarsinic acid again reaches in
sediments (Wood et al. 1974).

Rahman et al. (2007) reported in their work that inorganic arsenic species like
arsenate and arsenite are mainly absorbed by aquatic species. These inorganic species
may be oxidised, reduced or methylated to form organic arsenic species. In inorganic
arsenic biotransformation process mainly interconversion between arsenite and arse-
nate is drastic. The microorganisms play important role in environment (Rahman
et al. 2007). Mitra and their companions reported that microorganisms reduce arse-
nate in anaerobic conditions. Arsenite works as terminal electron acceptor. They
also reported that microorganisms reduce arsenate (ASY) and in anaerobic condi-
tion arsenite (As'") works as terminal electron acceptor. Further, they reported that
thermus (strain HR13) a prokaryotic microorganism could oxidise arsenite under
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anaerobic conditions in water (Mitra et al. 2017). Murphy and Saltikov reported that
reduction of arsenate (As") occurs in cytoplasm of microorganisms and ARM (Arse-
nate reduction mutant) acts as intermidiate under aerobic conditions (Murphy and
Saltikov 2009). Cytoplasmic arsenate reductases are found in some microorganisms
like Halophilicarchaea (Wang et al. 2004), E. Coli (Gladysheva et al. 1994) and
S. Cerevisiae (Bobrowicz et al. 1977), In some marine fishes like L. Jappnicus, S.
Fuscescenes and S. Cucullata (a Bombay oyester) reduction of arsenate to arsenite
occurs (Zhang et al. 2015b; Zhang et al. 2016; Zhang et al. 2020). In freshwater,
C. Reinhardtii (a green algae) shows arsenite oxidation (Qin et al. 2009). Cyanid-
ioschyzon species of algae exhibit As (III) oxidation outside its cytoplasm in pres-
ence of carbonic anhydrase and phosphatase enzymes. Cyanidioschyzon species
(an eukaryotic alga) do both reduction and oxidation between arsenate and arsenite
simultaneously (Mitra et al. 2017; Qin et al. 2009). In different organisms, inor-
ganic arsenic undergoes oxidation or reduction and various enzymes are involved in
these processes. As (V) reductases have been isolated from many microbes. Recently
Mukhopadhyay and their associates studied the presence of Arsoperon in yeast and
Archaea gives resistance to As (V) and As (III) (Mukhopadhyay et al. 2002), for
example in E. Coli bacteria glutaredoxin and GSH is used by arsenate reductases
(ArcC). In B. Subtilis arsenate reductase uses thioredoxin as reductants (Zhu et al.
2014a, b) and during this catalysis thioredoxin acts as electron donor while As (V) is
electron acceptor (Silver et al. 2001). In E. Coli arsenate reductase (cytoplasmic) acts
as arsenite membrane pump so it controlls As (V) reduction (Zhang et al. 2017a).
Various algae like Clostridiumaciculare, C. Salina, and Dunaliella species reduce
arsenate to arsenite regulated by ArsB which is arsenite effux proteins (Mitra et al.
2017). Some genes are involved in reduction and oxidation of arsenic: aos, aio, aox
which are used by microorganisms to oxidised As (III) (Cai et al. 2009; Santini and
Hoven 2004; Silver and Phung 2005). Genes arr, and ars are used to reduce As (V)
in detoxification or catabolic purposes (Saltikov and Newman 2003; Wu and Rosen
1993).

Organic biotransformation of arsenic includes mainly methylation which plays
an important role in organic arsenic biotransformation (Bhattacharjee and Rosen
2007). Microorganisms like yeast, fungi, algae, bacteria etc. do arsenic methylation
(Frankenberger and Arshad 2002). Some different groups of scientists reported in
their work that methylation by bacteria and fungi like microorganisms is about over
fourty years old study (Chang and Focht 1979; Cullen and Reglinski 1984). Phyto-
plankton and cyanobacteria are the photosynthetic microbes; they reduce arsenate to
arsenite followed by methylation to methylarsenic species (Guo et al. 2016; Xue et al.
2014; Ye et al. 2012). Nostoc bacteria do methylation of arsenite (As™) to trimety-
larsine oxide (TMAQO) and Dimethylarsenate (DMA) (Yin et al. 2011). C. Asylase a
clone of Nostoc species is responsible for monomethylarsonous acid (MMA™) and
monomethylarsenic acid (MMAY) demethylation. Rhodopseudomonas palustris and
Cyanidioschyzon species are eukaryotic microalgae (thermoacidophilic) do bacterial
methylation of TMA. There are several arsenic biotransformation pathways known
through arsenic methylation. One possibility is that biomethylation process changes
toxic inorganic As to less toxic methylated arsenic species, such as trimethylarsine
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gas (gosio gas), DMAY, TMAO and MMAY (Qin et al. 2009, 2006; Ye et al. 2012).
Yet more toxics like dimethylarinous acid (DMA) and monomethyl arsonous acid
(MMA™) are also produced by biomethylation. In this process DMA ¥ and MMA
V are intermidiate. This process follows the biosynthetic pathways (Kumagai and
Sumi 2007; Rahman and Hassler 2014). Inorganic arsenic species do biomethyla-
tion (enzymatic) in many methylated metabolites as follows: arsenate — arsenite —
monomethylarsenic acid — dimethylarsinic acid. This pathway is known as classical
metabolic pathway of Challenge (Cullen 2014; Hayakawa et al. 2015; Naranmandura
et al. 2006; Suzuki et al. 2004). Another possible organic arsenic bioaccumulation
pathway through methylation is reductive methylation more than stepwise methy-
lation process (oxidative). Here arsenite do direct methylation of DMA. In these
conditions DMA!" is directly methylated by aresite through arsenite—-monomethy-
larsonous acid—dimethylarsonous acid process, and is then oxidised to As (V). Kunito
and their companions proposed two hypothesized methylated pathways of inorganic
arsenic; one reductive and other oxidative (Kunito et al. 2008; Le et al. 2000). Further
DMAY reduced to DMA™ in presence of TMAO intermediate and followed by the
methylation till the formation of TMAM (Zhu et al. 2014a, b). Some enzymes also
participate in arsenic methylation more than a stepwise methylation. They are ArsM
(arsenite methyltransferases), SAM (S- adenosylmethionine) and As3MT (Arsenite
methyltransferase) etc. SAM acts as methyl donor to form intermediates, such as
dimethylated and mono- methylated forms of As (III) and As (V) (Cullen et al. 1995).
In the marine algae and fungi like Polyphysa periculus and Apiotrichum humicola
respectively, SAM donates methyl group (Zhang et al. 2022). In microalgae ArsM
acts as methyl donor for the methylation arsenite into DMAY and MMAYV (Ajees
et al. 2012). Arsenic biotransformation mainly goes through a series of methylation
and oxidative reactions which are catalyzed byAs3MT enzyme (Chen et al. 2011;
Lin et al. 2002; Thomas et al. 2007; Cullen and Reimer 1989a, b). As3MT enzyme
also gives addition of methyl groups oxidatively in a stepwise reduction of arse-
nate (AsV) to arsenite (As) (Cullen 2014; Cullen and Reimer 1989a, b). Some
special type of genes like arsH participate in methylation of arsenic (Guo et al.
2016; Qin et al. 2006; 2009; Zeng et al. 2018; Zhang et al. 2018, 2015a). Yang and
Rosen (2016) illustrated a global cycle regarding arsenic methylation. They showed
that ArsH oxidoreductase and ArsH methyltransferases play an important role in
methylation of arsenic biotransformation (Yang and Rosen 2016).There are many
speculated synthesis pathways regarding the formation of AB (Arsenobetaine). AB
can be synthesized from trimethylated arsenosugars and dimethylated arsenosugars.
First of all dimethylated arsenosugars were converted into AB through Dimethy-
larsinoyl acetate and dimethylarsinoyl ethanol. Similarly trimethylated arsenosugars
were directly converted into AB (Kunito et al. 2008). Edmonds et al. (1982) reported
aroute of biological formation of AB (Arsenobetaine) from dimethylarsenoylethanol
(DMAE) in which AC is converted to AB by sedimental microorganisms (Edmonds
etal. 1982). Similarly Hoffman and their fellow researchers also proposed a pathway
for the formation of AB from AC, here B. Subtililis (a microorganism) converts AC
into AB (Hoffman et al. 2018). AC acts as metabolic predecessor of AB and after
insertion of AC in aquatic mussels and fishes, itis transformed into AB quickly (Borak
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and Hosgood 2007; Gailer et al. 1995; Kaise et al. 1992; Marafante et al. 1984). Foster
and Maher (2016) used DMAE as an intermediate for the methylation of AB from
dimethylarsinylacetic acid (Foster and Maher 2016).Similarly two separate groups of
researchers reported that trimethylarsonioribosides methylate transformed into AC
followed by the methylation of AB (Devesa et al. 2005; Francesconi and Edmonds
2003). Ritchie and their associates found that DMAA (dimethyl arsinoyl acetatic
acid) is used in synthesis of AB and blue mussels are used for the isolation of SAM,
a methyl donor (Ritchie et al. 2004). Fungi can store AB while SAM promotes
biotransformation of AB and is synthesized from 2-oxo acids, DMA ™, pyruvate
and glyoxylate (Caumette et al. 2012; Edmonds and Francesconi 2003). AB can
be synthesized from microorganisms, bacteria etc. In marine sediments microbial
degradation of As-Sug is consumed by herbivores and derisiveness (Francesconi
and Edmonds 1993; Kirby and Maher 2002). Similarly Pseudomonas species of
bacteria convert dimethylarsenoyl acetate to AB in marine microorganisms (Ritchie
et al. 2004). AB can also be synthesized from degradation of trimethylarsinori-
bosides, dimethylarsenoribosides, thioarsenoribosides in different arsenic species
(Francesconi et al.1998; Kirby et al. 2005). AB can be degraded to As (V), TMAO
and DMA.DMAA acts an intermediate to degrade AB into DMA (Jenkins et al. 2003;
Khokiattiwong et al. 2001). Hanaoka et al. (1997), first investigated the AB in marine
environment in which degradation pathway was AB — TMAO — MMA or As (V)
(Hanaoka et al. 1988).The degradation of AB to arsenate (As") might be possible
in deep sea microorganisms (Hanaoka et al. 1997).The degradation and synthesis
process of AB is very complex. The minor process of arsenic biotransformation
utilize future and present methods of metaproteomics, metagenomics, metabolomics
and metatranscriptomics which would increase our knowledge regarding arsenic
biotransformation process (Zhu et al. 2017) (Table 2.1).

2.4 Methods of Determination of Speciation of Arsenic

The term speciation means determination of specific ions of any element in aqueous
and other solutions. In soil and sediments, the first step of arsenic speciation is extrac-
tion. Speciation of arsenic includes three major processes i.e. extraction, separation
and detection. For extraction generally Voltametry and HG are used. For separation,
chromatography and capillary electrophoresis methods are used. Similarly for detec-
tion, spectroscopic methods are there. For extraction, the extracting solution should
be in specific form and during this process As (V) should not be reduced to As (iii).
Similarly oxidation of As (iii) should not be done to As (V) (Melanie et al. 2009).
Commonly four extraction procedures are used:

1. Soil and 10 M Hydrocholric acid are taken in the ratio of 1:30 and this solution
is shaken for 30 min (Chappell et al. 1995);

2. Soil and 15% Phoshoric acid (H3PO,) are taken in the ratio of 1:200 and this
solution is heated at above 95 °C for one hour (CEAEQ 2004).
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Table 2.1 Oraganic arsenic biotransformation (methylation) by enzymes and genes

Enzymes and genes

Organic species

Methylation process

References

ArsM gene Microalgae Converts arsenite into | Mitra et al. (2017)
synechoystis species | MMA V and DMA V
arsM gene Rhodopseudomonas Convertion of arsenite | Qin et al. (2006)
palustris into MMA V and DMA
V and TMAO
arsM genes (SparsM) | spirulina platensis Converts arsenite into | Guo et al. (2016)
(Microbes) MMA and DMA
arsH and arsM Bacteria Converts arsenite into | Zeng et al. (2018)
MMA V,DMA Y,
TMAO
And
AS3MT Mouse Converts arsenite into | Chen et al. (2011)
DMA and MMA

CmarsM7 & CmarsM8

Cyanidioschyzon sp.

Converts arsenite into

Qin et al. (2009)

(eukaryotic alga) DMA YV, MMA I,
TMA and TMA
SAM Polyphysapeniculus Methyl arsenic Cullen et al. (1995)
(marine alga), formation
Apiotrichum humicola
(fungi)
SAM Microbes Conversion of As (IIT) | Zhu et al. (2014a, b)

and As (V) into MMA
and DMA

3. Firstofall a 10 mM Phosphate solution is prepared from 0.5 M K,HPO, and 0.5 M
KH,POy in equal amounts. In this solution now add 0.5% Sodium diethylthio-
carbamate. This resulting solution is taken in the ratio of 1:40 and shaken for
60 min (Geogiadis et al. 2006).

4. Soil and solution of 1 M Phosphoric acid and 0.5 M ascorbic acid are taken in
the ratio of 1:150 and kept in microwave for 10 min at 60 W (Garcia—Maryes
et al. 2002; Ruiz-Chancho et al. 2005; Ruiz-Chancho et al. 2007).

2.5 Techniques for Arsenic Speciation

Cullen and their fellow researchers reported in their work that there was not enough
litrature related with speciation of arsenic before year 1980 but in 1984 Maher
extracted Arsenic species from English estuarine and African coast by using solvent
extraction and ion-exchange chromatography and determined by AAS, Atomic
absorption spectroscopy (Maher 1981). Now a days there are some techniques,
famous for arsenic speciation i.e. Voltametric methods which include Differen-
tial pulse polarography (DPP), Anodic stripping voltametry (ASV), Cathodic strip-
ping voltametry (CSV), Differential pulse Cathodic stripping voltametry (DPCSV).
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Electrophoresis include capillary electrophoresis (CE) and Capillary zone elec-
trophoresis. Similarly Chromatographic methods are High performance liquid Chro-
matography (HPLC), Gas chromatography (GC), Ion-exchange chromatography,
ion-exclusion chromatography, and superficial fluid chromatography. Spectroscopic
methods used for detection consists of Atomic absorption spectroscopy (AAS),
Atomic fluorescence spectroscopy (AFS), Inductively coupled plasma—atomic emis-
sion spectrometry (ICP—AES), Inductively coupled plasma-mass spectrometry
(ICP-MS) (Kumaresan and Riyazuddin 2001).

2.5.1 Techniques for Extraction System

2.5.1.1 Voltametric Methods

In Voltametric methods the differential pulse polarography (DPP) is extensively
used. Although these methods are not able to extract ultratrace concentration of
arsenic. For ultratrace concentration extraction, stripping Voltametric methods are
better option. Generally CSV (Cathodic stripping voltametry) and ASV (Anodic
stripping Voltametry) methods are used. In CSV, Hg electrode or glassy carbon elec-
trodes are used whereas in ASV, gold, platinum and Hg (as HDME) electrodes are
used (Salaun et al. 2007; Zima and Van den Berg 1994; Hussain et al. 2002; Locatelli
2001). Sadana used DPCSV (differential pulse Cathodic stripping voltametry) for
arsenic extraction in drinking water with Cu (ii) and in this process HDME is used
as working electrode and Ag/AgCl as reference electrode. First of all drinking water
samples of arsenic are heated with conc. HCI and 48% solution of HBr in steam bath
at almost 100 °C for 45 min so that As (V) is reduced to As (III). (So that electro- inac-
tive species As (V) becomes electro active As (III). After 45 min solution is cooled
and diluted with hydrazinium chloride (0.25%) then Cathodic stripping voltametry
is carried out. This method detects upto 1 mg/ml. Cu (I) concentration is 4 to 6 g/
ml, 0.75 M HCI and —0.6 V deposition potential are taken as optimized analytical
conditions (Sadana 1983). Forsberg and their companions used both DPASV and
ASV for total arsenic determination in water samples. Water samples of arsenic are
heated with Na;SO; (Sodium sulphite) in acid solutions (Concentrated). So that
electro- inactive As (V) becomes electro- active As (III). 1 M HBr or 1 M HCI and
0.5 V deposition potential are taken as optimized analytical conditions. This method
detects upto 0.02 mg/ml by both DPASV and ASV (Forsberg et al. 1975). Henze
and their colleagues extracted both As (IIT) and As (V) in fresh water by Cathodic
stripping voltametry (CSV). First of all 10 ml fresh water is mixed with 100 pg/ml
H,0, and 50 pg/ml Conc. H,SO4. Now all organics are removed from this resulting
solution by digesting it in UV digestor. Then sample is analysed through CSV by
using HMDE and Ag/AgCl1/3M KCl (double junction) as reference electrodes with
an auxiliary electrode (glassy—Carbon). After de-aeration, at —550 mili volt, pre-
concentration process is completed and stripping is completed at 25 mili volt per
second scan rate with a—50 mili volt of pulse amplitude. 0.22° M Mannitol, 0.4 M
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H,S0O,4, 70 mg/L Se (IV) and 10 mg/L Cu (II) are taken as supporting electrolytes. The
determination and detection limits are 0.93 and 0.52 pg/ml As, respectively (Henze
et al. 1997). Besides it some advanced Voltametric methods are recently introduced
to increase sensitivity, speed and potential modules in different forms. These tech-
niques are NPV (Normal pulse voltametry), LSV (Linear sweep voltametry), STCV
(Staircase voltametry), SWV (Square wave voltametry) and DPV (Differential pulse
voltametry) (Hussam 2007).

In NPV, potential pulses are used serially in increasing order. At the end of each
pulse the current measurement is found. In this voltametry a plot is found with current
vs potential. In LSV, potential varies linearly with time which is applied on working
electrode. This is simplest voltametry technique. A peak of current signal at poten-
tial produced by redox processes of species. When the current is flowing through
the electrode, a current difference vs reducing potential exhibit the graph. Similarly
a technique derivitized from LSV named as STCV in which a series of stair steps is
a potential sweep. At the end of every potential change, the current is measured. A
further improvement in Staircase voltametry is SWV. In this voltametry a superim-
position of a symmetrical square wave is on a staircase waveform corresponding to
the staircase step. In DPV, a superimposition of a series of terminal constant potential
pulse containing small amplitude to a linear scanning gives a consistent signal. In
this voltametry for every pulse, at two points, current is measured. Just before the
pulse application the first point appears while at the end of pulse second point is
found and a graph is plotted against base potential (Shah Rukh et al. 2015).

2.5.1.2 Hydride Generation (HG) or Derivitization

Derivitization is a process to improve separation process of elements in chromatog-
raphy for thermal stability or their identification. Shrain and their companions deriv-
itized total arsenic by hydride generation, using NaBH4/HCI for assay by atomic
absorption spectroscopy (AAS) or ICP- MS. In derivitization process reduction of
As (V) to As (iii) takes place, then in second step arsine production takes place
(Shrain et al. 1999).

C,Hs-As-O-OH + H* + BH; — C,Hs-As-OH + BH; + H,0  (2.1)

C3-As-OH + BH; + H' — (C,Hs-As-H) + BH; + H,0 2.2)

Howard A.G. (Boro) cleared production of Arsine from above hydride technique
which is pH sensitive (Howard 1997). The arsine is formed during this second step
in AAS or ICP-MS for measurement driven by N, gas (Goessler and Kuehnelt
2001), due to which detection limit improves upto 1000 times over the generally
used derivitization process (Anawar 2012). Amino acids of arsenic and arsenosugars
(AS) like Me4As* are not derivatized by sodium borohydride (NaBHj,). For their
derivitization they must be separated and decomposed first into inorganic species
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Table 2.2 Arsenic speciation of arsenic species by hydride derivatization at different pH values

pH value Analyte Product

03to1 (CH3)2AsO(OH) Dimehtyl arsine

(in hydrochloric acid) (MeyAsH)

Greater than 0.3 AsO(OH), Arsine (AsHj3)

03to1 (Me)3AsO Trimetylarsine

(in hydrochloric acid) (MesAs)

03to1 MeAsO(OH), Monomethyl arsine (MeAsH>)
(in hydrochloric acid)

of As. During derivitization different arsenic compounds show different pH values
and at pH 5 they show different types of sensitivities. This problem is commonly
found during derivitization (Table 2.2). A group of researchers found a solution for
this problem. They added 2% aqueous solution of L-cysteine with NaBH4 (Sodium
borohydride) before derivitization. By this addition of L-cysteine As (V) compounds
are reduced to As (III) compounds. But inorganic species of arsenic are not separated
by this method ( Le et al. 1994).

CH;As(OH) — (CH),As(SR) — (CH3),As
CH;AsO(OH), — CH;As(SR), — CH;AsH,
AsO(OH);,As(OH); — As (SR); — AsHj

Hydride generation experiment mainly includes five steps. First step is sample
insertion which follow batch process. In second step hydride derivitization by
sodium borohydride is done. The third step involves water trapping and in fourth
is atomization in quartz furnace. The last step is detection which may be by AFS
(Atomic fluorescence spectrometry), AAS (Atomic absorption spectroscopy), AES
(Atomic emission spectroscopy) and ICP-MS (Inductively coupled plasma — mass
spectrometry).

2.5.2 Techniques for Separation and Detection

For separation of arsenic, generally chromatography and electrophoresis techniques
are used. In Chromatographic techniques, Liquid chromatography, HPLC, gas
chromatography, ion exchange chromatography, ion-exclusion chromatography and
supercritical fluid chromatography are used. For Electrophoresis, generally capillary
and capillary zone electrophoresis are extensively used. Different spectroscopies
are merged with separation systems; thus their studies should be combined with
separation systems.
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2.5.3 Liquid Chromatographies with Spectroscopic Detection
Systems

Akhtar et al. (2005) reported that in liquid chromatography, there are excellent possi-
bilities for separation in comparison to Gas chromatography. Generally Arsenic
compounds are non-volatile in nature thus gas chromatography is less applicable
to environmental samples of arsenic. The commonly used liquid chromatographies
are ion chromatography, High performance liquid chromatography (HPLC) and ion
interaction chromatography (Akhtar et al. 2005). Arsenic species show different
dissociation constants because they form weak acids. These different dissociation
constants are speciated by HPLC. TMA, DMA, MMA, AS (V), and As (III) these
are the molecular and ionic forms of arsenic which are separated by HPLC. Anion
exchange HPLC and Cation exchange HPLC are generally used to separate arsenic
species. To separate anionic and cationic species of arsenic in a single run, a combi-
nation of reversed—phase separation and anion-exchange has been developed. After
separation by liquid chromatography i.e. HPLC, on-line detection can be done by
AAS, UV, ICP-AES, HG-AAS, ICP-MS and off-line detection by ETA-AAS (Elec-
trothermal atomic absorption spectroscopy). Hansen and their fellow researchers
used a combined on-line system of HPLC-AAS for DMA, MMA, As (V) and As
(I1I) like arsenic species are separated and detected from each other. Cationic arsenic
compounds are co- injected on an anionic-exchange column with carbonate of 0.1 M
strength at 10.3 pH as mobile phase. AC, TMA, and AB are separated from the co-
injected anionic species on cation-exchange column of Silica with a mobile phase of
Pyridine at pH 2.65. A method containing HPLC-HG-AAS gives better sensitivity.
From this method only volatile arsines are detected (Hansen et al. 1992). Hakala and
their colleagues also used HPLC- HG-AAS system for arsenic separation in urine
samples. The separation of arsenic species like DMA, MMA, As (V), and As (III)
are done on a reverse-phase column of C18 with 20 mM phosphate and 10 mM TBA
(Tetrabutylammonium) at the pH of 6.0. Although hydrides are not generated by
AC (Arsenocholine) and Arsenobetaine (AB) so there is a need to a pre- oxidation
of AC and AB into an inorganic arsenical by the on-line combination of K,Cr,Og
with ultraviolet light (Hakala and Pyy 1992). Lopez used phosphate (17 mM) at
pH 6.0 as mobile phase to separate AC, AB, DMA, MMA, As (V) and As (III) by
thermal oxidation. A Per-sulphate stream is added with this HPLC effluent before the
entrance in thermo- reactor which consists of a loop of PTFE tube. This PTFE tube
is dipped in a oven of powdered- graphite at 140 °C. After heating, it was cooled in
ice bath. HCl and NaBH4 are added on-line to produce Arsine (Lopez et al. 1993).
Some researchers used previously same column for the separation of DMA, MMA,
As(V) and As (IIT) (Stummeyer et al. 1996). Raurret et al. (1991) used Hydride
generation (HG) and ICP between the HPLC and AES for the detection of Arsine in
gaseous phase. To improve volatile hydrides separation and to decrease the volume
of solution approaching the plasma torch, they use a liquid—gas separator. A silica
based anion-exchanger is used to separate AC, AB, DMA, MMA, As (V) and As (III)
with a mobile phase of Phosphate buffer of 6.75 (Rauret et al. 1991). For Arsenic
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separation, Beauchemin et al. (1989) coupled different forms of HPLC-ICP-MS.
They studied ion-exchange and ion-pairing HPLC to separate AB, DMA, MMA, As
(IIT) and As (V). They found that ion-pairing chromatography has resolution superior
to anion exchange (Beuchemin et al. 1989). Demesmay and their fellow researchers
used [ICP-MS-HPLC detection system to determine AC, AB, MMA, DMA, As (III)
and AS (V). Phosphate buffer (with 2% Acetonitrile) is used as mobile phase with
an anion-exchange column (Demesmay et al. 1994).

2.5.4 Gas Chromatography with Spectroscopic Detection
Systems

Beckerman used Gas chromatography for separation of DMA and MMA for biolog-
ical samples. In most of the methods Sodium borohydride (NaBHy,) of arsenic species
is converted into methylarsine compounds but due to volatile nature conversion
of methylarsine compounds into DMA and MMA is necessary. Thioglycolic acid
methyl ester (derivative of methyl arsine) yield a lipophilic species. This species is
determined by Gas chromatography with FID (Flame ionization detector) (Bakerman
1982). Two separate groups of authors used gas chromatography for the determina-
tion of As (IIT) under both strong and weak acid conditions. In this method the authors
use HG, LNCT (Liquid-nitrogen-cooled trapping) and GC with Helium discharge
based PID (Photoionization detection). From this method Sb (IIT) and Sb (V) are also
determined (Yamamoto et al. 1992; Cutter et al. 1991). Talmi and their associates
used GC-MES system for the separation of Arsenic in environmental samples. This
procedure is completed in following steps: Pretreatment of samples; II. As (III) co-
crystallization with thio-analide;III. Phenylation reaction in which the reaction of dry
precipitate with Ph—Mg—Br (Phenyl magnesium bromide = PMB). After Phenyla-
tion the Ph—Mg—Br become decomposed in Ph3 As (Triphenylarsine) and now small
amount of this organic compound is injected into the column and determined by
MES (Talmi and Norvell 1975).

2.5.5 Ion- Exchange Chromatography with Spectroscopic
Detection System

Ricci et al. (1981) applied ion-exchange chromatography with HG- AAS system
for separation of p-APA (para-Phenyl arsine), MMA, DMA, As (IIl) and As (V). In
this method, a dionex 8 x 500 mm column (anion- separator) is used to separate
above arsenic species. Na;B40O7 and NaHCO; are mixed with each other and this
mixture is used as mobile phase to separate p-APA, As (V) and MMA while only
Na,;B4O; mobile phase is used to separate DMA and As (III) (Ricci et al. 1981).
McGeehan and their companions also used a suppressed ion chromatography of 4000i
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dionex and mobile phase is Na,CO3; and NaHCO3; mixture. Conductometric and
electrochemical detectors are used to quantify As (V) and As (II). The detection limit
of SIC (Suppressed ion chromatography) is very low in comparison to ion-exchange
chromatography. Besides it, this chromatography does not have good sensitivity to
analyze environmental samples. The only advantage of this chromatography (SIC)
is that it can separate and quantify Arsenic species (ionic) without reduction or
oxidation (Mcgeehan and Naylor 1992). Some researchers used ion-exchange-ICP-
MS System to separate As species like As(III) and As (V) in water samples. This
method determines the less lethal MMA, DMA and AC, AB (do not occur in drinking
water). The detection limit for all species is 0.4 to 0.5 pg/L (Pantsar-Kallio et al.
1997).

2.5.6 Ion-Exclusion Chromatography with Spectroscopic
Detection System

Hemmings et al. (1991) utilized ion- exclusion chromatography to determine As (V)
and As (III). With this chromatography a photometric detector is used in which a
lack of sensitivity occurs during Arsenic speciation (Hemmings et al. 1991).

2.5.7 Supercritical Fluid Chromatography
with Spectroscopic Detection System

Laintzetal. (1992) employed supercritical fluid chromatography with FID to separate
As (V) and As (IIT) (Laintz et al. 1992).

2.5.8 Refractory Method with Spectroscopic Detection System

Battencourt et al. (1992) used solvent extraction with Methanol, HPLC—Dynamic
flow fast atom bombardment—MS to separate refractory arsenic. Refractory arsenic
doesn’t form hydrides. The detection of arsenic is by HG or Gas furnace AAS
and the final detection is done by LCFAB-MS (Liquid chromatography fast atom
bombardment- MS) (De Battencourt et al. 1992).
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2.5.9 By Resin with Spectroscopic Detection

Suzuki et al. (1997) manipulated the resins of monoclinic Zirconium oxide (hydrous).
Resins used, are porous and spherical. First of all ZrOCI, solution is saturate with
Amberlite XAD-7, dried and then agitated with 28% Ammonia for 5 h. Separate
the precipitate after dilution with water. For hydrothermal treatment the pH of resin
water pulp made up is allowed to stand for 2 to 15 h at 150 °C. This resin consists of
good separation property with a distribution ratio 2:4. This ratio depends on pH of
solution and the oxidation state of Arsenic (Suzuki et al. 1997).

2.5.9.1 Electrophoresis Separation with Spectroscopic Detection
System

The term electrophoresis means separation and migration of ions under the influence
of electric field (Fritsch and Krause 2003). This technique is used to separate arsenic
species like As (V), As (III), DMA, ABA (p-aminobenzene arsonate) with spec-
troscopic, conductometric and photometric detection systems. Most of the authors
suggested that electrophoresis is of two types: Capillary electrophoresis (CE) and
Capillary zone electrophoresis (CZE). Schlegel and their fellow researchers used
high performance CE and CZE followed by conductometric detection system to
separate ABA, As (V), DMA, PhAs and Photometric detection system to separate
DMA, As (V) and As (IIT) (Schlegel et al. 1996). Lin and their companions used a
CE technique for the separation of DMA, MMA, As (V) and As (IIT) with a different
ICP-MS detection system. This is based on DIN (Direct injector nebulizer) (Lin et al.
1995). Magnuson and their associates gave a method to separate and detect As (V),
As (IIT), MMA and DMA by hydrodynamically modified EOF (electro-osmotic flow)
capillary electrophoresis followed by HG-ICP-MS system (Magnuson et al. 1997).
Vanifatova et al. (1997) used capillary zone electrophoresis followed by photometric
detection to separate As (V) (Vanifatova et al. 1997). Tian et al. (1998) proposed
CZE-ICP-AES system for the speciation of As (V), As (IIl), DSMA, and DMA. For
As (V), As (IIT) and DSMA the detection limits are 0.32 wg/ml and for DMA it is
0.35 pg/ml (Tian et al. 1998). Instrumental techniques used in speciation of Arsenic
are presented in Table 2.3.

2.6 Conclusions

The aquatic environment of India, Nepal, China, Bangladesh, Pakistan is mainly
affected by arsenic contamination. Environmental and biological factors affect both
the assimilation and absorption of arsenic. Arsenic enters in the bodies of organisms
or microorganisms and does biotransformation of one arsenic species into another.
Enzymes, marines fishes, bacteria, fungi, genes etc.; transform inorganic arsenic into
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Table 2.3 Instrumental techniques used in speciation of Arsenic

Method for speciation

Determination of
Arsenic species

LOD ((ngl-1)

References

Ion-exchange AsV, AsI 0.40, 0.40 Pantsar-Kallio et al.
ICP-MS (1992)
IC-HG-AAS DMA, MMA, P-APA, |6.50,3.20,9.30, 4.0, |Ricci et al. (1981)
As As Y 20.0
IEC- PID AsV, As I Greater than 3000 Hemmings and Jones
(1991)
HPLC-AAS DMA, MMA, As Y, As | 700, 1400, 1400, Hansen et al. (1992)
I TMA, AB, AC 1100, 400, 500, 300
HPLC-HG-AAS MMA, DMA, As v, As | 1.20,4.70, 1.60, 1.0 | Hakala and Pyy
il
(1992)
HPLC with DMA, MMA, AC, As | 6.0, 6.0, 4.0,4.0, 8.0, | Lopez et al. (1993)
UV-HG-AAS V. AsT As Y 5.0
Spectrophotometric AsV, Asll 100, 100 Howard and Arbab-
AsV, AsTl 1.0,0.03 avar (1980)
Palanivelu et al.
(1992)
SIC—electrochemical | As 1 114 Mcgeehan and
Naylor (1992)
CZE with ICP- MES | Cacodylic acid, As V| 350, 320,320,320 | Tian et al. (1998)
As 'l DSMA
CZE with UV DMA, As !, As ¥ 120, 90, 60 Schlegel et al. (1996)
GC-FID AsV, Asl 10.0, 10.0 Backerman (1982)
CZE DMA, As T, As V 1130, 150, 1100 Vanifatova et al.
(1997)
GC with MES As I 0.05 Talmi and Norvell
(1975)
ICP-MS As 0.13 -
(Voltametric)
ICP-AES As !l 5.0 -
(Voltametric)
CSV AsV, AsH 0.520, 0.520 Henze et al. (1997)
SFC with FID AsV, As 87.50, 87.50 Laintz et al. (1992)
DPCSV AsV, As I 1.0,1.0 Sadana (1983)
DPCSV / ASV AsV, As I 0.020, 0.020 Forsberg et al. (1975)
HG with GC- PID AsV, AslI 0.00180 Yamamoto et al.
(1992)
HPLC-HG system 6.0, 1.20, 5.0, 1.0 Costa-Fernandez

with MIP — AES

DMA, MMA, As V, As
1

et al. (1995)

(continued)
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Table 2.3 (continued)
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Method for speciation

Determination of
Arsenic species

LOD ((ngl-1)

References

HPLC with ICP- MS

AB, As I
DMA, MMA, As I,
AsVY

5.0, 1.0
1.20, 3.60, 4.90, 6.0
0.50, 0.50, 1.0, 1.0,

Beuchemin et al.
(1989)
Sheppard et al. (1992)

AC, AB, DMA, MMA, | 0.50, 0.30 Demesmay et al.
As AsV (1994)
SIC (conductometric) | As Y 120.00 -

HPLC-HG system
with ICP- AES

DMA, MMA, As V, As
11

21.30, 3.80, 9.20,
3.50

Rauret et al. (1991)

HPLC with USN-AFS

DMA, MMA, As Y, As

0.08, 0.08, 0.20, 0.14

Woller et al. (1995)

111

organic arsenic. This review gives information about better understanding regarding
biotransformation of many arsenic species, their formation pathways as well as the
techniques of arsenic speciation. There are diverse techniques for arsenic extraction,
detection and separation. Every technique possess its advantages and disadvantages
with respect to laboratory facilities and scope of the study.
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Abstract Arsenic is commonly found in Earth’s crust and ranks 20th in terms of
abundance. It can enter the human body through drinking water, inhalation, and
diet, but drinking water is the most common source. The toxic effects of arsenic are
widespread in both developed and developing countries. Arsenic exposure over a
prolonged period can lead to skin, lungs, CNS, and reproductive health disorders.
Arsenic is a human carcinogen well known for affecting multiple organs. Recent
evidence suggests that arsenic exposure causes reproductive toxicity, which leads to
teratogenic and developmental effect. Arsenic exposure at high levels increases the
chances of developing diabetes mellitus.

Keywords Health effects + Chronic arsenic - Multi-organ damage + Reproductive
toxicity - Teratogenicity

3.1 Introduction

Arsenic exposure can occur through ingestion, inhalation, or skin contact. The most
common ways are by ingestion or inhalation, and skin absorption is uncommon
(Watanabe and Hirano 2013). Arsenic is more easily absorbed in the digestive tract
than most other heavy metals when consumed orally. Arsenic absorbed in the body
binds to red blood cells and is stored in various organs like liver, kidneys, muscles,
bones, hair, skin, and nails (Hong et al. 2014). It is mainly eliminated through urine.
Arsenic exposure interferes with enzymes responsible for cellular respiration, DNA
synthesis and glutathione metabolism, and can cross the placenta affecting fetal
nervous system (Hanlon et al. 1977). Exposure to arsenic can occur in the workplace
or through ingestion of contaminated water, soil, food products from agriculture and
fisheries. Arsenic is a confirmed carcinogen causing skin and lung cancers in humans
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(IARC 2004). The maximum allowed limit of arsenic in drinking water in the US
has been reduced from 50 to 10 ppb, with a potential for further decrease (EPA 1982;
Marchiset-Ferlay et al. 2012).

Features of chronic arsenic poisoning include multi-organ damages such as derma-
tologic, cardiovascular, neurological changes and the most serious aftermath is
malignancy (Tchounwou et al. 2003; Achummantakath et al. 2022). Chronic arsenic
poisoning results in numerous and diverse clinical symptoms. These symptoms are
non-specific and insidious causing abdominal pain, diarrhea, sore throat, weakness,
anorexia, alopecia, dysphonia, cachexia, and dementia (Centeno et al. 2005). Anemia
is often caused by suppressed bone marrow, leading to a decrease in white blood
cells (leukopenia) and the presence of small dark dots on red blood cells (basophilic
stippling). Chronic poisoning can cause renal and liver damage. Arsenic poisoning
causes liver cirrhosis which has been reported by different studies (Abernathy et al.
1999; Goyer 2001). Clinical symptoms of arsenic toxicity vary among individuals,
populations, and regions (Kapaj et al. 2006; Guha Mazumder 2003). The cause of
specific symptoms or affected organs is unclear.

3.2 Mechanism of Arsenic Toxicity

Arsenic exists in 2 forms: arsenite (AsIII) and arsenate (AsV). Itis toxic by inhibiting
mitochondrial enzymes and disrupting oxidative phosphorylation. Arsenate resem-
bles inorganic phosphate and competes with it to produce ATP, leading to disrupted
oxidative phosphorylation through arsenolysis (breakdown of an unstable arsenate
ester) (Hughes 2002). Absorbed arsenate is mostly converted to arsenite in the blood
by arsenate reductase (Radabaugh et al. 2000). Both arsenate and arsenite cause
similar toxicity, but arsenite (trivalent species) is believed to be more toxic due to
its interaction with thiol groups. Arsenite blocks essential proteins and enzymes by
binding to their sulthydryl groups, disrupting metabolism and signaling mechanisms
(Aposhian 1997). Arsenite disrupts the structure of cytoskeleton. Its toxicity has
been linked to the formation of reactive oxygen species, causing harm (Zhang et al.
2000; Clarkson 1987). Additionally, it hinders glutathione reductase and reduces the
cell’s supply of reduced glutathione, a key component in maintaining cellular redox
balance and defending against oxidative stress (Thomas et al. 2001). Numerous
studies have shown that arsenic accumulation can cause histopathological changes
such as vacuolation, swelling, leukocyte infiltration, pyknotic nuclei, nuclear degen-
eration, and cytoplasmic degeneration in various organs (Achummnatakath et al.
2022).
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3.3 Effects on Skin

Initial sign of chronic arsenic exposure is often skin lesions, including melanosis,
keratosis, dermatitis, hyperkeratosis on palms and soles, painful skin blisters, basal
cell carcinoma, and squamous cell carcinoma (Madorsky et al. 1977). Melanosis
includes various skin pigmentation disorders including: diffuse melanosis (hyperpig-
mentation), spotted melanosis (spotted pigmentation), non-melanoma (depigmenta-
tion), and leucomelanosis (white and black spots appearing together) (Fig. 3.1). It
primarily affects the trunk and extremities or the entire body (Kapaj et al. 2006).
Characteristic rain drop pattern, hypopigmentation of skin is another feature of
chronic arsenic poisoning (Smith et al. 2000). Keratosis is a late symptom of arsenical
dermatitis, (Roggenbeck et al. 2016) which typically appears on the palm and soles
of the feet in various forms such as discrete or nodular, spotted, or a combination of
both (spotted palmoplanter keratosis) (Roggenbeck et al. 2016) (Ayres et al. 1934;
Schwartz 1997). Depigmentation increases the chance of skin cancer (basal cell carci-
noma and Bowen’s disease) (Lien et al. 1999; Everall et al. 1978) and consuming
arsenic over time causes accumulate in keratin-rich body parts, resulting in white
lines on nails (known as Aldrich Mee’s lines) (Schwartz 1997). Arsenic-induced
skin lesions are more common in males than females (Ratnaike et al. 2003, 2006;
Ahsan et al. 2000).

3.4 Effects on Gastrointestinal System

Arsenic can cause gastrointestinal (GI) effects from ingesting it or heavy exposure
through other routes. The main GI sign is increased permeability in small blood
vessels, causing fluid loss and low blood pressure (Fig. 3.2). Inflammation and
necrosis in the stomach and intestinal mucosa, potentially leading to a perforated
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gut wall. Chronic arsenic toxicity may be associated with nausea, vomiting, abdom-
inal pain, recurrent diarrhea, sore throat, weakness, haemorrhagic gastroenteritis,
anorexia, and weight loss (Groschwitz et al. 2009; Ashraf et al. 2022; Dong et al.
2017; Poklis et al. 1990; Santra et al. 1999; Nevens et al. 1994).

3.5 Effects on Cardiovascular System

Epidemiological evidence suggests an association between arsenic and cardiovas-
cular disease. The level of cardiovascular injury can be influenced by multiple factors,
including age, dose, and individual susceptibility (Navas-Acien et al. 2005; Pinto et al.
1977; Axelson et al. 1978; Lee-Feldstein et al. 1989). Long-term exposure to arsenic
has been linked to the development of hypertension (high blood pressure) (Rahman
etal. 1999) (Fig. 3.3). This is due to the toxic effects of arsenic on the cardiovascular
system. Arsenic leads to direct myocardial damage, cardiomyopathy, arrhythmias,
and atypical multifocal ventricular tachycardia (Hsueh et al. 1998; Tsai et al. 1999;
Benowitz et al. 1992; Goldsmith et al. 1980). Arsenic exposure is a probable reason
for Black Foot Disease, which a rare peripheral vascular ailment is resulting in foot
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gangrene (Tseng et al. 2005). Arsenic may increase the risk of atherosclerosis, coro-
nary disease, stroke, and peripheral arterial disease (Benowitz et al. 1992; Simeonova
et al. 2004). In Bangladesh, a notable rise in death from hypertensive heart disease
was seen among both men and women. There have also been reports of ischaemic
heart disease among Taiwanese patients. A study reported that intake of drinking
water which contains arsenic for a long time can increase thrombocyte agglutination
(arterial thrombus formation). Vasospastic changes (Raynaud’s disease) have been
reported among smelter workers and German vineyard workers exposed to arsenic
(Borgono et al. 1977; Hindmarsh et al. 1977; Santra et al. 1999).

3.6 Effects on Respiratory System

It is mostly in industrial areas where inorganic arsenic is found as airborne parti-
cles (mostly arsenic trioxide) that causes respiratory system damage (Sijko et al.
2021) (Fig. 3.4). Initially, it causes damage to the membranes of respiratory system
and intense irritation of the nasal mucosa, larynx, and bronchi, with later reports of
nasal septum perforation (Islam et al. 2007; Mazumder et al. 1990). Both crude and
refined forms of inorganic arsenic can lead to tracheobronchitis, thinopharyngolaryn-
gitis, and emphysematous lesions resulting in respiratory insufficiency (Roggenbeck
et al. 2016; Mazumder et al. 1998; Saady et al. 1989). Arsenic exposure through
other routes can also harm the respiratory system, leading to chronic cough and
both restrictive and obstructive lung disease (Borgono et al. 1977; Quatrehomme
et al. 1992). Cough, breathlessness, and auscultatory findings in respiratory system
increased with age and higher arsenic concentration in water in both males and
females in West Bengal and Bangladesh (Mazumder et al. 2000). Arsenic linked to
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lung cancer among industrial workers in areas where arsenic-containing pesticides,
chemicals, and metals are produced (Ratnaike et al. 2003).

3.7 Effects on Liver

Chronic arsenicosis causes liver disease seen in population which drinks arsenic-
contaminated water. Non-cirrhotic portal fibrosis is the most common liver lesion
in this population (Fig. 3.5). People in West Bengal who consumed arsenic-
contaminated water for 1-15 years developed liver enlargement (hepatomegaly),
hepatic membrane damage, fatty infiltration, and noncirrhotic portal hypertension.
In a separate study, 5 out of 42 patients were found to have liver disease caused
by arsenic, leading to incomplete septal cirrhosis and an abnormally high rate of
variceal bleeding. Significantly high serum aspartate aminotransferase and alanine
aminotransferase and gradual decline of liver glutathione antioxidant enzymes linked
to lipid peroxidation were observed in the arsenic-exposed population (Nevens et al.
1990, 1994; Hindmarsh et al. 1986; Ratnaike et al. 2003).

3.8 Effects on Genitourinary System

Various sources of arsenic exposure, including the environment, occupational and
dietary exposures, have been implicated in the incidence of renal injury and the
development of renal disease (Hsueh et al. 2009; Zheng et al. 2013). Chronic exposure
of high levels of arsenic leads to the development of chronic kidney disease (CKD),
an irreversible condition for which there is no current treatment (Soderland et al.
2010) (Fig. 3.6). Chronic exposure to arsenic leads to several clinical manifestations
such as hypercalciuria, albuminuria, proteinuria, hypercalciuria, glomerulonephritis,
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nephrocalcinosis, nephritis, nephrosis, acute tubular necrosis, nephrotic syndrome
and necrosis of the renal papillae (Mayer et al. 1993; Astor et al. 2009; Lewis et al.
1999; Meliker et al. 2007; Karmaus et al. 2008; Zheng et al. 2014). An increase in
mortality from nephritis and cancer of bladder, kidney, ureter, and prostate reported
from previous studies (Ratnaike et al. 2003).
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Nephritis, nephrosis,

nephrotic syndrome Glomerulonephritis, acute tubular

necrosis

Bladder, kidney, ureter
prostate cancer

Albuminuria or proteinuria

Fig. 3.6 Effect of arsenic on genitourinary system
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Fig. 3.7 Effect of arsenic on nervous system

3.9 Effects on Nervous System

Toxic metals such as mercury, lead, and arsenic, especially heavy metals, mainly
affect the neurological system (ATSDR 1990). Chronic exposure to arsenic-
contaminated water can lead to reversible damage to the peripheral nervous system
(Fig.3.7). There are many complex neurological effects caused by arsenic (Lagerkvist
et al. 1994; Mazumder et al. 1992; Hashim et al. 2022). The most common finding
is the peripheral neuropathy that resembles Guillain-Barré syndrome, as shown
by similar electromyographic results (Goddard et al. 1992). It starts with sensory
symptoms with a glove-and-stocking anesthesia. In a large study group, behavioral
changes, disorientation, confusion, memory loss, and cognitive issues were observed
(Heyman et al. 1956; Schenk et al. 1967; Morton et al. 1989; Wasserman et al. 2004).
Consumption of water contaminated with arsenic increases the incidence of cere-
brovascular disease, especially strokes (Chiou et al. 1997; Tsai et al. 2003). People
exposed to arsenic suffer from various neurological disorders, including decreased
ability to feel sensations, such as temperature and pressure, as well as functional
problems in the autonomic nervous system, such as hypohidrosis, and adiaphoresis
(Rodriguez et al. 2003).

3.10 Effects on the Reproductive System

In addition to being toxic to the environment, arsenic is also harmful to the repro-
ductive system and also a developmental toxicant. The toxicity of arsenic depends
on its source, form, mode of exposure, dose, and duration (Hopenhayn et al. 2003a,
b; Hong et al. 2014). In males, arsenic exposure may cause reduced testosterone
production, luteinizing hormone (LH), FSH, gonadotrophins, apoptosis, necrosis,
and disruptions of steroidogenesis, and lead to gonadal dysfunction. Mechanism
behind arsenic induced arsenic induced male toxicity also includes genotoxic effects,
oxidative stress, inflammation, activation of the ERK/AKT/NF-kB signaling pathway
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in testes and activation of heat shock proteins (Davila-Esqueda et al. 2012; Pant et al.
2004; Shen et al. 2013) (Fig. 3.8). Arsenic exposure affects sperm production and
development, leading to infertility and poor sperm quality. Decreased sperm count
and motility, as well as increased abnormal sperm and erectile dysfunction have been
reported in males based on recent epidemiological studies (Nie et al. 2006; Hsieh
et al. 2008; Meeker et al. 2010). Evidence suggests that arsenic accumulates in male
reproductive organs, including the testes, epididymis, seminal vesicle, and prostate
(Danielsson et al. 1984; Pant et al. 2001). The testes showed structural damages, such
as decreased protein levels, elevated cholesterol levels, and degenerative changes in
tubules, as well as damage to germinal epithelial cells. In females arsenic can cause
toxicity in the ovaries and uterus, leading to cellular degeneration in the uterine layers.
It interferes with follicular maturation, resulting in a decrease in E2 levels. Studies
in animals and humans suggest that exposure to arsenic can cause oxidative stress in
primordial and preovulatory follicles. In vitro exposure to inorganic arsenic affects
all aspects of reproductive physiology, including oocyte maturation, meiotic aberra-
tions in oocytes, ovarian steroidogenesis, prolongs diestrus, interfere corpus luteal
function and luteolysis. Arsenic also causes degeneration of ovarian follicular and
uterine cells. Arsenic affects female sex hormones and neurotransmitters controlled
by the neuroendocrine system. Arsenic exposure in drinking water leading to preg-
nancy complications has been reported (Hong et al. 2014). Chronic exposure may
impact placental growth in the uterus and result in low birth weight (Hopenhayn et al.
2003a, b). Reports of necrosis, apoptosis, and loss of fertilized eggs in animal studies
have been documented (Flora et al. 2017). Prenatal arsenic exposure affects urine
excretion, metabolite distribution, and fetal development. Arsenic inhibits ovarian
gonadotrophin and steroidogenesis secretion (Chattopadhyay et al. 2002), increased
adrenal hormone production, and elevated corticosterone levels in the blood (Sun
et al. 2016; Hopenhayn et al. 2003a, b).
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3.11 Developmental and Teratogenicity of Arsenic

Infants and children subjected to arsenic toxicity through breastfeeding. Prenatal
exposure to arsenic via oral and inhalation routes affects fetal development, including
growth retardation, birth defects, decreased birth weight, preterm birth, and fetal
death. Arsenic is a well-known teratogen and developmental toxicant in animal
models (Tabocova et al. 1996; Golub et al. 1998) (Fig. 3.9). Experiments have shown
that arsenic causes a delay in the maturational process during postnatal growth (Thrig
et al. 1998). Developmental toxicity varies based on dose, route of exposure, and
gestational day (Tabocova et al. 1996; Ahmed et al. 2001). The possible mecha-
nism may include maternal oxidative/methylated DNA damage (Chu et al. 2014).
In Bangladesh. Several studies in Bangladesh, Northeastern Taiwan, and Chile have
linked increased exposure to arsenic in drinking water among women to adverse
pregnancy outcomes such as premature delivery, spontaneous abortion, stillbirth,
and neonatal death (Milton et al. 2005; Yang et al. 2003; Hopenhayn-Rich et al.
2000). Prenatal arsenic exposure is thought to lead to adverse pregnancy outcomes
and health issues in children, but the specific mechanism behind its developmental
and reproductive toxicity is still unclear.

3.12 Malignant Disease

Arsenic can sometimes act as a co-carcinogen, indirect genotoxic carcinogen, and
enhance tumerigenicity, and proliferation. Arsenic can cause DNA damage by
disrupting DNA repair processes, leading to double strand breaks and cross-link
formation. This results in chromosomal abnormalities, interference with micronu-
clei and sister chromatid exchange in mammalian cells. (Mass 1992; Bustaffa et al.
2014; Wanibuchi et al. 2004; Pershagen 1981). The association between arsenic
exposure and cancer is compelling, putting millions of people at risk as the number
of potential victims continues to rise. According to studies conducted in Bangladesh,
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India and Taiwan, arsenic can lead to skin, lymphoma, stomach, colon, lung, nasal
cavity, larynx, liver, kidney, bladder, bone, leukemia, and prostate cancer (Rossman
et al. 2004; Hsueh et al. 1997; Luster et al. 2004; Ferreccio et al. 2000). Airborne
arsenic exposure at 50 g/l for a minimum of 25 years can cause a 3 X increase in
the risk of lung cancer mortality. In experimental animals arsenic has been shown to
induce carcinogenicity (Chiou et al. 1995; Chiu et al. 2004, Garcia-Esquinas et al.
2013; Chiang et al. 1993; Meliker et al. 2010; Morales et al. 2000; Lin et al. 2013).

3.12.1 Other Complications

High levels of arsenic exposure increases the chances of developing diabetes mellitus
(Rahman et al. 1998; Lai et al. 1994). Chronic arsenic toxicity causes neutropenia
(Ratnaike 2003). Inorganic arsenic is believed to be responsible for hearing loss in
children in Czechoslovakia (Benko et al. 1977).
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Abstract The greatest health concern facing the globe today is still cancer. In order
to defeat various malignancies, researchers are now racing to develop effective anti-
cancer tactics to stop this global tidal wave of cancer in both its extremely early
and advanced stages. However, very few specific treatments or medications have so
far been proven to be effective. An old medication called arsenic trioxide (As;O3)
has recently gained resurgence as a treatment for several cancers. Arsenic is gener-
ally recognized as a naturally hazardous material that can cause a wide range of
harmful adverse reactions. Despite its present image as a poison, arsenic is one of
the world’s oldest medicines and has been used for ages to treat conditions ranging
from cancer to infections. Due to its treatable antitumor impact in acute promye-
locyticleukaemia (APL) patients, it attracted a lot of attention from people world-
wide. The anticancer medication most frequently used among the arsenicals is (ATO)
arsenic trioxide. Numerous studies have been carried out to comprehend the molec-
ular pathways through which ATO induces or facilitates the apoptotic signalling
pathway in cancer cells. The treatment of Hepatocellular Carcinoma (HCC) and
other cancers with novel, currently available arsenic-based therapeutics is discussed
here. We also discussed the novel molecular mechanism that underlies the combined
therapy’ induction of apoptosis.
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4.1 Introduction

Numerous cancer-related fatalities globally are caused by hepatocellular carcinoma
(HCC) (Tunissiolli et al. 2017). The total burden of liver cancer is rising globally
over time, in contrast to the declining disease burden and effect of many other serious
malignancies. Between 2005 and 2015, liver cancer, which had an increase of 4.6%
in absolute years of life lost, was the second-leading cause of cancer-related death
globally (Bray et al. 2018; McGlynn et al. 2021). Hepatocellular carcinoma (HCC)
incidence has increased during the past few years. Liver cancer is predicted to be the
sixth most commonly diagnosed cancer and the fourth leading cause of cancer death
worldwide in 2018. When compared to other cancers, a total of 841,000 (4.7%) new
liver cancers are estimated to have occurred in 2018 in addition to 782,000 (8.2%)
deaths (Bray et al. 2018). The rise in hepatitis B and C virus infections, metabolic
syndrome, and alcohol-induced liver disorders have all been linked to this increase
(Malek et al. 2014). Liver cancer incidence and mortality are 2—3 times higher among
men in the majority of geographical regions. In transitioning nations, men experi-
ence two times the incidence rates of women (Rawla et al. 2018). Since the late
1990s, ageing and population expansion have caused age-standardized incidence
rates (ASIRs) of liver cancer to progressively decline globally, although the overall
number of cases has been rising (Global Burden of Disease Cancer Collaboration
2017; Crissien and Frenette 2014). Males were more likely than females to acquire
HCC (2.4:1), and more instances were discovered in Melanesia, Micronesia, and
Polynesia than in Eastern and Southern Asia, Middle and Western Africa (Crissien
and Frenette 2014; Ferlay et al. 2010; Altekruse et al. 2009).Importantly, the preva-
lence of obesity, non-alcoholic steatohepatitis (NASH), and hepatitis C would all
increase, along with the risk of HCC. Although the expenses are now prohibitive,
recent advancements in the treatment of HBV and HCV imply that a significant
proportion of liver cancer cases could be averted (Rawla et al. 2018). Due to its
significant anticancer potential, arsenic, one of the traditional medicines, is being
employed as a medicinal agent throughout the world. In the nineteenth century,
chronic myelogenous leukaemia (CML) was first treated with arsenic trioxide (ATO),
a trivalent arsenite (AsIII) (Paul et al. 2022). By encouraging differentiation in acute
promyelocytic leukaemia (APL) cells, ATO easily triggers apoptosis and is thus used
as a therapeutic medication in the clinical setting (Zhou et al. 2007; Sonneveld 2017).
As a result, mounting data suggests that ATO and/or other arsenicals are effective
cancer treatments. An increasing body of research suggests that, in addition to ATO
monotherapy, ATO may be a beneficial medicine when paired with recently devel-
oped molecularly targeted therapies as well as traditional anticancer therapeutics like
radiation and chemotherapy. As an illustration, it has been demonstrated clinically
that the combination of ATO and all-trans retinoic acid (ATRA) results in less toxicity
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and better outcome than the combination of ATRA and chemotherapy when treating
patients with APL (Hu et al. 2020; Bayat et al. 2017; Jambrovics et al. 2020).The
anticancer action of ATO-based therapy in various forms of solid cancer and haema-
tological malignancies is summarized in this chapter. In addition, the pro-apoptotic
effect of these combination therapies on cancer cells and their molecular basis are
summarized. As millions of people are at risk, the link between arsenic and cancer has
become a much bigger issue over time. Arsenic, a naturally occurring substance, has
earned a place in history as both a toxin that should be avoided and a miraculous cure
(Paul et al. 2022). The cytotoxic capabilities of arsenic and its methylated compounds
in the eradication of cancer are quite poorly understood. The increased awareness of
arsenic’s toxicity and carcinogenicity, as well as its use in chemotherapy, must be
characterized with caution given our limited understanding of the several channels
via which arsenic exerts its detrimental effects (Khairul et al. 2017). In this chapter,
we demonstrate that arsenical chemicals promote cancer cell death when paired
with other anticancer medicines, such as chemotherapies, radiation and molecularly
targeted medications, in order to provide a fuller knowledge of the restorative role of
arsenic in cancer treatment. Arsenic has been shown to have anticancer properties in
numerous studies, and these studies have also discussed the potential targets of ATO
in cancerous cells. Arsenic mediated synergistic anticancer benefits with various
anticancer therapies are still unknown to have underlying molecular mechanisms,
nonetheless (Kamps et al. 2017). This shows that it would be able to target particular
substances, signalling systems, or even individual cancer cells, which could lead
to the emergence of a new population of cancer cells that are more aggressive and
may eventually become resistant to treatment. Therefore, new treatment drugs and/
or approaches are needed to combat medication resistance and enhance the prog-
nosis and quality life of tumor patients. The selectivity of cancer treatments may be
improved with further knowledge of the connection between the triggering of genetic/
epigenetic alterations as well as apoptosis induction in cancer cells. To create a novel
combination therapy for cancer, more research is needed to demonstrate the syner-
gistic anticancer activity of ATO-based combination medicines. However, it is still
unclear exactly what changes in metabolism arsenic and its constituents cause. The
use of this metalloid again to treat APL is a novel development in the field of cancer
treatment. Based on these facts, arsenic may be a possible target in several cancer
types, and these tactics may provide insight into valuable uses of arsenicals as cancer
treatments in the near future. In this review, we concentrated on the targeted pathways
that would be useful in illuminating the area’s actual significance in relation to toxi-
city as well as in possible drugs. In order to affect different cellular responses, such
as stimulation of apoptosis, growth restriction, angiogenesis inhibition, and many
others, arsenic and its related chemicals use many anticancer mechanisms listed in
Table 4.1.
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A. Chaudhary et al.

List of typical ATO-based combination cancer therapeutics

S. No. | Arsenic in Types of cancer Mechanism of Refs.
combination action
1 ATO + ATRA Acute Differentially de Thé and
(All-trans-retinoic promyelocyticleukemia | promote PML-RAR | Chen (2010)
acid) (APL) proteasomal
degradation by ATO
and APL
Acute myeloid FLT3 signalling Liu et al.
leukemia (AML) pathways are both | (2020)
inhibited
AML/NPM1-mutated | Decrease in El Hajj et al.
nucleophosmin (20154, b)
quality (NPM1)
Adult T-cell leukemia | HTLV-I Jietal.
transactivator (2014)
protein (Tax)
degradation
Ovarian cancer Depletion of GSH, | Griffith
increased (1982)
production of ROS
within cells, and
activation of a
pathway linked to
oxidative stress
Lung cancer GSH depletion Han et al.
(2008)
Glioma GSH depletion Klauser et al.
(2014)
2 ATO + Cisplatin Ovarian cancer Down regulation of | Zhang et al.
(CDDP) HIF1A, IGFIR, (2009)
MET, and AR and
up regulation of
BAX and TP53
(effects by only
ATO)
Lung cancer Bax levels rise Lietal.
whereas Bcl-2 and | (2009)
clustering levels fall
Cervical cancer Caspase-3 is Byun et al.
activated jointly (2013a, b)
Glioma Suppressing the Fang and
characteristics of Zhang
cancer stem cells (2020)
(CSCs)
Hepatoma Lower GSH level Lin et al.
(2005)

(continued)
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Table 4.1 (continued)
S. No. | Arsenic in Types of cancer Mechanism of Refs.
combination action
Lung adenocarcinoma | Lower GSH level
Breast cancer Lower GSH level
3 ATO + radiotherapy | Prostate cancer Akt/mTOR Wang et al.

signalling pathway | (2018)
inhibition

Oral cancer Reduction of Kumar et al.
tumour (2008)
angiogenesis,
proliferation, and
metastasis

Cervical cancer Deregulation of Wei et al.
MMP-9 expression | (2005; Kang
produced by and Lee
radiation, activation | 2008)
of MAPKSs induced
by ROS production,
and Bax
translocation

Breast cancer Bcl-2/Bax ratio Liu et al.

(2012a, b)

Glioma Increased mitotic Chiu et al.
arrest and control (2009)
over the ERK1/
ERK2 and PI3K/
Akt signalling
pathways

Oral cancer ROS production, a | Nakaoka

drop in Bcl-2
protein levels, and
constitutive
caspase-3 activation

et al. (2014)

ATO +

buthioninesulfoximine

(BSO)

AML ROS-induced Chen et al.
phosphorylation of | (2006)
JNK and
BIMEL. and
induction of
intrinsic apoptosis
Lymphoma and INK is Tanaka et al.
leukemia phosphorylated by | (2014)

ROS, and death
receptor 5 is
upregulated

(continued)
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Table 4.1 (continued)

S. No. | Arsenic in Types of cancer Mechanism of Refs.
combination action
5 ATO + bortezomib Multiple myeloma ATO/BOR and p38 | Wen et al.
(BOR inhibitor (2010)
(SB203580) had a
synergistic effect on
Bcl-2 down
regulation and
apoptosis in MM
cell lines
Mantle cell lymphoma | NF-B activity Zhao et al.
inhibition, cyclin (2015), El
DI and Bcl-2 Eit et al.
expression (2014)

reductions, and
reduced interaction
of Mcl-1 with Bak

Chronic myelogenous | Activation of CML | Bazarbachi

leukemia (CML) leukemia-initiating | et al. (1999)
cells to suppress
6 ATO + interferon-o ATL HTLV-1 El-Sabban
(IFN-a) transactivator et al. (2000),
protein (Tax) Abou-Merhi
degradation et al. (2007)
Primary effusion A reduction in Abou-Merhi
lymphoma NF-B activity et al. (2007)

4.2 Potential Targets of Arsenic

Aside from affecting diverse pathways, arsenic causes profound cellular changes,
such as the induction of apoptosis, a slowing of the rate of cell division, a suppression
of angiogenesis, and a stimulation of differentiation (Miller Jr et al. 2002; Antman
2001). Arsenic may interact with closely spaced cysteine moieties on essential cell
proteins to cause its biological effects. Arsenic is well known anticancer agent,
particularly in the treatment of APL. The protein mentioned above aids in blocking
the gene that controls myeloid differentiation. The cysteine-rich region of the PML
gene aids with the interaction with arsenic, according to the gene sequences. The
nuclear body located inside the nucleus is where this PML protein is typically found
(Antman 2001; Davison et al. 2002). When PML and RARretinoic acid receptor alpha
gene (RARA) interact in leukaemia, nuclear bodies are disrupted, which causes the
PML proteins to be broken up into smaller pieces. In addition to blocking myeloid
differentiation, RA treatment also prevents the PML-RARA fusion used in ATRA
therapy for APL (Antman 2001). Arsenic was demonstrated as a unique approach
for the treatment of ATR as it demonstrates total abrogation in both RA-resistant
and RA-sensitive APL patients. Arsenic also causes the breakdown of PML-RARA
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fusion protein (Alimoghaddam 2014; Jing 2004). A nuclear protein named Daxx
that co localizes with PML in nuclear bodies and inhibits transcription is promoted
by arsenic trioxide (Jing 2004). In Fas-induced apoptosis, Daxx plays a significant
role in modulating the transcription of genes associated to death (Zhang et al. 2001;
Lallemand-Breitenbach and de Thé 2010). As a result, even a little rise in arsenic
concentration has an impact on PML within nuclear bodies and is sufficient to cause
Daxx-dependent apoptosis. The covalent modification of PML by the ubiquitin-
like protein SUMO-1, which is affected by arsenic and related compounds, results
in an increase in PML-containing nuclear bodies and is a key factor in the pro-
apoptotic signal pathway (Lallemand-Breitenbach and de Thé 2010). As a result, an
increasing dose of arsenic causes apoptosis via increasing the SUMO-1 modification
of PML-RARA.

4.3 Response of Arsenic on Cellular Signaling Pathways

Arsenic has been implicated in pro-apoptotic pathways in a number of cancer cell
lines that may be dependent on PML and P53, according to researchers. In MBC-
1, a B-cell lymphoma gastric cancer cell, arsenic trioxide increases P53 expres-
sion, which causes apoptosis followed by caspase activation (Bernardi and Pandolfi
2007; Percherancier et al. 2009; Kang et al. 2019). Infected cells with human T-
cell lymphotropic virus type 1 experience G1 phase arrest, an accumulation of P53,
Cipl/p21 and p27KIP1, along with dephosphorylation of retinoblastoma protein,
which triggers death (Ma et al. 2014; Zhong et al. 2018). Arsenite causes double
strand breaks in human fibroblast cells, which also phosphorylates or upregulates
P53, helping to boost the production of P53’s downstream proteins (P21 and others)
(Yih and Lee 2000; John et al. 2000). According to reports, an arsenic treatment to
some extent demands on P53 accumulation, mostly because of the participation of
proteins associated to phosphatidylinositol-3-kinase in antaxia-telangiectasia mutant
pathways (Ishitsuka et al. 2000; Williams and Schumacher 2016; Yu et al. 2014;
Levine 1997; Carr and Jones, 2016). In APL patients, arsenic downregulates Bcl-2
while upregulating p53, other growth arrest-related genes, and apoptosis. The modu-
lation of arsenic-mediated apoptosis is significantly influenced by Bcl-2 (Yu et al.
2014; Shiloh 2003; Zannini et al. 2014). Arsenic changes the nuclear body binding
of PML-containing cells, Bax, and p27KIP1, which together with interferons cause
cell death (Zheng et al. 2010; Kumar et al. 2018; Zhou et al. 2007).

4.4 Effects of Arsenic on Signalling Pathways

As a result of the increased activity of mitogenic components like c-Fos and
c-Jun caused by sodium arsenite, because this sodium arsenite increases the DNA
binding activity of transcription factor AP-1 (activator protein-1). This AP-1 also
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activates the JNKs, which are crucial for the phosphorylation of numerous tran-
scription factors and increase the production of early-stage genes (Liu et al. 2016;
Lam et al. 2014). The principal way that arsenic activates the JNK pathway is by
obstructing the constitutive JNK phosphatase. When arsenic compounds are present,
they activate MEKK3 and MEKK4 in human embryonic kidney cells, however when
arsenic is not, MEKK?2 must also be activated in order to activate the JNK pathway
(Porter et al. 1999). Additionally, arsenic affects various signalling pathways (briefly
summarized in Fig. 4.1) which leads to elevated oxidative stress and stimulates apop-
tosis in tumor cells. Members of the MAP kinase family, which controls extracellular
signalling pathways, are activated in bronchial epithelial cells as a result of arsenic
exposure (Wu et al. 1999; Chen et al. 2000). Additionally, according to the liter-
ature, the introduction of arsenite to epidermal cell lines causes the activation of
three PKC family isozymes, which in turn arbitrates signal transmission (Koulet al.
2013). Since various PKC isoforms are involved in mediating signal transduction
and are translocated from the cytosol to the plasma membrane by arsenic chemicals,
these enzymes may serve as an excellent target for limiting the biological conse-
quences of arsenic therapies. More studies with targeted inhibitors are required, and
the dominant-negative mutant model aids in determining which MAP kinase proteins
play a significant role in the arsenic-mediated activity in a given cell type. Tyrosine
phosphatase: Because these enzymes have vicinal thiols, they may be a target for
substances related to arsenic. According to a paper, tyrosine phosphatase is a molec-
ular target of arsenic’s activity (Li et al. 2018). According to certain investigations,
although the amount of posphotyrosine rises as a result of arsenic exposure, there
are no changes in the activity of the enzyme.

4.5 Role of Arsenic in Apoptosis

Recent investigations on myeloma cells shows that arsenic trioxides induces apop-
tosis by activating caspases-3 in both myeloid leukaemia and neuroblastoma cell
lines, however dexamethasone alone does not significantly activate caspases-9 in
arsenic-mediated apoptosis. Telomerase activity inhibition may be the primary mech-
anism by which arsenic induces apoptosis (Cosentino-Gomes et al. 2012; Shen et al.
2013). Arsenic trioxides caused the telomerase gene and its activity to be down-
regulated in NB4 cells (Hayashi et al. 2002; Ishitsuka et al. 1999). This could be as a
result of the direct effects of arsenic-trioxide on Spl and Myc transcription factors.
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Arsenic trioxide regulates various pathways in cancer
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Fig. 4.1 The primary signalling pathways that ATO controls to fight cancer. ATO induced ROS as
well as WNT/JNK/P38/MAPK phosphorylation to trigger apoptosis in tumor microenvironment.
These ATO induced phosphorylation and several anticancer therapeutic may cooperatively induce
anticancer effect

4.6 Reactive Oxygen Species (ROS) and Arsenic

By controlling several pathways involved in numerous redox interactions with local
oxidants and other cellular antioxidant systems, arsenic and its related chemicals
alter the oxidation as well as oxidative reduction balance. Since arsenic has a signif-
icant affinity for thiol groups, proteins with disulphide oxidation potentials may
be redox sensitive. Redox control undoubtedly mediates important cell activities.
Arsenic targets redox-sensitive proteins and enzymes to provide both therapeutic
and harmful effects (Zheng et al. 2010). The effects of arsenic on a number of redox
sensitive signalling molecules, including AP-1, P52, P21, and S-nitrosthiols, which
result in the deregulation of diverse cell signalling and gene expression, according
to studies, ironically share many aspects of tumor promoters (Xu et al. 2014; Chou
et al. 2001). Endogenous glutathione and thioredoxin are essential for controlling
redox signalling and shielding cells from arsenic’s harmful effects.

4.7 Other Arsenic Cellular Targets

According to several findings, glucocorticoid receptor ligand binding is blocked when
arsenic concentrations below 10 micro molar are present (Chen et al. 1998). This is
because the area in question contains a dithiol that is essential for optimal ligand
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binding. Additionally, the oestrogen receptor is activated by arsenic, which increases
the estrogen-related genes. Studies have also shown that arsenic may function as
an environmental oestrogen because it triggers apoptosis in numerous cell types,
including MCF-7 (Pace et al. 2017; Telford and Fraker 1997; Stoica et al. 2000). It
hinders angiogenesis, which has a detrimental effect on the proliferation of tumor
cells. According to reports, arsenic could potentially target the tubulin cytoskeleton
because of its high sulfhydryl content (Roboz et al. 2000). Pyruvate dehydrogenase
has previously been identified as one of arsenic trioxide’s key molecular targets. This
molecular target is responsible for hypoglycemia and reduced gluconeogenesis. In
vitro, pyruvate dehydrogenase activity is directly inhibited by a concentration of 5
micromolar arsenic trioxide compound.

4.8 Synergist Effects of Arsenic with Other Natural
Compounds in Cancer Protection

4.8.1 Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the Sth most common and most frequent primary
liver cancer Worldwide. Activating Akt or its downstream signaling factors, such as
mTOR, ribosomal protein S6 kinase, glycogen synthase kinase-3beta and eukary-
otic translation initiation factors (4E) binding protein, increases the survival rate of
patients with high metastatic HCC when sorafenib (mutikinase inhibitors) and ATO
are combined (Lew et al. 1999; Sadaf et al. 2018; Zhai et al. 2015; Guilbert et al.
2013; Chaudhary et al. 2022). The anticancer effects of metformin, also enhanced by
ATO in HCC cells (Kasukabe et al. 2015). Similarly various molecular mechanisms
affected by arsenic to induce its anticancer potential are shown in Fig. 4.2. When
combined with quercetin and aloe emodin, arsenic trioxide reduced the viability of
cancerous cells in comparison to healthy cells by inducing apoptosis, suppressing
telomerase, up regulating the expression of Bax, down regulating Bcl-2 (an anti-
apoptotic protein), and decreasing the expression of Bcl-2 (a pro-apoptotic protein).
Due to the synergistic effects of quercetin and aloe-emodin on liver tumor cells,
ATO significantly reduced the risk of cancer (Chaudhary et al. 2022). These results
demonstrate that a combination of ATO and tried-and-true herbal medications can
successfully slow the growth of liver tumors by inhibiting telomerase activity.

4.8.2 Colon Cancer

Arsenic trioxide, an inorganic form of arsenic, prevents rapamycin from being acti-
vated: Nuclear factor kappa is a protein complex that regulates DNA transcription,
cytokine generation, and cell survival. When these functions are inhibited, IkB-alpha
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Fig. 4.2 The molecular mechanism via which ATO works in concert with other treatments to
combat cancer. ATO produces intracellular ROS in the majority of cancer cells, which may
cause the apoptotic signalling pathway to be activated. By increasing its metabolite S-adenosyl-
I-homocysteine (SAH) and decreasing methyl donors (S-adenosylmethionine (SAM)), ATO may
impede the DNA methyltransferase activity of DNMT. Apoptosis in cancer cells may be induced by
the demethylation impact of ATO and other anticancer therapies in combination. ATO binds to PML
while ATRA binds to RAR in APL cells. Therefore, combined ATO-ATRA therapy causes differ-
entiation, proteasomal degradation of the onco-protein PML-RARA, and subsequently apoptosis.
ATO causes liver cancer cells to undergo apoptosis, which inhibits the telomerase enzyme

is not phosphorylated and is not degraded in HCT-116 cells (Chen et al. 2011).This
inhibited phosphorylation of IkB-alpha caused by arsenic induces apoptosis in colon
cancer and hence plays a therapeutic or anticancer role. In addition to this, numerous
studies have shown that arsenic in combination with the PI3K inhibitor (LY294002)
significantly reduces tumors in colon cancer cell lines (Huang et al. 2016).

4.8.3 Prostate Cancer

Arsenic essentially blocks the intracellular Akt/mTOR signalling pathway, which
is crucial for controlling the cell cycle (Felix et al. 2005). Inhibiting PC-3 growth
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by downregulating the Hh (full form) signalling pathway is directly related to its
anticancer strategy, and the antitumor impact was further increased by cyclopamine, a
traditional inhibitor of Hh pathway. Researchers combined the ATO-mTOR inhibitor
RADO0O1, which exhibits enhanced autophagy and death rates in prostate cancer
cells to create a synergistic therapy (Cai et al. 2015). Beclin 1 mRNA stability was
essentially connected to the onset of autophagy-mediated cell death (Chen and Costa
2018; Tai et al. 2017). Therefore, compared to monotherapy with no improvement
in weight reduction, ATO-RADOO1 combination therapy has a significantly more
substantial role in the inhibition of cancer and the proliferation of tumors.

4.8.4 Oral Cancer

The most prevalent head and neck cancer has a poor prognosis despite the wide range
of therapeutic options that are currently available. The most effective treatments for
oral cancer are the platinum-based anti-tumor medication cisplatin (CDDP) and
radiotherapy which include arsenic trioxide as a drug additive (Kang et al. 2011;
Menon and Dhamija 2018). ATO + dithithreitol (DTT) has been shown in numerous
studies to raise the pro-appoptotic molecules Bak and Bax while simultaneously
reducing Bcl-2 and p53 (Menon and Dhamija 2018), which results in the substantial
reduction in oral cancer cell proliferation rate.

4.8.5 Ovarian Cancer

Ovarian cancer has the highest mortality rate when compared to all other malig-
nant tumours of the female genital organs. ATO has been shown to be substantially
more effective when combined with CDDP (Cisplatin, a chemotherapeutic drug
used to treat a variety of malignancies), and also multiplies the cytotoxic effect of
CDDP by itself (Dasari and Tchounwou 2014). Numerous studies have also indicated
that buthioninesulfoximine and ascorbic acid might increase the efficiency of ATO
by modulating oxidative stress-related pathways and GSH depletion in antitumor
induction (Zhang et al. 2009).

4.8.6 Cervical Cancer

One of the most common cancers in women globally is cervical cancer, which is
typically treated through radiotherapy and a combination therapy that also includes
chemotherapeutics such platinum-based medications. Matrix metallopeptidase 9
(MMP-9), which is mainly involved in the breakdown of extracellular matrix, is
suppressed by ATO, and as aresult, radiation-accelerated lung metastases are reduced
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(Liuetal. 2012a, b). Various in vitro and in vivo data indicate that radiation treatment
along with ATO has a more positive impact on cervical cancer than was anticipated
in terms of its anticancer effects. Apart from this, ATO also promotes Bcl-2 phos-
phorylation and the translocation of the Bax protein, which regulates apoptosis (Ong
etal. 2011). This, in turn, activates the JNK and MAPK pathways. In ATO-radiation-
induced apoptosis, ROS play a significant role (Wei et al. 2005). Tetra arsenic oxide,
in addition to ATO, has been shown to have an anticancer effect on cervical cancer
cells. The highest tumor growth is reduced when these arsenic oxides are combined
with CDDP, especially in cases of cervical cancer (Kang and Lee 2008). Addition-
ally, this therapy significantly increases the amount of apoptotic cells, giving it a
novel anticancer function.

4.8.7 Breast Cancer

One of the main causes of cancer-related fatalities in women around the world is this
particular type of cancer are breast cancer. It has been demonstrated in numerous
studies that ATO causes a decrease in DNA methyltransferase-1 expression while
increasing oestrogen receptor alpha expression, which has been shown to improve
overall prognosis and enhance disease-free survival (Kim et al. 2012). Surprisingly,
ATO combined antiestrogen therapy with tamoxifen (TAM) successfully inhibits
tumor growth in the MDA-MB-435 S (human breast cancer cell line) (Byun et al.
2013a, b). Numerous studies have shown that ATO increases rapamycin’s anticancer
properties and the in vivo apoptosis that is generated by the combination of ATO
and melatonin (Zhang et al. 2011). When used after co-incubation with ATO, several
plant growth regulators, likecotylenin A(CN—A), have outstanding anticancer effi-
cacy against breast cancer cells in vitro (Chaudhary et al. 2022). ATO is not as
harmful to breast cancer as other forms of arsenic, such as monomethylarsenic acid
(MMalll) and dimethylarsenic acid (DMA III).

4.8.8 Lung Cancer

It is well known that lung cancer is the most prevalent type of cancer globally. Lung
cell lines are induced to undergo apoptosis when treated with ATO and a non-steroidal
anti-inflammatory medication of the arylalkanoic acid class such sulindic (Zhai et al.
2015). Sulindic and ATO work together to promote apoptosis in lung cancer cell
lines by primarily targeting the mitochondrial route, the NF-kB pathways, and also
mediating p53-induced down regulation of surviving (Chen et al. 2011). Additionally,
research has shown that ATO-sulindac combination therapy increases cytotoxicity
in lung cancer cell lines (A549) by inducing ROS-mediated MAPK phosphorylation
(Huang et al. 2016). Along with this additional structural analogue of sulindaci, it has
also been shown that nonselective cyclooxygenase inhibitors like indomethacin can
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increase the effects of arsenic on Akt, Src, c-Raf, and Erk via facilitating proteasomal
degradation (Jiang et al. 2004). When ATO and resveratrol combine, it causes ROS-
mediated ER stress, mitochondrial malfunction (Jiang et al. 2004), and ultimately
death in A549 cells.

4.8.9 Gastric Cancer and Pancreatic Cancer

When combined with ATO, anti-apoptotic drugs like ABT-737, which block Bcl-2
and Bcl-X]I, significantly reduce the growth rate of human gastric cancer cell lines
(Jin et al. 2006; Han et al. 2008). According to studies, the sesquiterpene lactone
parthenolide from the remedy feverfew promotes caspase activation and subsequent
ROS production, which in turn promotes apoptosis in the pancreatic cancer cell lines
(such as PANC-1and BxPC-3) (Zhang et al. 2011). In the PANC-1 cell line, ATO
and parthenolide greatly slow tumour proliferation. Because of its significant cellular
ROS scavenging capacity, studies have shown that ATO alone has a limited effect on
cytotoxicity of pancreatic ductal adenocarcinoma (Lam et al. 2016; Sun et al. 2012).

4.8.10 Glioblastoma

In human glioma cell lines, arsenic trioxide stimulates the expression of DR5 (death
receptor 5), a death receptor of the TRAIL (tumour necrosis factor-related apoptosis
inducing ligand) family. Glioma cell survival is decreased by the synergistic inter-
action of ATO and TRAIL. Radiation therapy enhances mitotic arrest and modifies
the ERK1/2 and PI3K/Akt signalling pathways, which in turn positively affects the
effects of autophagy in U118-MG cells when combined with ATO (Cang et al. 2015;
Wang et al. 2009). ATO with Docosahexaenoic acid (DHA), a polyunsaturated fatty
acid, significantly increases the amount of apoptosis in ATO-resistant solid tumor
cell lines, including those that are resistant to the drug in cases of cervical, breast,
ovarian, colon, prostate and pancreatic cancer, with no toxic side effects on normal
skin fibroblasts, human microvascular endothelial and peripheral blood mononuclear
cells (Cang et al. 2015).

4.8.11 Promyelocyticleukemia (APL)

Arsenic trioxide, usually known as Trisenox or ATO, is a chemotherapeutic medica-
tion. It is a treatment for acute promyelocyticleukemia, a subtype of acute myeloid
leukemia (APL). It is also being studied as a potential treatment for other cancers.
According to a number of investigations, arsenic trioxide combined with all trans
retinoic acid inhibits cell growth and promotes in vitro apoptosis in a variety of
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cell types, including lung, hepatoma, breast cancer cells (Lang et al. 2016; Kim
et al. 2008). In addition, Kryeziu et al. demonstrated that erlotinib, a selective EGFR
inhibitor, when used in combination with ATO prevents DNA damage from being
repaired when double-strand breaks occur in mesothelioma, hepato-cellular carci-
noma, colon cancer, thyroid cancer, and cervix cancer in vitro (Kryeziu et al. 2013;
Chiu et al. 2010).

4.9 Hematological Malignancies

4.9.1 Acute Promyelocyticleukemia (APL)

Numerous studies have shown that As4S4 and As3 + combined therapy cause PML/
RAR oncoproteins to degrade and subsequently trigger apoptosis (Ravandi et al.
2009). Other investigations noted that by triggering the Src family kinase inhibitor
PP2, the addition of ATRA-ATO causes an increase in the rate of differentiation of
APL cells (Abaza et al. 2017). ATO exhibits anti-leukemic activity, and this charac-
teristic of ATO is enhanced by the combination therapy that includes granulocyte-
monocyte colony stimulating factor, a noncalcemic vitamin D analogue (19-Nor-
125(0OH)2D2), a selective EGFR inhibitor (Gefitinib), and high-dose vitamin C
(ascorbic acid) (Kryeziu et al. 2013; Lo-Coco et al. 2013; Tarkanyi et al. 2005).

4.9.2 Acute Myeloid Leukemia (AML)

Acute myeloid leukemia, a cancer of the bone marrow, is characterized by the over-
abundance of juvenile leukocytes at an early stage of differentiation. Reports have
suggested that FLT3 mutations in AML patients have shorter internal tandem dupli-
cation (FLT3-ITTD), which promotes disease-free survival (Ravandi et al. 2009).
Additionally, studies have demonstrated that FLT3-IT positive cells undergo apop-
tosis when ATO and the FLT3-specific inhibitor AG1296 are combined. The combi-
nation of ATRA 4 ATO produces synergistic cytotoxic effect against FLT3-ITD
AML cells in many APL patients by simultaneously suppressing FLT3 signalling
pathways (Rogers et al. 2014). By specifically targeting the nucleophosmin (NPMI)
oncoprotein, which is mutated in 30% of cases of AML, this combination also causes
apoptosis in NPM1-mutated AML cells (Muto et al. 2001). By lowering the produc-
tion of ROS in AML cells, BSO with ATO also exhibits anticancer effects (Thiede
etal.2002), Dichloroacetate (Takahashi et al. 2006), Azacytidine (E1 Hajj et al. 2015a,
b), Rapamycin (Tanaka et al. 2014) and Aclacinomycin A (Emadi et al. 2015) are
other agents that cause apoptosis in AML cells in addition to BSO and ATO.
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4.9.3 Multiple Myeloma (MM)

Relevant dosages of ascorbic acid reduce GSH levels in myeloma cell lines and
increase ATO-induced cell death (Chau et al. 2015). One of the appealing alter-
natives for individuals with refractory MM is ATO 4 ascorbic acid + melphalan
(Dembitz et al. 2015). The best effect on the survival rate of myeloma patients is
provided by a combination of immune-modulatory medications including thalido-
mide, lenalidomide and pomalidomide as well as a number of proteasome inhibitors
like bortezomib and carfilzomib (Jung et al. 2002; Ye et al. 2015). Reports have also
hinted that increased STAT3 inhibition, JNK activation, over-expression of p21, Bim,
p27, and p53 as well as decreased Bcl-2 expression are all linked to increased cyto-
toxicity of ATO-BOR (Grad et al. 2001).The sensitivity of MM cells is enhanced by
the combination of ATO + vitamin E analogue Trolox (Berenson et al. 2006) a MEK
inhibitor PD325901 (Stewart 2012) a natural quinoidditerpenecryptotanshinone, and
a phytochemical sulforaphane (Wen et al. 2010; Jian et al. 2017). ATO also causes
the up-regulation of cereblon, which is an antimyeloma target (Lo-Coco et al. 2013).

4.9.4 Lymphoma

Mantle cell lymphoma, an inoperable B-cell non-Hodgkin lymphoma, exhibits anti-
cancer effects, according to research (Jung et al. 2012; Zhao et al. 2015). When
combined with ATO, cucurbitacin B from Trichosantheskirilowiimaxim increases
the rate of apoptosis in Burkitt’s lymphoma cell lines both in vitro and in vivo via
suppressing STAT3 phosphorylation) (Ding et al. 2017).

4.10 Conclusion

Here, we have demonstrated that arsenical compounds, either alone or in amal-
gamation with other anticancer therapies including radiation, chemotherapy, and
molecularly targeted medicines, aid in triggering apoptosis in a variety of cancer cell
types. Due to technological development and an abundance of anticancer therapies,
it is now possible to target specific molecules, signalling pathways, and even single
cellular biological processes, which may produce refractory cancer cells, many of
them may develop drug resistance. Therefore, the development of novel treatment
agents or alternatives is urgently needed to combat medication resistance and enhance
the prognosis and quality of life of cancer patients. Numerous clinical trials inves-
tigating the therapeutic potential of arsenic are now being conducted on various
forms of solid tumors and malignancies. As arsenic has been shown to have various
promising therapeutic potential at low concentrations, which is already governed by
APL, it is suggested that it may also have promise for preclinical models of other
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cancers like HCC. Additionally, research is needed to comprehend the connection
between arsenic-induced apoptosis and genetic changes in cancer cells, which could
advance research on selectivity for cancer treatment. To create a novel combinatorial
therapy for cancer, more research is needed to comprehend the synergistic anticancer
impact of ATO-based combination therapies.
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Chapter 5 ®
Arsenic Induced Cancer: A Risk Guca i
to Mental Health and Quality of Life

Shishu Kesh Kumar and Das Ambika Bharti

Abstract Environmental health hazard of arsenic contamination in groundwater
causes cancer and thus is a serious human health concern worldwide. A cross-
sectional correlational research was undertaken to assess mental health and quality
of life of arsenic induced cancer (AIC) patients from arsenic contaminated Gangetic
plain of Bihar. With purposive sampling technique 93 AIC patients were drawn from
the arsenic endemic regions of Bihar state. Comparative 103 cancer patients and 76
healthy individuals were drawn from non-arsenic affected regions of Bihar. Mental
health and quality of life (QoL) was assessed using the Mental Health Inventory and
WHOQOL-BREEF scale respectively. Patients of AIC reported poor QoL especially,
in terms of immediate environment and poor mental health in terms of integration of
personality and environmental mastery compared to the cancer patients and their
healthy counterparts from non-arsenic endemic regions of Bihar. However, AIC
patients have intact perception of reality than their counterparts from non-arsenic
endemic regions of Bihar. Conclusively, AIC seems to be a risk for the quality
of life and mental health of its patients in the arsenic endemic middle Gangetic
plain of Bihar. Findings advocates for future research on the adverse psycholog-
ical impact of groundwater arsenic contamination in general and AIC in particular.
Timely psychological interventions for affected population are also warranted from
the policy makers, NGOs and social work sectors.
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5.1 Introduction

In many aspects twenty-first century is the era of change, witnessing changes in from
environment to psychology of people (Inauen et al. 2021). These changes, though
progressive, are leading to many serious problems of public concern (Chan 2018).
Serious environmental issues of the present century could potentially change the
entire life trajectory on earth (Singer 2020). Immediate interventions/remediation are
needed against alarming challenges of water and air pollution, increased toxic waste,
ever harming global warming, acid rain, and increasingly shrinking energy supplies
(Singh and Singh 2017). Substantial increases in human exposer to heavy metals
are the givens of heavy industrial activities of past (Balali-Mood et al. 2021) and
so are new diseases emerging at a historically unprecedented rate. Nervous system
disorders, gastrointestinal/kidney and immune system dysfunction, skin lesions, birth
defects, vascular damage, and cancer are the frequent complications caused by toxic
exposure to heavy metals such as Arsenic, mercury etc. (Balali-Mood et al. 2021).

Arsenic, especially, has emerged as a great health hazard to human (Madhav et al.
2020). High Arsenic exposure could be induced from arsenic contaminated ground-
water used for several purposes such as drinking, irrigation, household activities etc.
(Madhav et al. 2020). With nearly 180 countries facing arsenic contamination it is
impacting at mass level with approx. 230 million people facing this arsenic menace
(Shaji et al. 2021). WHO recommend 10 ppb as a permissible level for drinking
groundwater but many countries have reported exceeded level (WHO 2011) in which
Asian region are the most affected. Countries in southern Asia like India, Pakistan,
Bangladesh, Nepal, China, Vietnam, Burma, Cambodia and Thailand are showing
remarkable increase in groundwater arsenic contamination (Shaji et al. 2021). In
India more than 20 states and 4 union territories are affected by arsenic contamina-
tion (Chakraborti et al. 2018; CGWB 2018). Over past five years arsenic contami-
nation has increased 145% across India (Times of India 2021). Groundwater arsenic
contamination in the Ganga River Basin (GRB) is up to 4730 pg/L (Chakraborti
et al. 2018). In an estimate the most arsenic affected states in India are: West Bengal
(28 million), Bihar (21 million), Uttar Pradesh (15 million), Assam (8.6 million) and
Punjab (6 million) (Mukherjee et al. 2021). In Bihar, 22 out of 38 states are affected
with arsenic groundwater contamination. The total population at risk is around 9
million (Thakur and Gupta 2019) and this number is increasing day by day (Mishra
et al. 2016).

Studies report that consuming groundwater with arsenic above permissible limit
may result in several dangerous health issues such as, arsenicosis, skin, cancer
of lung, kidney and bladder, coronary heart disease, myocardial damage, hyper-
keratosis, diabetes, hyperpigmentation of palm and sole, liver damage hyperten-
sion and Bowens disease (Lalwani et al. 2004; Steinmaus et al. 2014; Chakraborti
et al. 2018; Kumar and Bharti 2021a; Mukherjee et al. 2021; Shaji et al. 2021).
Recently, Kumar et al. (2022) reported pronounced anaemia, skin manifestations, loss
of appetite, constipation, diarrhoea, high blood pressure, breathlessness, diabetes,
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mental impairments, lumps in the body and cancer incidences among the exposed
population.

Apart from the well documented adverse physical effects, arsenic contamination
has adverse psychological effects too (Brinkel et al. 2009; Kumar and Bharti 2021b)
but only scantly explored and reported in literature (Havenaar and Van den Brink
1997). Although Syed et al. (2012) highlighted serious issues related to mental health
among arsenicosis patients from developing countries. Two Indian studies from West
Bengal have reported possible significant association between ones’ psychological
health and prolonged arsenic exposure (Majumdar and Mazumder 2012; Sen and
Biswas 2012). Prolonged arsenic exposure in the arsenic endemic regions is also
associated with low quality of life and poor mental health (Syed et al. 2012; Chowd-
hury et al. 2016); depressions, anxiety, stress (Kumar and Bharti, 2021b), social
injustice, discrimination and prejudice (Nasreen 2003; Keya 2004; Chowdhury et al.
2006). Arsenic contamination not only affects the victims but their family too causing
psychological trauma and harassment (Chowdhury et al. 2006; Khan et al. 2007,
Singh and Vedwan 2015).

According to WHOQOL Group (1998), quality of life (QOL) is “an individual’s
perception of their position in life in the context of the culture and value systems in
which they live and in relation to their goals, expectations, standards and concerns. It
is a broad ranging concept affected in a complex way by the person’s physical health,
psychological state, personal beliefs, social relationships and their relationship to
salient features of their environment” (WHOQOL GROUP 1998). Long term arsenic
exposure affects QOL of the victim (Laskar et al. 2010). Most of the arsenic affected
areais rural as well as most of the sufferers comes from lower SES or poor households
(Thakur and Gupta 2019). In addition, poor patients are greatly vulnerable to social
and economic problems. (Ahmad et al. 2007). They find it difficult to bear travel and
medical cost (Ahmad et al. 2007).

As victim suffers from physical health issue as well as psychological and social
issues their personal and familial life get hampered (Brinkel et al. 2009). They lose
job, as a result economic crisis are common for them, and in addition, the treatment
expenses aggravate the situations (Brinkel et al. 2009). Family support plays signif-
icant role in psychological distress but victim residing in arsenic affected area may
also bear criticism from their family (Lincoln et al. 2003; Horwitz et al. 2015) as such
the adverse consequences of chronic arsenic exposure may affect physical, social and
mental spheres of human life (Keya 2004). The socio-cultural issues like isolation,
instability, social stigma, societal refusal, discrimination, marital problems (divorce,
separation) and several economic losses like less payment or loss of employment
(Rahman et al. 2018) makes the patients an economic, social and psychological
burden for their families.
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5.2 Rationale

Environmental issues are health issues in the twenty-first century (Inauen et al.
2021). Arsenic is an environmental health hazard and because of adverse health
consequences, groundwater arsenic contamination is a major public health concern
(UNICEF 1998; WHO 2011). India is seriously affected by ground water arsenic
contamination (Shaji et al. 2021) and situation is worst in Bihar (Mishra et al.
2016). Adverse consequences of chronic exposure to arsenic on physical health
are widely studied in global as well as Indian context. Moreover, the physiological
consequences of cancer from arsenic endemic Indian Gangetic plain are also exten-
sively studied. Research pursuits to study the psychological dimensions/aftermaths
of arsenic induced cancer (AIC) are scantly reported in literature from the Asian
countries and that from India particularly. Hence, this study was conducted in the
arsenic endemic middle Gangetic plain of Bihar, India to assess the understudied
psychological aspects (particularly mental health and quality of life) of AIC.

5.3 Methods

5.3.1 Hypotheses

Hypothesis 1(a): Patients of AIC from the arsenic endemic GPB, India would signif-
icantly differ on their psychological well-being (mental health and quality of life)
from their comparative counterparts from the non-arsenic endemic regions of the
state.

Hypothesis 1(b): Patients of AIC from the arsenic endemic GPB, India would signif-
icantly differ on their psychological well-being (mental health and quality of life)
from their comparative healthy counterparts from non-arsenic endemic regions of
Bihar.

5.3.2 Research Design

A cross-sectional correlational research was conducted in the arsenic endemic middle
Gangetic plain of Bihar, India.
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5.3.3 Sample

Through purposive sampling method a total of 272 (N = 272) sample/participant
was drawn from Bihar, India. Mean age of the participants was 50.72 (range =
32-60 years). The total sample was subdivided into three treatment conditions. In
treatment condition-I, there was 93 arsenic induced cancer patients (n; = 93, mean
age = 52.60 years) drawn from MCSRC, Patna, Bihar. The researchers/clinicians
at MCSRC made the differential diagnosis for AIC after due consideration to their
respective clinical history for arsenicosis and absence of clinical co-morbidity. The
prominent biomarkers like arsenic in drinking water source, arsenic in hair, arsenic in
blood and arsenic in nail were the basis of the differential diagnosis. The participants
lived for more than 10 years in the arsenic affected (such as Buxar, Patna, Bhagalpur,
Bhojpur, Khagaria, Vaishali, and Samastipur) middle Gangetic plain of Bihar. There
were 103 cancer patients (n; = 103, mean age = 50.13) in Treatment condition
II from non-arsenic affected regions of Bihar, India. These participants were also
drawn from MCSRC, Patna, Bihar. There were 76 healthy participants in control
group from non-arsenic affected regions of Bihar, India.

5.3.4 Tools

Following psychometrically sound tools were used to gather relevant information
from the participants of the present study.

5.3.4.1 Socio-demographic and Clinical Data Sheet

It was a structured format created to collected relevant participants information such
as gender, age, residential area and education status, duration of stay in the study
area. It also included information about previous clinical history of the participants.

5.3.4.2 Mental Health Inventory (Jagdish and Srivastava 1983)

This is an inventory of 56 items; rated on a four-point Likert scale (ranging from
“always” to “never”). It is used to assess mental health along with its six dimensions
namely perception of reality, integration of personality, positive self-evaluation, envi-
ronmental mastery, group-oriented attitude and autonomy. The split-half reliability
of this inventory was 0.726 and ranged from 0.75 to 0.79 for their six dimensions.
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5.3.4.3 The WHOQOL-BREF (WHOQOL Group 1998)

Itis a 26-items scale; item are rated on 5-point ordinal scale. It is used to assess quality
of life along with its four dimensions namely psychological health, environmental
health, social relationships and physical health. It has good psychometric properties
and is cross culturally sensitive (WHOQOL Group 1998).

5.3.5 Ethical Approval

The ethical approval committee of MCSRC, Patna (India) had given its approval to
draw the sample from its esteemed institution to collect relevant data from them.
The authors also took ethical approval from the Departmental Research Degree
Committee (DRDC) of their respective University department to conduct the study.

5.3.6 Procedure

A test booklet was prepared by compiling all three questionnaires in a specific
sequence. Through purposive sampling method, study sample was drawn and data
was collected in three phases. The test booklet was administered to each partici-
pant one on one basis. In the first phase data was collected from the participants
of treatment condition-I (AIC cases). In the second phase data was collected from
the participants of treatment condition-II (Cancer cases from non-arsenic affected
regions of Bihar). The participants of the two treatment conditions were diagnosed
and referred by the clinicians/researchers of MCSRC, Patna, Bihar (India). In the
last phase data was collected from a comparative group of healthy counterparts
from the non-arsenic endemic regions of middle Gangetic plain of Bihar. Rapport
was established with all the participants and purpose of the study was explained.
After explaining the voluntary nature of participation, informed consent for volun-
tary participation was taken. Instructions related to each scale were given clearly and
their queries or confusions (if any) were resolved before administering the tests.
Approximately each participant took 20-25 min to complete the questionnaires.
Throughout the process, ethical guidelines laid down by the American Psychological
Association (APA 2010) were adhered to. Statistical package for social sciences
(SPSS) version-25 was used for data handling and required statistical analysis.
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5.4 Results

Table 5.1 reveals that AIC patients scored lower on overall QOL (M = 88.903, SD
= 22.785) including its three dimensions namely environmental (M = 27.107, SD
= 8.961), social relationship (M = 11.215, SD = 2.746) and physical health (M
= 22.312, SD = 7.127) when compared to cancer cases from non-arsenic endemic
regions with scores on overall QOL (M = 92.747, SD = 18.027), environmental (M
=30.048, SD = 5.517), social relationship (M = 11.573, SD = 2.075) and physical
health (M = 23.466, SD = 5.818). Healthy counterparts scored higher on overall
QOL (M = 120.171, SD = 5.730), environmental (M = 36.487, SD = 3.189), social
relationship (M = 13.724, SD = 1.271) and physical health (M = 32.921, SD =
1.917) as compare to AIC patients.

Table 5.1 Descriptive statistics (mean and SD) of three treatment condition (namely AIC patients,
cancer patients from non-arsenic endemic regions and healthy participants) with respect to QOL

Sample N Mean SD
Physical health Cancer patients from 103 23.466 5.818

non-arsenic endemic

regions

AIC patients 93 22312 7.127

Healthy participants 76 32.921 1.917
Psychological health Cancer patients from 103 21.272 4.716

non-arsenic affected

regions

AIC patients 93 21.785 4.641

Healthy participants 76 28.000 1.641
Social relationship Cancer patients from 103 11.573 2.075

non-arsenic affected

regions

AIC patients 93 11.215 2.746

Healthy participants 76 13.724 1.271
Environmental Cancer patients from 103 30.048 5.517

non-arsenic affected

regions

AIC patients 93 27.107 8.961

Healthy participants 76 36.487 3.189
QOL Cancer patients from 103 92.747 18.027

non-arsenic affected

regions

AIC patients 93 88.903 22.785

Healthy participants 76 120.171 5.730
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Cancer patients from non-arsenic affected regions scored lower on psychological
health (M = 21.272, SD = 4.716) than healthy counterparts (M = 28.000, SD =
1.641) and AIC patients (M = 21.785, SD = 4.641).

Table 5.2 shows that three treatment groups were significantly different from each
other on overall QOL (F = 76.739, p < 0.001) as well as on its three dimensions:
environmental (F = 45.215, p < 0.001), social relationship (F = 32.301, p < 0.001),
physical health (F = 88.745, p < 0.001) and psychological health (F = 69.961, p <
0.001).

Post-hoc test was further applied on the data to ascertain the groups which differed
significantly on QOL and its dimensions.

Table 5.3 and Fig. 5.4 clearly shows that AIC patients differ significantly on only
one dimension of QOL i.e., environmental (MD = 2.941, p < 0.005) as compared
with cancer patients from non-arsenic endemic regions. AIC patients have poor
environmental QOL as compared with cancer patients from non-arsenic affected
regions of Bihar (Table 5.1).

Table 5.3, Figs. 5.1, 5.2, 5.3, 5.4, and 5.5 clearly shows that AIC patients and
healthy participants significantly differ on overall QOL (MD = 31.268, p < 0.001)
as well as on all dimensions of QOL namely environment (MD = 9.379, p < 0.001),
social relationship (MD = 2.508, p < 0.001), physical health (MD = 10.609, p <
0.001) and psychological health (MD = 6.215, p < 0.001). AIC patients were found
to have poor overall QOL along with its all dimensions as compared with healthy
counterparts (can be seen in Table 5.1).

Table 5.2 ANOVA table comparing the three treatment conditions (namely AIC patients, cancer
patients from non-arsenic affected regions and healthy participants) on overall QOL and its four
dimensions

Sum of squares | Df | Mean squares | F Sig.
Physical health | Between group 5544.518 2 2772.259 88.745 |0.001
Within group 8403.114 269 [31.238
Total 13,947.632 271
Psychological | Between group 2315.791 2 1157.896 69.961 |0.001
health Within group 4452087 269 |16.551
Total 6767.879 271
Social Between group 301.179 2 150.590 32.301 |0.001
relationship | within group 1254.100 | 269 | 4.662
Total 1555.279 271
Environmental | Between group 3783.533 2 1891.767 45215 |0.001
Within group 11,254.669 269 |41.839
Total 15,038.202 271
QOL Between group | 47,569.172 2 23,784.586 76.739 | 0.001
Within group 83,374.342 269 |309.942
Total 130,943.515 271
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Table 5.3 Post-hoc test of Tukey for multiple comparisons on overall QOL among three treatment
conditions (AIC patients, cancer patients from non-arsenic endemic regions and healthy participants)

Coping strategies Comparing sample Mean Differences | Sig.
Physical health Cancer patients from | Healthy participants | 9.455 0.001
non-arsenic endemic
regions
AIC patients Cancer patients from | 1.154 0.320
non-arsenic affected
regions
Healthy participants | AIC patients 10.609 0.001
Psychological health | Cancer patients from | Healthy participants | 6.728 0.001
non-arsenic endemic
regions
AIC patients Cancer patients from | 0.513 0.652
non-arsenic endemic
regions
Healthy participants | AIC patients 6.215 0.001
Social relationship | Cancer patients from | Healthy participants | 2.151 0.001
non-arsenic endemic
regions
AIC patients Cancer patients from | 0.358 0.479
non-arsenic endemic
regions
Healthy participants | AIC patients 2.508 0.001
Environmental Cancer patients from | Healthy participants | 6.438 0.001
non-arsenic endemic
regions
AIC patients Cancer patients from | 2.941 0.005
non-arsenic endemic
regions
Healthy participants | AIC patients 9.379 0.001
QOL Cancer patients from | Healthy participants | 27.424 0.001
non-arsenic endemic
regions
AIC patients Cancer patients from | 3.844 0.280
non-arsenic endemic
regions
Healthy participants | AIC patients 31.268 0.001

Table 5.4 reveals that AIC patients scored lower on mental health (M = 157.602,
SD = 15.599) along with its four dimensions namely, environmental mastery (M =
26.226, SD = 3.828), group-oriented attitude (M = 29.376, SD = 2.896), integration
of personality (M = 29.537, SD = 5.266) and positive self-evaluation (M = 30.989,
SD = 5.218) as compared to cancer cases from non-arsenic endemic regions with
scores on mental health (M = 160.175, SD = 15.389) along with its four dimensions
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Fig. 5.1 Comparison (Mean and SD) of the three treatment groups with respect to the physical
health dimension of QoL

namely environmental mastery (M = 27.641, SD = 2.704), group-oriented attitude
M = 29.476, SD = 3.343), integration of personality (M = 31.718, SD = 6.589)
and positive self-evaluation (M = 32.349, SD = 3.859). AIC patients significantly
differed from their healthy counterparts on mental health (M = 184.329, SD = 9.809)
along with its four dimensions namely environmental mastery (M = 31.039, SD =
2.700), group-oriented attitude (M = 32.671, SD = 2.783), integration of personality
(M = 38.684, SD = 3.303) and positive self-evaluation (M = 36.711, SD = 2.586).

From Table 5.4 it may be clearly seen that AIC patients scored high on two
dimensions of mental health i.e., perception of reality (M = 24.849, SD = 5.287)
and autonomy (M = 16.548, SD = 2.238) as compared with cancer cases from non-
arsenic endemic regions of Bihar with lower score on perception of reality (M =
22.699, SD = 2.873) and autonomy (M = 16.311, SD = 2.254).

Table 5.5 clearly demonstrate that all three treatment groups significantly differed
from each other on mental health (F = 89.027, p < 0.001) along with its all seven
dimensions namely environmental mastery (F = 51.188, p < 0.001), integration of
personality (F = 65.783, p < 0.001), perception of reality (F = 17.931, p < 0.001),
group-oriented attitude (F = 31.099, p < 0.001), autonomy (F = 44.063, p < 0.001)
and positive self-evaluation (F = 43.478, p < 0.001).

Further, Post-hoc test was applied on the data to ascertain the groups which
differed significantly on mental health and its dimensions.
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Fig. 5.2 Comparison (Mean and SD) of the three treatment groups with respect to QoL in the
dimension of psychological health

Table 5.6 and Figs. 5.6, 5.7, 5.8 and 5.9 shows that AIC patients and cancer cases
from non-arsenic endemic regions significantly differ on mental health in term of its
three dimensions (environmental mastery (MD = 1.415, p < 0.005), integration of
personality (MD = 2.181, p < 0.013) and perception of reality (MD = 2.150, p <
0.001)). AIC victims are found to have poor mental health in terms of its two dimen-
sions namely environmental mastery and integration of personality. However, AIC
patients reported better mental health on its one dimension i.e., perception of reality
as compared with cancer patients from non-arsenic regions of Bihar (can be seen
Table 5.4).

Table 5.6 also evident that AIC patients differ significantly on mental health (MD
= 26.727, p < 0.001) along with its all dimensions namely group-oriented attitude
(MD =3.295,p<0.001), autonomy (MD =2.636, p<0.001), environmental mastery
(MD = 4.814, p < 0.001), integration of personality (MD = 9.146, p < 0.001) and
positive self-evaluation (MD = 5.721, p < 0.001) except perception of reality (MD
= 1.190, p = 0.109) as compared with their healthy counterparts.
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Fig. 5.3 Comparison (Mean and SD) of the three treatment groups on QoL in the dimension
of social relationship

5.5 Discussion

In the changing world and environment, arsenic has emerged as one of the most
pervasive environmental health hazards and it is affecting people’s physical as well
as psychological health all over the world (Inauen et al. 2021). It is carcinogenic in
nature and studies have reported high prevalence of cancer in the arsenic endemic
Gangetic plain of Bihar (Singh et al. 2015; Chakraborti et al. 2018; Kumar et al.
2021, 2022). Environment has important impact on our physical health which in turn
determines directly as well as indirectly our psychological well-being (Peek et al.
2009; Chen et al. 2013). The mass level impact of groundwater arsenic contamination
warrants the understanding of the possible linkage between the environmental health
hazard, the physiological underpinnings and the psychological health condition. In
the paucity of sufficient research exploring the psychological aspects of groundwater
arsenic contamination, the present study was undertaken to assess the mental health
and quality of life of AIC patients from the arsenic endemic Gangetic plain of Bihar
state.

The finding suggests that AIC patients have poor environmental quality of life
when compared to cancer cases taken from non-arsenic endemic regions in the
Gangetic plain of Bihar. Poor environmental quality of life means that AIC patients
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Fig. 5.4 Comparison (Mean and SD) of the three treatment groups on its QoL in the environment
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have limited opportunities to learn, perform new skills, avails limited financial
resources, health facilities, and low level of social activities in their neighbourhood
because people boycott them and hesitate to talk or interact with them as they think
that disease is contagious in nature so it can spread by touching (Lincoln et al. 2003;
Tsutsumi et al. 2004; Chowdhury et al. 2006). People treat its patients as neglectful
(Chowdhury et al. 2006). These belief systems create difficulties for the AIC patients
in their mundane reality of life. Chronic illness are always found to affect activities
of daily living, that adversely impacts their quality of life, their subjective well-
being and mental health (Keya 2004). These patients are refused enough support
from friends, family, relatives etc. (Horwitz et al. 2015; Rahman et al. 2018). Earlier
studies have also reported that arsenic toxicity may affect physical, social and mental
spheres of human life (Keya 2004). Family does not support victim due to fear of
community discrimination (Keya 2004; Brinkel et al. 2009).

Most of the chronic arsenic contaminated area are far away from densely popu-
lated city and mostly belongs to rural regions of Bihar near Gangetic plains (Kumar
and Ghosh 2021). In these interior regions, there are very few medical facilities avail-
able (Mishra 2009; Singh and Taylor 2019). Even in case of emergency the person
residing in this area will not get-well equipped ambulance or medical facilities on
time (Vail et al. 2018). The conditions are so bad that even clean water and food
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Fig. 5.5 Comparison (Mean and SD) of the three treatment groups on overall QoL

are not available to the people residing here (Kumar and Ghosh 2021). Social dejec-
tion, discrimination and poor immediate environment may enhance the feelings of
dissatisfaction, loneliness and anxiety in AIC patients. A study (Ernst et al. 2017)
also revealed that due to social discrimination cancer patients may have poor QOL.
The difficulties so caused indirectly pave a way to poor social relations as well when
compared to their counterparts from the non-arsenic affected regions.

Findings of this study also reveal that AIC patients have lower mental health espe-
cially, in terms of its two dimensions namely environmental mastery and integration
of personality compared to the cancer cases drawn from non-arsenic endemic regions
of Bihar. However, it is also evident that AIC patients have clear perception of reality
compared to their counterparts from non-arsenic endemic regions of Bihar. Individ-
uals with symptoms of arsenicosis often succumb to fatalism and give up hope of
recovery (Sarker and Mohiuddin 2002). Things get worse when they know that the
cancer was caused not by their cancer-causing behaviour/life-style but by their mere
exposure to arsenic-contaminated groundwater and food. Victims of chronic arsenic
exposure may also face prejudices, humiliation and discrimination from their social
setting (Fujino et al. 2004; Chowdhury et al. 2006). This results in many emotional
and mental health problems like feeling of hopelessness, fear, anger etc. (Phelan
et al. 2013; Fujisawa and Hagiwara 2015; Ernst et al. 2017). A person with arseni-
cosis symptoms also reports poor mental health (Syed et al. 2012) and the common
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Table 5.4 Descriptive statistics (Mean and SD) of three treatment condition (namely AIC patients,
cancer patients from non-arsenic endemic regions and healthy participants) with respect to mental

health (MH)

Sample N Mean SD
Positive self-evaluation Cancer patients from 103 32.349 3.859

non-arsenic endemic

regions

AIC patients 93 30.989 5.218

Healthy participants 76 36.711 2.586
Perception of reality Cancer patients from 103 22.699 2.873

non-arsenic endemic

regions

AIC patients 93 24.849 5.287

Healthy participants 76 26.039 2.564
Integration of personality Cancer patients from 103 31.718 5.266

non-arsenic endemic

regions

AIC patients 93 29.537 6.589

Healthy participants 76 38.684 3.303
Autonomy Cancer patients from 103 16.311 2.254

non-arsenic endemic

regions

AIC patients 93 16.548 2.238

Healthy participants 76 19.184 2.011
Group-oriented attitude Cancer patients from 103 29.476 3.343

non-arsenic endemic

regions

AIC patients 93 29.376 2.896

Healthy participants 76 32.671 2.783
Environmental mastery Cancer patients from 103 27.641 2.704

non-arsenic endemic

regions

AIC patients 93 26.226 3.828

Healthy participants 76 31.039 2.700
Mental health Cancer patients from 103 160.175 15.389

non-arsenic endemic

regions

AIC patients 93 157.602 15.599

Healthy participants 76 184.329 9.809
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Table 5.5 ANOVA table comparing the three treatment conditions (namely AIC patients, cancer
patients from non-arsenic endemic regions and healthy participants) on Mental Health (MH) and
its dimensions

Sum of squares | df Mean squares | F Sig.

Positive Between group 1463.079 2 731.540 43.478 |0.001
self-evaluation | within group 4526.038 269 | 16.825

Total 5989.118 271
Perception of Between group 520.791 2 260.396 17.931 |0.001
reality Within group 3906.444 269 | 14.522

Total 4427.235 271
Integration of Between group 3737.846 2 1868.923 65.783 | 0.001
personality Within group 7642374 269 |28.410

Total 11,380.221 271
Autonomy Between group 420.161 2 210.081 44.063 |0.001

Within group 1282.512 269 |4.768

Total 1702.673 271
Group-oriented | Between group 576.262 2 288.131 31.099 |0.001
attitude Within group 2492.294 269 |9.265

Total 3068.555 271
Environmental | Between group 1005.060 2 502.530 51.188 |0.001
mastery Within group 2640.848 269 [9.817

Total 3645.908 271
Mental health Between group | 35,585.560 2 17,792.780 89.027 |0.001

Within group 53,761.910 269 |199.858

Total 89,347.471 271

complains included sleep disturbances, fatigue and poor appetite (Mazumder et al.
1998; Rahman et al. 2001).

Perception of reality is found to be intact in AIC patients as they very well know
and accept the root cause of their sufferings. They are well aware of the bitter truth
that prolonged exposure to arsenic poisoning through water and food is the reason
for their current disease condition. They could neither undo the cancerous nature of
arsenic nor relocate to places with safer drinking water and environment.

This study also reveals that healthy participants have better mental health and
quality of life when compared with AIC patients residing in arsenic endemic middle
Gangetic plain of Bihar. A study (McCorkle et al. 2011) shows that diagnosis of
cancer itself causes traumatic situation in victims’ life. Moreover, cancer related
stigma is also seen in many studies responsible for depression, anxiety and stress
(Major and O’Brien 2005; Phelan et al. 2013; Brown Johnson et al. 2014; Fujisawa
and Hagiwara 2015; Ernst et al. 2017). Prejudice, stereotypes and discrimination
are common for cancer patients in general (Yildiz and Kog, 2021). Having symp-
toms of keratosis, melanosis in sole and palm victims face social dejection (Brinkel
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Table 5.6 Post-hoc test of Tukey for multiple comparisons on MH among three treatment
conditions (AIC patients, cancer patients from non-arsenic endemic regions and healthy participants)

Coping Comparing sample Mean Differences | Sig.
strategies
Positive Cancer patients from | Healthy participants | 4.361 0.001
self-evaluation | non-arsenic endemic
regions
AIC patients Cancer patients from | 1.360 0.055
non-arsenic endemic
regions
Healthy participants | AIC patients 5.721 0.001
Perception of Cancer patients from | Healthy participants | 3.340 0.001
reality non-arsenic endemic
regions
AIC patients Cancer patients from | 2.150 0.001
non-arsenic endemic
regions
Healthy participants | AIC patients 1.190 0.109
Integration of Cancer patients from | Healthy participants | 6.966 0.001
personality non-arsenic endemic
regions
AIC patients Cancer patients from | 2.181 0.013
non-arsenic endemic
regions
Healthy participants | AIC patients 9.146 0.001
Autonomy Cancer patients from | Healthy participants | 2.874 0.001
non-arsenic endemic
regions
AIC patients Cancer patients from | 0.237 0.727
non-arsenic endemic
regions
Healthy participants | AIC patients 2.636 0.001
Group-oriented | Cancer patients from | Healthy participants | 3.195 0.001
attitude non-arsenic endemic
regions
AIC patients Cancer patients from | 0.099 0.972
non-arsenic endemic
regions
Healthy participants | AIC patients 3.295 0.001
Environmental | Cancer patients from | Healthy participants | 3.398 0.001
mastery non-arsenic endemic
regions
AIC patients Cancer patients from | 1.415 0.005
non-arsenic endemic
regions
Healthy participants | AIC patients 4.814 0.001

(continued)
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Coping Comparing sample Mean Differences | Sig.
strategies
Mental health Cancer patients from | Healthy participants | 24.154 0.001
non-arsenic endemic
regions
AIC patients Cancer patients from | 2.573 0.412
non-arsenic endemic
regions
Healthy participants | AIC patients 26.727 0.001
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Fig. 5.6 Comparison (Mean and SD) of the three treatment groups with respect to perception of

reality

et al. 2009). They also face marriage related problems like divorce, separation etc.
and social problem like dejection, discrimination, isolation etc. (Lincoln et al. 2003;
Brinkel et al. 2009; Horwitz et al. 2015). Such factors play key role in having poor
mental health and QOL by the AIC patients as compared with their healthy coun-
terparts. In accordance with the present finding a study (Kumar and Bharti 2021b)
also reviles that AIC patients face depression anxiety and stress as compare to their
healthy counterparts. The AIC for its physiological and social underpinnings thus
could be arisk to psychological wellbeing well reflected as mental health and quality

of life in the arsenic affected regions.
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5.6 Conclusion

The psychological aspects of AIC are equally significant to be investigated and under-
stood for possible rehabilitation of the economically, physically, socially and psycho-
logically burdened population residing in the arsenic endemic regions. Arsenic
induced cancer (AIC) emerged as a key risk factor for the healthy mental health
and better quality of life of its patients residing in the arsenic endemic Gangetic
plain of Bihar. Arsenic contamination of the groundwater is not just an environ-
mental health hazard but also the major deterring factor for enhanced mental health
and quality of life. Psychological aspects of AIC thus warrants further investigations
to gain complete understanding of the linkage between environment, physical health
and psychological health. Moreover, timely psychological interventions for affected
population are also warranted from the policy makers, NGOs and social work sectors.
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Chapter 6 )
Health Effects of Long Term Exposure e
to Arsenic—A Pathological

and Genotoxic Approach

P. Vijaya and Anjali Singh Gill

Abstract Pollution is increasing day by day in the environment due to variations
in natural and anthropogenic activities that contaminates and infects all terres-
trial as well as aquatic ecosystems with metals, non-metals, organic and inorganic
compounds. Metals are dispended everywhere in the soils and waters of the earth’s
floor and exert damaging effects on life in the environment and even on human
fitness. Arsenic is ubiquitous and its toxic effects in humans were focused mainly on
somatic cells. Chronic arsenic exposure to inorganic arsenic can result skin cancer
and also affect lungs, bladder, and liver. Several chemical forms of arsenic exhibits
with different toxicity; thus, inorganic forms of this metalloid (arsenite and arse-
nate) are more toxic. Humans can be come in contact with arsenic via many sources
like intake of air, food and water. Arsenic enhanced the peroxidation of lipids and
decreased the concentrations of most of the antioxidant molecules (SOD, CAT, and
GST). The reactive oxygen species (ROS) are accountable for the major cellular harm,
peroxidation of lipids and loss of membrane bound enzymes. The arsenic compounds
restrain DNA restore and stimulate chromosomal alterations, micronuclei formation
and reduce mitotic index.
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6.1 Introduction

Arsenic is a ubiquitous, global toxic metal that infects the food chain and enters in to
the body via various routes and causes damage to many organs as it gets accumulated
in them and finally may result in different types of cancers (Gabel 2000). It is mostly
used as one of the ingredients in the production of insecticides, pesticides, paints and
other products. Frank Capra’ film on arsenic as well as old lace is highly acclaimed
novel in which arsenic was depicted as a murder weapon. There are two types of
arsenic i.e. inorganic and organic existing in trivalent and pentavalent state. Trivalent
arsenic is more toxic than pentavalent state. Many international locations over the
world are confronted with the aid of groundwater arsenic infection (Sarkar et al.
2008). The aquatic environment of Asian countries such as Bangladesh, India, China
and Nepal has the maximum drastic prevalence of arsenic in groundwater (Shaji et al.
2021).

The mechanism of arsenic toxicity is the induction of sturdy oxidative pressure
with manufacturing of unfastened radicals in cells (Flora et al. 2007). The elevation in
the formation of reactive oxygen species (ROS) plays a crucial part in arsenic toxicity.
The populations which are chronically exposed to arsenic generate significant oxida-
tive stress that induce DNA damage (Basu et al. 2005) along with peroxidation and
decrease glutathione level. The ROS production has been connected with converting
the signaling pathways within the cells and management of transcription elements
(Tapio and Grosche 2006). According to the recent study the chronic exposure of
arsenic in low levels to humans induces oxidative DNA damage in polymorphonu-
clear cells of peripheral blood which in turn enhances and accelerates apoptosis of
these cells (Pei et al. 2013).

The biotransformation of inorganic arsenic produces intermediate and final
metabolites that are highly toxic and reactive compared to original ingested inor-
ganic arsenic (iAs) (Vahter and Concha 2001). Arsenic upsets the natural oxidants
and decreases equillibria with the aid of diverse mechanisms which might be involved
in redox processes with endogenous oxidants and cellular antioxidant systems.

Arsenic enters the human frame via numerous routes like ingestion, inhalation
or skin absorption. From the different forms of arsenic i.e. inorganic and organic
forms, the inorganic shape is commonly located in the environment i.e. arsenate and
arsenite. The pentavalent arsenate is commonly present on the upper surface of water
and the trivalent arsenite is found in the deep water or ground water and by different
human activities, this metal enters into the human life and also in environment. 95% of
absorption takes place in gastrointestinal tract after the ingestion of arsenic. After that
large amount of absorption occurs in liver, lungs, nephrons and integument (Hunter
et al. 1942). About 90-95% of arsenic is positioned in the erythrocytes, wherein it
binds to the globin gets transported to the opposite parts of body and almost 70% of
arsenic is excreted out through urine after the methylation process.

Arsenic alters the various enzymatic reactions and influences almost all organs of
the frame inflicting diabetes, skin diseases, neurotoxicity, hepatotoxicity, cytotoxicity
and genotoxicity along with spleen and cardiovascular system. Thus, the oxidative
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stress induced by arsenic affects the cellular enzymatic, respiratory and mitotic equip-
ment and inhibit the DNA repair mechanism (Henkler et al. 2010). The opposite in
all likelihood mechanism of arsenic toxicity entails DNA damage, sister chromatid
change (SCE), gene amplification, aneuploidy, modification of expressions of genes
and cellular proliferation. Arsenic is widely known effective clastogen, co-mutagen
and co-carcinogen (Tchounwou et al. 2003).

As arsenic is one of the most excessive rating environmental pollutant and is
ubiquitous in nature. The present work was designed to explore the long term effects
of arsenic triggered cytotoxicity and genotoxicity in Swiss albino mice along with
pathological approach.

6.2 Materials and Methodology

6.2.1 Subjects

Animals (Swiss albino mice) having weight 20-25 g were taken and maintained in
in hygiene and translucent cages. They were randomized into different groups. All
the animals were kept under 12/12 h natural cycle with controlled heat and humidity.
Mice were given standard mice feed in the form of pellets along with free access to
R.O. water. The overall research procedure was revised and conducted by following
the guidelines of Institutional Animal Ethical Committee (Reg No. 107/99/CPCSEA/
2013-03).

6.2.2 Procurement of the Chemical

Arsenic was obtained from Qualikems fine Chemical Pvt. Ltd., New Delhi. Arsenic
trioxide (As;03) is an inorganic compound and white colored powder having an
atomic number 33 and its atomic weight is 75. The solution of toxic metal was
obtained by mixing 1.32 g of As,O3 in distilled water and was given orally to mice.

6.2.3 Design of the Study

Animals were categorized into 3 major sets of 6 animals each, for the conduct of the
experiment (Fig. 6.1).

Group I—Control animals, Group II—Mice were administered arsenic (As),
orally at an acute dose of 5 mg/kg bw for 15 days. Group III—Mice were
administered an acute dose of 5 mg/kg bw of arsenic (As) orally for 45 days.
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Fig. 6.1 Grouping of animals between different categories for the study
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Fig. 6.2 Graphical representation of biochemical methodology

6.2.4 Tissue Collection

Autopsies were done after the completion of the experiment. Both the control and
treated animals were weighted. Liver and bone marrow were extracted. Further, the
liver was cleaned and washed with saline water and dried properly. It was further
used for various biochemical, antioxidant and histological examination (Fig. 6.2).
Bone marrow was used for the cytological studies.

6.2.5 Blood Sample Collection

Approximately, 1 ml of blood was collected from each mouse on the day of autopsy.
It was kept in separate eppendorf tubes followed by centrifugation to drain out serum
in clean tubes which was then utilized for estimation of lipid peroxidation.
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6.3 Biochemical Estimations

6.3.1 Preparation of Tissue Homogenates

Liver was separated from all the groups, weighted and homogenized in a tissue
homogenizer in 3 ml of phosphate buffer. The tissue homogenate was centrifuged
at 12,000 rpm for 20 min in cold centrifuge, and the supernatant was collected for
estimation of lipid peroxidation (MDA conc.), superoxide dismutase (SOD), catalase
(CAT) and Glucose-6 phosphate dehydrogenase (G6PD) as shown in Fig. 6.2.

6.3.2 Measurement of Malondialdehyde (MDA )

The thiobarbituric acid assay (TBARS) check was employed to evaluate the extent
of lipid peroxidation (LPO) using malondialdehyde, a byproduct of LPO and is
generated because of the breakdown of polyunsaturated fatty acids, which is taken
as an index of oxidative pressure. It isn’t viable to measure the real attention of
the loose radicals within the blood/tissue homogenates because they remain there
for most effective fraction of seconds. For that reason, the byproducts fashioned
due to the production of loose radicals was measured to get a relative idea of the
awareness of free radicals produced according to Wilbur et al. (1949). TBARS test
is the maximum commonplace and clean approach to monitor lipid peroxidation in
an individual.

The homogenized liver fractions had been treated with 1.15% KCl at 4 °C. The
supernatant was aliquoted and used for the assay of lipid peroxidation. 2.5 ml of HCI
containing TCA (12.5%) was introduced to the homogenate aggregate after which
it was incubated at 90 °C accompanied by way of centrifugation. To the supernatant
amassed, 1 ml of TBA (1.23%) was added and this was further incubated for 15 min at
90 °C. On Cooling, a red color was evolved within the solution. The optical density
of the solution was determined at 530 nm against a blank. The molar extinction
coefficient (1.56 x 105 cm~2 mol~!) was used to calculate the amount of MDA
which was changed and was expressed via millimoles of MDA in line with gram
moist tissue.

6.3.3 Measurement of Superoxide Dismutase (SOD)

It was measured by the most sensitive method of Das et al. (2000) which involves
the generation of superoxide radical by photoreduction of riboflavin.

Liver tissue extract was homogenized in 10 ml of 0.25 M sucrose solution and
centrifuged at 2500 rpm for 10 min at 4-20 °C. The supernatant become accumulated
and SOD reagent (1.40 ml) was added accompanied by riboflavin solution. Then the
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samples were incubated in inside the SOD box for 10 min. The tubes had been cooled
after which 1 ml of Greiss reagent was added. The absorbance of the samples was
examined at 543 nm against the blank using spectrophotometric technique.

6.3.4 Measurement of Catalase (CAT)

Catalase is an enzyme that catalyzes the breakdown of hydrogen peroxide to H,O
and O,. The quantity of catalase inside the tissue extracts become envisioned by way
of the technique of Aebi (1983).

Liver tissue extract was homogenized in 0.1 M phosphate buffer (pH 7.0) and
centrifuged at 1500 rpm for 10 min. The supernatant turned was used for the assay
by the addition of hydrogen peroxide. Then the absorbance was studied at 240 nm in
opposition to the clean tube having same aggregate besides the tissue homogenate.
The quantity of catalase was calculated with the aid of molar extinction coefficient
(71 M~ cm™!) and was finally expressed in mmoles/g wet tissue.

6.3.5 Measurement of Glucose-6 Phosphate Dehydrogenase
(G6PD)

The enzyme Glucose-6-Phosphate Dehydrogenase present in tissue extract was
extracted by lysing the extract. The extracted enzyme oxidizes Glucose-6-Phosphate
to 6-Phosphogluconate and simultaneously reduces co-enzyme NADP to NADPH
giving growth in its absorbance at 340 nm.

6.3.6 Estimation of Lipid Peroxidation from Blood Serum
(sMDA)

This was estimated using the method of Satoh (1978). Lipid peroxidation was
performed on the blood samples to assess the total levels of lipid peroxidation in
the blood. The thiobarbituric acid assay (TBARS) test was employed to assess the
level of lipid peroxidation using malondialdehyde, by product of lipid peroxidation
formed by the breakdown of polyunsaturated fatty acids (PUFAs) and taken as index
of lipid peroxidation. TBARS test is most simple and easy method so, it is commonly
and widely used test to assess the damage done by free radicals. The running precept
at the back of this test was that malondialdehyde reacts with thiobarbituric acid to
present a pink colour complex that was read at 535 nm.

In this method trichloroacetic acid and thiobarbituric acid are added to serum and
the mixture was heated in boiling water bath. The ensuing chromogen if extracted
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with n-butyl alcohol and the absorbance of the organic phase was decided at the
wavelength of 530 nm. The molar extinction coefficient of free MDA has been given
by Sinnhuber and Yu (1958) as 1.56 x 10° at 532 nm. The determined values are
expressed as nmol/ml.

6.4 Cytogenetic Analysis

See Fig. 6.3.

6.4.1 Chromosomal Preparations

The procedure was performed on bone-marrow cells according to the recommenda-
tions of Preston et al. (1987) (Fig. 6.3). Mice (control and treated) were given an
intraperitoneal injection of colchicine at the rate of 1 mg/kg body weight, 2 h before
autopsy. Bone-marrow was extracted from both femora by flushing with KCI. The
collected cells underwent centrifuged at 2000 x g for 10 min, and were fixed in
aceto-methanol solution. Centrifugation and fixation has been repeated five times
with a time gap of 20 min. They were again resuspended in a small extent of fixative.
The material was smeared on cool slides, were flame-dried followed by staining with
freshly prepared Giemsa stain for 3—5 min. Finally the slides were cleared in distilled
water to put off excess stain.

Bone marrow

Genotoxicity
Chromosomal .
X Studjes
Stugdies
Karyotype Chromosomal
preparations Aberrations
Mitotic Index

Micronuclei Assay

Fig. 6.3 Graphical representation of cytological methodology
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6.4.2 Mitotic Index (MI)

It was also determined from slides made for analysis of chromosomal aberration
by the following method. Mitotic indices were obtained by counting the number of
mitotic cells in 1000 cells/animal to a total of 5000 cells/treatment and control. The
index was calculated by using the formula:

. Number of dividing cells
Mitotic index (MI) = x 100
Total number of cells

6.4.3 Micronuclei Assay

At the end of the trial, the animals from all the groups were taken and scoring of
micronuclei from the bone marrow cells of mice was achieved by the approach of
Agarwal and Chauhan (1993). Bone marrow cells have been flushed from both the
femurs. Then the material was centrifuged at 1000 rpm for 10 min and washed in
PBS twice and once again centrifuged at 1000 rpm for 10 min. After that the cells
were fixed in methanol: acetic acid (3:1) in cold fixative. Slides were organised via
dropping the proportions of pellets on the slides and they were dried at room temper-
ature after which stained with Giemsa stain. The micronuclei cells were calculated
by using the formula:

MN (%) = Number of observed cells with micronucleus < 100
= Total number of observed cells

6.4.4 Karyotype Preparations

Karyotype was prepared from well spread metaphase plate of the control mice.
Individual chromosomes had been cut from metaphase plate and homologous chro-
mosomes were paired on the idea of their length, arm ratio, morphology and then
they were organised in descending order consistent with their sizes. The morpho-
logical classification of chromosomes proposed via Todehdehghan et al. (2011) has
been accompanied to differentiate metacentric, submetacentric, subtelocentric and
telocentric chromosomes.
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6.4.5 Genotoxicity Analysis

Data of Chromosomal aberration test, micronucleus test and mitotic index was
expressed as Mean + S.E by applying two manner Anova test. Statistical analysis
was performed by using software program called graph pad prism. p < 0.01 was
considered to be the level of significance. Statistical importance in the frequencies
of chromosomal aberrations, micronucleus check and mitotic index in-between the
treated and control groups were evaluated.

6.5 Histopathological Study

Liver tissue of toxic and control mice were cleaned, washed and reduced into pieces
and had been fixed with Bouin’s fixative for 24 h. Then the tissues have been washed
in 70% alcohol followed by dehydration in ascending grades of ethanol, wiped in
xylene and embedded in paraffin wax (60 °C melting point) then sectioned at 5—-6 pm.
These sectioned were stretched on slides and were stained with hematoxylin and eosin
staining technique (Drury and Wallington 1980) for histopathological research. These
slides were discovered and scanned beneath microscope.

6.6 Statistical Analysis

The results were expressed as mean & preferred error (SEM) from all the experi-
ments accomplished using a standard number of animals (n = 5). Statistical signifi-
cance was assessed via Scholar’s t-test on GraphPad Prism software program. Inter-
group comparisons were made through by the usage of Two-way analysis of variance
(ANOVA). The significance level was localized as p < 0.01 and non-considerable
levels were set as p > 0.05.

6.7 Results and Discussion

Swiss albino mice showed no mortality during acclimatization period. Body weights
of all the mice were recorded during the acclimatization and experimental period.
Mice of control group showed a gradual increase in body weight from 0 day to
the end of experiment. Arsenic trioxide treated mice (group II and III) confirmed a
significant decline in body weight (Figs. 6.4 and 6.5) at 15 and 45 days post treatment.
Kaltreider et al. (2001) proposed that arsenic inhibited the capacity of glucocorticoid
and its receptors to turn on the genes that are linked to weight loss. This decrease was
in support to the study of Demerdash et al. (2009) who has worked on the sodium
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arsenite and found similar trend of weight loss in rats. Nareda and Kumar (2021)
also agreed with finding of our study and confirmed the reduction of body weight
in arsenic treated animals. Arsenic is fantastically poisonous as well as corrosive to
gastrointestinal tract resulting into partial anorexia and gastro-intestinal disturbances
accompanied by lack of body weight in arsenic animals (Dwivedi et al. 2011).

A significant (p < 0.01) increase in the liver weight of arsenic treated mice (group
IT and IIT) was observed in comparison to control group at 15 and 45 days post
treatment (Fig. 6.6). This remark is in confirmation with the study of Shiguang and
Beynen (2000) who pronounced that liver weight extensively increased in male rats
fed with 100 mg/kg arsenic diet for 2 weeks. Comparable consequences had been
additionally reported by Jalaludeen et al. (2016) and Pineda et al. (2013). Demerdash
et al. (2009) reported that accumulation of arsenic in the liver led to degeneration of
hepatocytes that resulted in chronic inflammation leading to hepatomegaly. Further,
Dwivedi and Gupta (2020) observed an increase in body and organ weight in rats
intoxicated with the sodium arsenite and cadmium chloride for 30 and 60 days.
Arsenic (at high doses) causes acute hepatic injury and hepatocellular necrosis that
results in the leakage of hepatocellular enzymes into blood (Gora et al. 2014). They
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Fig. 6.6 Weight of liver tissue in both groups

further, confirmed that this extent of damage to the hepatocytes has been commonly
detected by the activity of antioxidant enzymes.

The MDA content in serum (Fig. 6.7) and liver tissue (Fig. 6.8) of arsenic treated
mice (group II and IIT) showed extremely statistically significant (p < 0.01) elevation
as compared to control value at both 15 and 45 days post-treatment. But there was
a large (p < 0.01) decrease in SOD, CAT and G6PDH level (Figs. 6.9 and 6.10) of
toxic group (group II and III) in comparison to control group. This can be because
of the accumulation of arsenic in the liver tissue. These outcomes are in agreement
with the findings of Nandi et al. (2008) and Suanarunsawat et al. (2011) who also
reported comparable results within liver and heart of rats. The effects replicate that
the administration of arsenic trioxide prompted oxidative strain in liver of mice. The
lipid peroxidation which is a biomarker of oxidative stress was produced by the free
radicals which participate in the pathogenesis of several diseases (Jariyawat et al.
2009; Suanarunsawat et al. 2010). Arsenic generates oxidative stress by initiating the
manufacturing of free radicals and elevating the peroxidation of lipid membrane. The
lipid peroxidation is a chain process involving initiation, propagation and termination
reaction (Halliwell and Gutteridge 1999). The lipid peroxides are degraded into
various products like alkanals, hydroxyl alkanals and ketone alkenes (Chen et al.
1998). In vitro studies, NaAsO; and As, O3 both affect the cell viability, genotoxicity,
cytotoxicity, cell arrest apoptosis and caused oxidative injury in lungs of people (Jiang
et al. 2013).

The cellular damage was the main mechanism of arsenic toxicity and was assessed
by enhanced concentration of TBARS in experimental animals and humans exposed
to arsenic (Das et al. 2010). The administration of sodium arsenite during lactation
and gestation period increased the TBARS level in kidney and liver and decreased
the level of antioxidant enzymes. The generation of ROS due to arsenic toxicity
reduces natural antioxidants and mainly damage lipids which repair the cellular
structure and function (Kitchin and Conolly 2010). Reddy et al. (2012) founded
an increased TBARS level in hepatic tissue after arsenic administration because
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Fig. 6.10 Concentration of tissue antioxidant enzymes in all groups at 45 days

of reduced degree of SH-groups and antioxidant enzymes. The production of huge
number of ROS species as a result to arsenic toxicity weigh down the antioxidant
protection mechanism and harm cellular elements which include lipids, proteins and
DNA; which impair the cellular systems.

According to Prabhu and Sumedha (2014), arsenic-treated rats had higher levels of
lipid oxidation, fatty acid hydroperoxides, protein carbonyl content and covalently
linked dienes than control rats. Devi et al. (2000) also emphasized that arsenic,
present in the biological system acts as a pro-oxidant that leads to oxidative stress
which further causes lipid peroxidation and deterioration of liver cells. Abundance
of ROS, causes cell death via apoptosis or necrosis, which is defined by degenerative
changes and chromosome segregation (Conde de la Rosa et al. 2006).

Antioxidants protect the body from oxidative stress. In general, antioxidants exca-
vate and inhibit the creation of ROS and lipid peroxidation (Ben Abdallah et al. 2009).
Several enzymatic antioxidants, including SOD, CAT, GPx, GST, GR, and G6PDH,
are the initial line of defence against arsenic-induced oxidative stress. SOD and CAT
form the backbone of antioxidant system and immediately act against the free radi-
cals produced during heavy metal exposure. The reduced activities of antioxidants
due to the enhancement of arsenic toxicity and production of free radicals in the liver
also tend to disturb antioxidant defense system and alter the structural stability of
cell membrane and thus further affect the membrane-enclosed enzymes (Muthumani
2013). In addition, decreased SOD and CAT activity in arsenic-exposed rats raises
the level of superoxide radical anions and lowers the level of NADPH required for
CAT activation from its inactivated state (Yamanaka et al. 1991). Nandi et al. (2006)
further observed sequential changes in lipid peroxides, SOD and CAT in erythrocytes,
liver and renal tissue of arsenic treated rats.

The arsenic binds to sulthydral groups of proteins along with various enzymes and
intereferes with consumption of GSH that act as an important antioxidant molecule
responsible for removing xenobiotics (Hultberg et al. 2001). Lee and Ho (1995)
reported that SOD and CAT level were decreased in fibroblast cells of humans after
treatment with sodium arsenite.
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G6PD is an important antioxidant enzyme and helps RBC’s to function in a proper
manner. The decrease in the activity of G6PD in metal administered rats showed less
production of NADPH which is needed for the generation of GSH from GSSH
(Shila et al. 2005). Tang et al. (2015) observed that the normal RBCs and G6PD
deficient RBCs differ in their response to oxidants because glutathione deficient
cells are unable to produce required quantity of GSH pool as found in normal cells.
Thus, ROS production was maximum in G6PD deficient group in comparison to
normal group. The excessive ROS production induces tissue stress that increases
DNA variations resulting in carcinogenesis (Lee and Yu 2016). The enhanced rate of
apoptosis and arrested G2 cycle in G6PD deficient cells enhance the oxidative stress
in K562 cell lines. Arsenic treated groups also showed hematopoietic toxicity and
oxidative damage in G6PD deficient cells (Zhang et al. 2016).

Thus, genotoxicity studies have become very important and number of techniques
are used to test alterations in DNA in the form of chromosomal aberrations, sister
chromatid exchange, comet assay, mitotic index and micronucleus (Sanchez-Alarcon
etal. 2021). The genotoxicants form strong covalent bonds with DNA that lead to the
emergence of DNA adducts that results in mutations and prevents DNA replication
(Yun et al. 2020). Genotoxicity bio monitoring is important in organisms due to
various reasons. Firstly, it’s an early detection and monitoring of the pollution in
the environment and secondly, it can also help in preserving the ecological diversity
in environment and prevent the pollution induced mutations. Further, it can help in
assessing the health status of creatures. The DNA damage originally starts at the
cellular level and finally manifests into various diseases.

The micronucleated cells in arsenic treated mice (group II and III) showed a statis-
tically significant (p < 0.01) elevation in comparison to control group (Fig. 6.11).
Arsenic trioxide was found to possess the genotoxic potential as revealed by signifi-
cant (p < 0.01) increase in chromosomal aberrations at 15 and 45 days post-treatment
in comparison to control mice (Figs. 6.13 and 6.14). Das et al. (2016) observed that
the sodium arsenite, after long term exposure caused genotoxicity in the cells of
mice along with increased oxidative stress in hepatic tissue, kidney and intestine of
mice. It was supported by Picker and Fox (1996) who reflected that arsenic causes
genotoxicity and other health effects. They further, detected that the chromosome
abnormalities, nuclear aberrations and micronuclei were in the interphase stage of
populations who were prone to arsenic (Fig. 6.12).

Chromosome aberrations are macro damage of the chromosomes and includes
various types of structural and numerical alterations in chromosomes such as Aneu-
ploidy, Polyploidy, Chromatid elongation, Centrometic fusion, Centromeric gap,
Condensed chromosome, End to end joining, Fragmentation, Loss of definite walls,
Pulverization, Ring formation, Stretching, Stickiness, Wooly appearance etc. that
results due to the inhibition of DNA synthesis and DNA breakage (Grade et al.
2015). Au et al. (1991) found that the incidence of the chromosomal alterations
was an important parameter to govern the correlation between the aberrations and
occurrence of the various malignancies.

The proliferation status of the cells i.e. mitotic index was also calculated that
showed a significant reduction in the proportion of the cells undergoing mitosis to
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the number of cells not undergoing mitosis in the toxic group (group II and III)
in accordance to control values (Fig. 6.12). Large number of in vitro and in vivo
studies also supported our work and showed adverse genotoxic effects of inorganic
arsenicals (Cohen et al. 2006). Rahman et al. (2008) reported an increase in pulverized
chromosomes in those who were exposed to high level of arsenic in drinking water.
Ochi et al. (2008) proposed that pulverized chromosome formation occurs due to cell
blending, collapsing of cytokinesis followed by usual nuclear division. In present
study, arsenic intoxicated mice showed centromeric attenuation and spindle fibre
disruption that may cause centromeric destruction leading to chromatid depreciation.
Similarly, the degeneration in centromere and serrated arms of chromosome were
also observed by Kumar et al. (2016). Serration of the chromosomal structures show
excessive heterochromatization which leads to the non-functioning of the active sites
of chromosomes by highly effecting the gene regulation in mice.
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Fig. 6.14 Chromosomal aberrations in both groups at 45 days

Saha et al. (2010) suggested that the chromosomal aberrations as well as the
genotoxic effects enhances with increase in prolongation of exposure to arsenic
and this was correlated with in our present study. The micronucleus (MN) assay is
a valuable and sensitive process to elucidate the chromosomal mutations and their
loss, which forms the basis for the development and up regulation of cancer (Sommer
et al. 2020). There was a positive correlation between the lipid peroxidation and
MN frequency as the free radicals generate oxidative stress which breakdown the
antioxidant defenses, a positive factor to induce chromosomal breakage along with
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MN formation (Mayer et al. 2000). It was also documented that females have a large
number of MN frequency in comparison to male due to preferential loss of inactive
X-chromosome (Nicoli et al. 2022). However, the life styles and dietetic habits were
also important factors that influence the MN formation.

Micronuclei are the cytoplasmic chromatin containing bodies formed in bone
marrow erythroblasts that further develops into a polychromatic erythrocyte, the
nucleus undergoes extrusion resulting in micronuclei formation in enucleated cyto-
plasm that can be detected using specific staining processes (Luzhna et al. 2013).
They further assessed chromosomal damage as well as damage to the mitotic spindle
apparatus in polychromatic erythrocytes in bone marrow. The presence of MN indi-
cate genetic damage as CA and MN are considered to be genotoxicity markers (Miller
et al. 2002; Bonassi et al. 2000; Martinez et al. 2005; Salazar et al. 2009).

Chakraborthy and Madhusnata (2013) observed statistically significant elevation
in the MN formation in tea drinkers and also in arsenic manifested people. Wu
et al. (2001) reported that the genetic instability and cytogenetic alterations were
associated with generation of ROS and decreased antioxidants by arsenic.

Arsenic is an environmental pollutant and humans are mostly exposed to metalloid
through drinking water contaminated with industrial emissions. It gets absorbed into
the gastrointestinal tract, lungs and blood stream when ingested in the body. Reactive
nitrogen species (RNS) indirectly linked with ROS in causing oxidative injury in
lipids, proteins along with DNA in cells exposed to arsenic. Further, Arsenic exposure
caused various diseases and disrupts the functions of several important organs like
liver, kidney and lung (Chowdhury et al. 2016) which was also proved by histological
studies. Previously as well as recently scientists believe that oxidative injury and ROS
generation are the considerable cause of heavy metal toxicity (Aflanie et al. 2015).

Liver has been the target organ for arsenic induced damage. Histological studies
of liver tissue of control group (Fig. 6.15a) showed lobular organization, the lobules
being incompletely separated from each other by connective tissue septa. Each lobule
is made up of large number of polyhedral cells with prominent nucleus having one
or more nucleoli. The cells in lobules are arranged in longitudinal cords around the
central vein and are separated from each other by sinusoids that meet up between
interlobular blood vessels with the central vein. The toxic group (II and IIT) showed
high degree of oedema in case of liver tissue (Fig. 6.15b—d). Hyperaemia, hypertrophy
and lymphocytic infiltrations were observed along with many pyknotic nuclei, binu-
cleated and giant cells. These results were in support with the work of Noman et al.
(2015). Even, Gora et al. (2014) disclosed that arsenic attributed hepatocytic damage
was also characterized by vacuolar degradation along with necrosis in the liver cells
of rats. Arsenic, in drinking water also caused increment in the plasma liver enzymes
(Sarkar et al. 2014).
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Fig. 6.15 Photomicrographs of liver tissue of both the groups. a Control group, b, ¢, d Arsenic
group (II and IIT) showing vacuolation (V), oedema, degranulation, hyperemia (HY) and formation
of pyknotic (P) and multinucleated cells. Lymphocytic infiltration (LI) was also observed. X400
(H&E)

6.8 Conclusion

Arsenic (As) is a toxic metal and contaminates both terrestrial and aquatic environ-
ments affecting animals and even humans life. Arsenic induced oxidative stress which
resulted in an elevation in MDA level in tissue and serum, decrease in antioxidant
activities in hepatocytes of albino mice. The liver is the main organ affected by As
exposure. Arsenic caused genotoxic and cytological effects in bone marrow of mice
by decreasing the mitotic index value and enhancing the chromosomal aberrations
and number of micronuclei.
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The Effects of Arsenic Exposure e
on Neurological and Cognitive

Dysfunction in Human
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Abstract Arsenic, one of the most prevalent naturally occurring elements is referred
to as the King of Poisons and is frequently present in diet and drinking water. It is
primarily found in an inorganic form. The most common and toxic forms of arsenic
are the trivalent form called arsenite which has an oxidation state of + 3, and the
pentavalent form called arsenate or As(V). Common organic arsenic compounds
are arsanilic acid, monomethylarsonic acid (MMAYV), dimethylarsonic acid (DMAY,
also called cacodylic acid), trimethylarsonic acid (TMA) and arsenobetaine. Cancer
in the lungs, skin, kidney, liver, bladder, and prostate is associated with arsenic toxi-
city in drinking water. Other sources of arsenic are soil, air, cosmetics, pesticides,
chemotherapeutic agent, and the by-product of metal ore smelters. It serves benefits as
pesticides, semiconductors, glassware, alloys, and preservatives. In addition, it can be
used to treat many ailments like ulcers, syphilis, leukemia, trypanosomiasis, cancers,
etc. The negative effects of arsenic are caused by several interdependent modes of
action. One of the first proposed MOA s for arsenic, suggested by Binz and Schulz in
1879, was the interference of cellular oxidation from the cycling of oxygen during the
interconversion of arsenate and arsenite. As a result, arsenolysis occurs that reduces
ATP in the body due to the formation of anhydrides during glycolysis and oxida-
tive phosphorylation. Additionally, the formation of reactive oxygen and nitrogen
species also contributes to arsenic toxicity. Formed ROS are involved in genotoxicity,
signalling, cell proliferation, and inhibition of DNA repair. Arsenic carcinogenicity
includes inhibition of DNA repair under conditions of oxidative stress, inflammation,
and proliferative signalling. There are many neurobehavioral disorders and nervous
system disorders. Polyneuropathy, and electroencephalographic (EEG) abnormali-
ties are some disorders caused due to arsenic exposure. Arsenic exposure to a mother
during her pregnancy causes oxidative stress and slashes ATP production, causing
improper development of the brain and altering normal neurobehavior. Arsenic expo-
sure also interferes with cognitive function, particularly learning and remembering
during childhood, and causes impaired learning and increased anxiety-like behaviour.
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Adults are more prone to peripheral and sensory neuropathy whereas children are
more prone to neurodevelopmental syndromes such as attention-deficit hyperactivity
disorder, intellectual disabilities, learning disorder, and autism.

Keywords Arsenic exposure - Toxicity *+ Arsenite - Arsenate - Arsenolysis *
Neuropathy - Cognitive

7.1 Arsenic: An Overview

Arsenic is one of the prevalent naturally occurring elements. It (As) is a metalloid
possessing properties of both metals and non-metals and has atomic no. 33 and an
atomic weight of 74.92. It is a trace element as it is present in less than 1% (< 1%) of
most rocks, coals, and soils (Alam et al. 2002). It is characterized as a white, yellow,
grey metallic, or black solid that is odorless. It is highly toxic in nature. For centuries
arsenic and its compounds have been in produced and utilized for commercial
purposes like in pharmaceutical industry, agricultural industry, and semiconductor
industry. Agricultural and industrial processes like mining and smelting contributes
to high arsenic levels in the environment. Several areas of Japan, Mexico, Thailand,
Brazil, Australia, and the USA have high arsenic levels in local water sources, due
to mining, smelting, and other industrial activities (IARC 2004). However, Minerals
and geogenic sources are primary sources of arsenic contamination with anthro-
pogenic activities also contributing to it via extensive soil and water contamination
throughout the world (Smith et al. 1998). Arsenic comes in three major forms: inor-
ganic, organic and arsine gas (— 3 oxidative state), as well as three major valence
states arsenic element (0), arsenite (trivalent + 3), and arsenate (pentavalent + 5)
among which arsenite (+ 3) and arsenate (+ 5) are the most common toxic inor-
ganic forms (Yousef et al. 2008). In general, trivalent arsenic compounds; inorganic
(arsenite) and organic (monomethyl arsenic) are considered more toxic than pentava-
lent compounds. Arsenic, “when combined with carbon and hydrogen (in plants and
animals) forms organic arsenic compounds whereas when combine with oxygen,
sulfur, and chlorine in environment form inorganic arsenic compounds” (Martinez
et al. 2011). Inorganic arsenic compounds are more prevalent in the environment
and contribute more to toxicity. Arsanilic acid, monomethylarsonic acid (MMAV),
dimethylarsonic acid (DMAYV, also called cacodylic acid), trimethylarsonic acid
(TMA) and arsenobetaine are some common organic arsenic compounds. Until the
1970s arsenic was used for medicinal purposes. For the treatment of leukemia, psori-
asis, and chronic bronchial asthma, inorganic arsenic was used and for the treatment
of spirochetal and protozoal disease organic arsenic was used in antibiotics (ATSDR
2007). It was considered that the father of medicine, Hippocrates used arsenic as a
paste for the treatment of ulcers and abscesses. The arsenic paste appears to be bene-
ficial for chemotherapeutic purposes as suggested by the pharmacology texts from
the 1880s (Antman 2001). Arsenic organic compounds are used in the agricultural
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industry as well in the form of pesticides, herbicides, defoliants, and as soil steril-
izing agents but in 2009 the US issued an order to remove organic arsenic-containing
pesticides from agricultural practices by 2013 (EPA 2009) as the large area of agri-
cultural land gets contaminated due to repeated use of arsenic-containing pesticides.
Arsenic and its compounds are also used for a variety of industrial purposes like in
the semiconductor and electronics industry, in the manufacturing of alloys, and also
in the making of an anti-fungal wood preservative (Tchounwou et al. 1999).

Before the advent of penicillin, some organic arsenicals such as arsphenamine,
salvarsan and their derivatives were used as anti-syphilitic agents (Globus and Gins-
burg 1933; Osterberg and Kernohan 1934; Russell 1937). Some arsenic compounds
are used to treat trypanosomiasis (Harrison et al. 1997) and acute promyelocytic
leukemia (Look 1998).

7.2 [Exposure to Arsenic

Based on known toxicity, arsenic is the most toxicant that poses substantial harm to
human health and therefore ranked first among the toxicants (Hughes et al. 2011).
Arsenic was used throughout history to kill the emperors for their wealth and empire
because of many reasons like multiple ways of administration, its potency, and avail-
ability, and therefore called as “King of Poisons.” Nonetheless, arsenic is ubiquitous
in the environment, the majority of organic and inorganic arsenic uptake by an indi-
vidual comes from the diet. An average adult in the United States has an intake of
3.2 pg/day as per Schoof et al. (1999) and similar results were found for children
as well (Yost et al. 2004) but the European Food Safety Authority (EFSA) estimated
a higher intake level 9.1-39.2 pg/day for a 70 kg adult as estimates include the
ratio of inorganic arsenic to total arsenic in food i.e., 0.13—0.56 ng/kg/day for an
average consumer (EFSA 2009). The diet of an individual has both organic as well
as inorganic forms of arsenic compounds and 25% of daily dietary arsenic intake
comes from inorganic sources. It is considered that organic forms of arsenic are less
toxic than the inorganic forms. Arsenic is found in highest concentration in seafood.
Monomethylarsonic acid, DMAsY, arsenobetaine, arsenocholine, arsenosugars, and
arsenolipids are arsenic compounds that are organic in nature and majorly found in
food.

7.2.1 Exposure in Water

Inorganic forms of arsenic predominantly exist in water which stabilizes as (triva-
lent, 4+ 3) arsenite and (pentavalent, + 5) arsenate (Saxe et al. 2006). Arsenic in
drinking water at levels over the WHO recommended threshold of 10 ppb (parts per
billion) was estimated to have contaminated approximately 140 million people in
2009 (Ravenscroft 2009). Over 1.5 million people in India have been estimated to
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be exposed to arsenic levels higher than the WHO threshold of 10 ppb leading to
more than 200,000 cases of arsenicosis (de Castro et al. 2009). Arsenic ingestion via
drinking water was found to be associated with increased cases of cancer and with
some non-cancer effects like skin lesions, and neurological effects (NRC 2001).

7.2.2 Exposure in Soil

Globally, arsenic levels present naturally in soil ranges from 0.01 to over 600 mg/
kg with a mean of 2-20 mg/kg. Mostly, inorganic forms of arsenic (trivalent and
pentavalent) are present in the soil. Due to the oxidation of trivalent arsenicals,
pentavalent arsenic compounds are found predominately in soil (Gong et al. 2001).
There are numerous ways to be exposed to arsenic in the soil. Dermal absorption and
inhalation of soil particles carried by the wind are some potential exposure routes
but incidental ingestion is the most common pathway for the intake of arsenic in
soil (Yan-Chu 1994). Numerous studies have revealed that less than 50% of arsenic
in soil that is taken by mouth can be absorbed and used by the body (Roberts et al.
2002).

7.2.3 Exposure in Air

Arsenic exposure from the air is quite minimal compared to that of food and water.
The contribution of air in arsenic exposure is less than 1% as per the data collected by
European Commission (2000). Arsenic trioxide is an inorganic compound primarily
involved in contaminating the air with arsenic. Cosmetic Products also contain arsenic
in some amount and act as a source for direct arsenic exposure (Chung et al. 2014).
Increasing exposure to arsenic via drinking water and contaminated food to a large
population is a matter of great concern due to many toxic effects associated with
arsenic (Chatterjee et al. 2010; Rahman et al. 2009).

7.3 Mode of Action of Toxicity by Arsenic

It is challenging to determine the method of action using the epidemiological liter-
ature since long-term exposures to arsenic are probably amplified by exposures to
pollution. The harmful effects of arsenic are presumably the result of several path-
ways; in fact, these mechanisms may be interrelated. Trivalent arsenic compounds
(arsenite) have more toxicity as compared to pentavalent arsenic compounds
(arsenate) due to higher solubility and slower excretion rate.

Binz and Schulz suggested the arsenic’s initial proposed route of action in
1879 (Parascandola 1977). It suggested that both arsenicals are equally potent by
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describing how cellular oxidation is interfered with by oxygen cycling during the
interconversion of arsenate and arsenite, but as it soon became clear that arsenite is
more potent than arsenate, this hypothesis was quickly abandoned.

Phosphate and arsenate have similar properties (after protonation) due to their
comparable structure, making arsenate capable of substituting phosphate in different
metabolic reactions. Arsenate also forms a less stable ester bond with a higher bond
length between As—O in comparison to the P-O bond formed between phosphate
and its hydroxyl groups (Dixon 1996). In a process known as arsenolysis, arsenate
decouples the production of adenosine 5-triphosphate (ATP) in vitro. This process
occurs in the presence of arsenate during glycolysis and oxidative phosphorylation
(OXPHOS). Both reactions result in the formation of unstable arsenate anhydrides
that are simple to hydrolyse like 3-phosphoglyceroyl arsenate in case of the glycolytic
pathway. The end outcome is a reduction in the production of ATP (Gresser 1981).

One of the most extensively researched mode of action (MOA) for arsenic toxi-
city currently is the production of reactive oxygen and nitrogen species by arsenic
(Hughes and Kitchin 2006). There are number of the hypothesised mode of actions
for arsenic, such as genotoxicity, cell proliferation, and suppression of DNA repair,
that include reactive oxygen species generated by arsenic. Reactive oxygen species
(ROS) can be formed by arsenic in a variety of reactions such as during the conver-
sion of arsenite to arsenate (Del Razo et al. 2001), during the metabolism of arsenic
resulting in the formation of arsine (Yamanaka and Okada 1994).

“Deletion mutations, oxidative DNA damage, breaks in DNA strand, sister chro-
matid exchanges, chromosomal abnormalities, aneuploidy, and micronuclei are some
of the impacts of arsenic’s genotoxicity” (Basu et al. 2001; Hei et al. 1998; Rossman
2003). Studies on human cell nuclear extracts revealed that arsenic’s indirect effect
of inhibiting DNA repair was brought on by the generation of ROS or by altered
cell signalling that altered gene expression (Hu et al. 1998). Arsenic also affects
the working of enzymes involved in repair mechanisms such as nucleotide and base
excision repair (Hartwig et al. 2003). Arsenic trivalent compounds interact with the
zinc finger motifs of proteins and disrupt the function of proteins by moving zinc
from its binding site causing inhibition of base excision repair (BER) and nucleotide
excision repair (NER) activity (Ding et al. 2009; Piatek et al. 2008).

Gentry et al. (2009) examined in vitro cellular and in vivo gene expression alter-
ations after exposure to inorganic arsenic and concluded that arsenic inhibits DNA
repair as a method of action for its carcinogenic effect. The findings suggested
that DNA repair inhibition under the influence of oxidative stress, inflammation,
and proliferative signalling is one of the important processes in arsenic’s carcino-
genicity. Such circumstances could result in mitosis progressing without preserving
the integrity of the cellular DNA.

Arsenic by altering the signal transduction pathways can regulate the expres-
sion of transcription factors and proteins (Bode and Dong 2002; Druwe and Vail-
lancourt 2010; Huang et al. 2004; Kumagai and Sumi 2007; Leonard et al. 2004;
Platanias 2009). In vitro, arsenite activated the protein p38, a component of the
mitogen-activated protein kinase (MAPK) cascade (Rouse et al. 1994). Arsenic also
activates the c-Jun N-terminal kinases (JNKs) and extracellular-regulated protein
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kinases (ERKSs), two other components of the MAPK pathway (Bode and Dong
2002; Yang and Frenkel 2002). Arsenic also affects the transcription factors nuclear
factor-k (NF-kf) and (Nrf2) nuclear factor erythroid-2-related factor 2 (Kumagai
and Sumi 2007). By altering a reactive thiol in Ikf kinase, arsenite seems to prevent
activation of tumor necrosis factor-a induced NF-kf (Roussel and Barchowsky 2000;
Shumilla et al. 1998). With the help of generating ROS, arsenic also found to activate
NF-kp (Felix et al. 2005; Wijeweera et al. 2001).

Inorganic arsenic compounds expresses the growth factors to such an extent that it
results in a condition called hyperkeratosis which is an indication of arsenic toxicity
in humans (Germolec et al. 1997).

Arsenic alters the methylation in DNA, according to investigations done by
Zhao et al. (1997). It is unclear what the mechanism is for this. However, dietary
factors, DNA methyltransferase inhibition, or shunting of the methyl donor, S-
adenosylmethionine for the methylation of both DNA and arsenic are some of the
reasons for hypomethylation (Chanda et al. 2006).

Arsenite and arsenate can be transported by human RBCs using anion exchange
proteins (Zhang et al. 2000). The necessary sulfhydryl groups of proteins and
enzymes are blocked by arsenite due to its interactions with thiol groups present
in them. As a result, it disrupt the activity of enzymes involved in the metabolism
of carbohydrates such as pyruvate dehydrogenase (Aposhian 1989). Arsenite causes
cytoskeletal components to become disorganized once it enters the cell (Li and Chou
1992; Ramirez et al. 1997).

7.4 Effect of Arsenic on Neurological Function in Human

An unidentified mechanism allows arsenic to reach the brain. It builds up in the
choroid plexus, preventing arsenic from entering the brain (Zheng et al. 1991).
It induces changes in neurotransmitter levels and cause alterations in functions
(Rodriguez et al. 2001). Neural health and behaviour of an individual get affected by
the accumulation of arsenic during the childhood stage (Tsai et al. 2003). Arsenic-
induced neuritis is a well-known side effect of arsenic toxicity and is known to impair
the sensory capabilities of the peripheral nerves. Several other neurological condi-
tions, such as polyneuropathy and aberrant electroencephalographic (EEG) are also
induced by arsenic exposure (Rodriguez et al. 2003). Additionally, it has the ability
to activate the p38 MAPK and JNK3 genes, which may result in Alzheimer’s disease
(Gharibzadeh and Hoseini 2008).

According to the studies, arsenic exposure via drinking water is linked to neurode-
generation, including oxidative stress, damaged protein degradation, intracellular
accumulation and autophagy, mitochondrial dysfunction, and more (Escudero-
Lourdes 2016). Arsenic exposure via dust and drinking water can also cause damage
to the peripheral nerves (Gerr et al. 2000; Mazumder et al. 2010). Arsenic exposure
during pregnancy causes oxidative stress and decreased ATP generation, endangering
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the structural and functional maturity of nerve cells and impairing brain develop-
ment as well as associated behaviours (Gandhi and Kumar 2013). Arsenic expo-
sure to copper smelters causes them to exhibit a lower rate of conduction of nerve
signals and damage to peripheral nerves (Lagerkvist and Zetterlund 1994). Addition-
ally, they may have muscle tiredness, irritability, headaches, severe muscle spasms
in their extremities, and lethargy or lack of sleep (Sinczuk-Walczak et al. 2010).
Rising urine arsenic levels negatively affect processing speed and fine motor func-
tion (Carroll et al. 2017). Arsenic exposure at workplace can lead to neurological
and electromyographic abnormalities (Blom et al. 1985). Exposure in mines can be
harmful and causes sensory neuropathy and hearing impairment (Ishii et al. 2018).

7.5 Effect of Arsenic on Cognitive Function in Human

Numerous epidemiological studies have indicated that arsenic exposure can affect
how well people think and learn, especially in young children. Children’s intellectual
development may be harmed more by chronic moderate exposure to arsenic than by
severe acute exposure. Children exposed to arsenic had an IQ drop of 0.4, which
can have collective effects in later stage of life (Rodriguez-Barranco et al. 2013). In
youngsters between the ages of 6 and 8 years old, a 2007 study discovered a strong
correlation between urine arsenic concentrations above 50 g/L and poor performance
on tests of remembrance, cognitive, visual and spatial reasoning, linguistic devel-
opment (Rosado et al. 2007). These children also exhibited symptoms of Atten-
tion Deficit Hyperactive Disorder (Roy et al. 2011). Additionally, several studies
suggested that arsenic hinders young females’ growth and development more than
males, which may have an impact on cognitive function (Gardner et al. 2013). The
likelihood of intellectual disability in children rises as the concentration of arsenic
and lead increases in the soil, and the prevalence of mental retardation is significantly
connected with the presence of soil metals like arsenic, copper, lead, manganese, etc.
(Aelion et al. 2008; McDermott et al. 2011). Exposure to arsenic during the gesta-
tion and lactation period can cause nitric oxide dysfunction in brain (Zarazda et al.
2006). “The research showed that prolonged exposure can impair pattern memory
and attention switching” (Tsai et al. 2003). Low-level prenatal arsenic exposure and
early children’s neurobehavioral performance have been found to have an inverse
relationship. Prenatal arsenic exposure can impact newborn infant neurobehavioral
development (Wang et al. 2018). In addition, postnatal exposure exhibited impaired
learning and increased anxiety-like behaviors (Zhou et al. 2018). Flawed Memory,
sleep dysfunction, and visual disruption are among the signs of temporal and occip-
ital lobe exposure to DPAA that are brought on by water consumption (Ishi and
Tamaoka 2015). Inorganic arsenic exposure during pregnancy, according to Ramos-
Chavez et al. (2015), affected the development of cysteine/glutamate transporters in
the cortex and hippocampus and also caused an unfavourable regulation of the NMDA
receptor (NMDAR) NR2B subunit in the hippocampus. When exposed to arsenic,
there is also a decrease in acetylcholinesterase (AChE) and butyrylcholinesterase
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(BChE) levels as well as a drop in motor coordination (Sharma et al. 2018). Chil-
dren are more likely to have neurodevelopmental syndromes such as autism spec-
trum disorders, cognitive impairments, intellectual disabilities, and attention deficit
hyperactivity disorder (Schug et al. 2015).

7.6 Conclusion

A common metalloid, arsenic can be found in food, water, and items manufac-
tured by humans. Numerous epidemiological investigations have produced evidence
pointing to a substantial link between exposure to arsenic and neurological and
cognitive impairment in both children and adults. Multiple systems and particular
pathways involved in various elements of learning, memory, mobility, decision-
making, and mood are all impacted by arsenic exposure. Most people are exposed to
arsenic through their diet and water consumption. Other sources of exposure include
using arsenic as a pesticide, a by-product of smelting metal ore, a chemotherapeutic
agent, or coming into contact with arsenic-contaminated soil. Chronic exposure to
arsenic damages the peripheral nervous system by causing peripheral neuropathy,
whereas acute and occupational exposure to arsenic compounds has been linked to
encephalopathy and the impairment of higher neurological processes in patients.
Arsenic exposure has been linked to skin, lung, and bladder cancers, according to
research. Arsenic exposure results in a large number of health-related problems
around the world, and it should be considered a serious threat to humans. Treatment
of the afflicted areas should have broader consequences for issues with public health.
Arsenic exposure needs to be reduced or eliminated. Arsenic levels in drinking water
need to be constantly tracked and checked. Affected areas by arsenic should also
have access to clean drinking water. When using cosmetics and when eating a diet,
precautions should be made. Arsenic levels in drinking water need to be constantly
tracked and checked. Affected areas by arsenic should also have access to clean
drinking water. When using cosmetics and when eating a diet, precautions should be
made. Arsenic-related health risks to people can be lessened by carefully examining
potential sources of exposure.
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Abstract Arsenic (As) has created a jarring consequence on health of humans by
diffusing in ground water to a much higher extent. Diverse natural as well as anthro-
pological disturbance has created its path of release to the environment. Long-term
exposure to this heavy metal not only results in skin cancer but also possesses
the ability to cause malignance to several distinct organs like lungs, bladders and
many more. Therefore, a numerous strategies have been investigated and applied for
removal of this carcinogenic metal in order to refrain it from contaminating water.
The alginate-based biotechnological tool has now evolved as an emerging hope in
today’s world. The larger surface to volume ratio, water-permeable and biocompat-
ible nature have provided these adsorbent-impregnated alginate beads a much higher
place in the arsenic removal technologies. Also, its easy generation procedures in a
wider range of pH and concentrations have put an added advantage to it. Notably, its
usage in commercial level has not been that much popularized till date. Hence, this
chapter will elaborately describe the aspects from the evolution of alginate beads to
regeneration through its encapsulation and impregnation, following its future scope
of mass scale applications.
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8.1 Introduction

The carcinogenic effects of arsenic (As) toxicity, especially when dissolved in
drinking water, has created a major global issue throughput the nations (Debnath
et al. 2017). Arsenic, in its inorganic form, has already been declared as a potent
carcinogen for human. More than 140 million inhabitants in almost 70 countries are
undergoing arsenic contamination in groundwater, which has posed varying stages of
threat to human health, when exposed for long term (Chatterjee et al. 2013; Kabir and
Chowdhury 2017). Skin lesions due to this heavy metal toxicity were prevalent among
the dwellers of various south-east Asian nations such as India, Vietnam, Bangladesh,
and Cambodia (Chowdhury et al. 2016; Seth et al. 2020). Various general long-term
impacts of arsenic exposure include malignancy, skin blemishes, gastrointestinal
illness, etc. Further, peripheral neuropathy, diabetes, renal impairment, and cardio-
vascular diseases are four of the most prevalent medical conditions, as reported till
date (Chowdhury et al. 2019). Throughout the globe, a few notable arsenic effected
countries include India (Krishna et al. 2009; Chatterjee et al. 2011), Bangladesh
(Chakraborti et al. 2013), Iran, China (Wade et al. 2009; Xia et al. 2009), Austria,
New Zealand, different regions of Northern parts of Mali, Afghanistan, Taiwan, and
Thailand (Ning 2002) and Argentina and Mexico (Chowdhury et al. 2016). Village
communities in arsenic-striken developing nations are the most affected because
of the scarcity of current technologies, higher expenses and complexity of arsenic
removal technologies. In order to safeguard human population, World Health Orga-
nization (WHO), one of the leading regulatory bodies all over the world, limit the
inorganic form of arsenic concentration in drinking water to 10 ppb (WHO 2017).
Among various conformations of inorganic arsenic (e.g., As(0, III, -III, V, etc.)),
the most prevalent species are the pentavalent (arsenate) and trivalent (arsenite)
one in groundwater, respectively, although the toxicity of the later is 20-60 times
greater than that of former one (Debnath et al. 2016). In addition, As(IIT) possess
greater thermodynamic stability and mobility (Chowdhury et al. 2019) in ground-
water under reducing conditions than As(V). Researchers from numerous nations
have been collaborating on several methodologies such as ion exchange, coagulation/
co-precipitation, oxidation/precipitation, membrane adsorption technology, etc. for
eliminating arsenic from the groundwater sources. Among all these approaches, the
most prevalent one was adsorption, as reported (Mueller 2016). Inefficient operation
and failure to minimize arsenic level below the WHO threshold of 10 parts per billion
ppb, high operational and capital expenditures, sludge production, and numerous
operational challenges remain the primary obstacles to the widespread implementa-
tion of the majority of accessible mechanisms (Jadhav et al. 2015; Kabir and Chowd-
hury 2017). The lesser costly arsenic removal techniques (namely chemical precipi-
tation, oxidation, coagulation-precipitation-filtration, etc.) are typically not so much
efficient at reducing both forms i.e. As(III) as well as As(V), below the recommended
value. Nonetheless, minerals or biomaterials-mediated adsorption have demonstrated
effective removal for aforesaid two forms of arsenic. The Fe-containing adsorbents
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(i.e. iron oxides, hydroxides, and iron minerals), and alumina (Al,O3) have demon-
strated superior removal performance of them. A number of previous investigations
revealed the greater affinity of Fe oxides or hydroxides towards As(III) and As(V)
(Giles et al. 2011). The lesser particle size an adsorbent owns, the higher surface
area it possesses, which ultimately anticipate with higher removal rate of arsenic.
Previous researches have revealed the inversely proportional relationship between
the removal efficiency of arsenic with the particle size of iron i.e. magnetite (Fe30,)
(Yean et al. 2005; Mayo et al. 2007). Mayo et al. (2007) reported 200-fold enhance-
ment in As(IIl), and As(V) removal efficiency by lowering the magnetite particle
size 25 times. The maximal capacity for absorption increases 20 times in case of
As(II), and 10 times for As(V), correspondingly, by lowering the magnetite particle
size from 300 to 20 nm, i.e. 15 times (Yean et al. 2005). Additionally, generation and
employment of adsorbents can cut down the total expense and formation of arsenic-
stuffed sludge, which is essential for low-income families of the developing nations.
Nonetheless, by means of the traditional protocols, it is frequently challenging to
regenerate and reuse Fe-based adsorbents, mostly because of the strong reactivity
and chemical stability of the nano-sized particles (Chung et al. 2014).

The efficiency of arsenic removal has been improved by doping or varnishing the
Fe-originated adsorbents with several supportive substances such as activated carbon
(AQC), sand, zeolite, polymer, etc. (Chen et al. 2014). However, the all over expenses
of those adsorbents (e.g., nanoparticles), sludge generation, and their re-employment
are all causes for concern. Therefore, irregular alginate beads have now been utilized
to address these concerns. Alginate comes with several major advantages like lower
pricing, superior biological compatibility, higher aqua-permeability, abundance in
marine condition, etc. Prior researches have demonstrated the implementation of
iron-based adsorbents-encapsulated alginate beads such as goethite, hydrous Fe-
oxide, mineral akageneite, Fe-containing wastewater residuals and many more in
arsenic removal treatment (Basu et al. 2015; Ociriski et al. 2016; Sigdel et al. 2016).
The aforementioned adsorbents provided more than 95% elimination across a wide
spectra of preliminary arsenic concentrations between 10 and 1000 ppb, as well as
pH i.e. 3.0-7.5 (Basu et al. 2015; Ocinski et al. 2016).

The present chapter elaborately deals with the research-oriented advancements
regarding the deployment of alginate-based adsorbents including the generation of
alginate beads, encapsulation and impregnation of the adsorbents inside the beads,
their application, performance, and regeneration, for arsenic eradication from water.
Furthermore, the pros and cons of the methodologies were assessed along the scopes
of future research. In addition, the current circumstances of knowledge and future
directions of research were emphasised in the following sections.
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8.2 Forms of Arsenic in Water

Natural water predominantly contains two species of arsenic i.e. trivalent and
pentavalent one. The particulate or colloidal state occupies almost 10-20% of total
arsenic in water, whereas the dissolved state contributes the majority. These states
were defined according to their weight viz. the dissolved state consists of less than
3000 Da weight, the colloidal form owns a weight between 3000 Da and 0.45 pm,
and more than 0.45 pm is considered as particulate one (Chowdhury et al. 2019). The
proportion of colloidal and dissolved state shares a directly proportional relationship
to the presence of dissolved organic matter (DOM) in groundwater. Further, both
the ratio of Fe to C, and the molecular dispersion of humic acid also influence the
colloidal percentage of arsenic. At pH status of 4.0, particle arsenic concentrations
reach the maximum limit (Bauer and Blodau 2009). Further to mention, arsenite
[As(IID)] is predominant in groundwater, whereas arsenate [As(V)] predominantly
occupies a major portion in surface water.

8.3 Current Technological Adaptations Towards Arsenic
Removal

There are five basic categories of arsenic removal technologies, namely membrane
separation, precipitation, ion exchange, adsorption, and biotechnological approaches.
Among them, biotechnological approach trends the most in recent times. Each cate-
gory carries its own pros and cons. There is no single low-cost solution for removing
arsenic to levels below the WHO standard. While summarizing all the adaptive
technologies in the following sections, biotechnological approach has been widely
researched, with a particular emphasis on alginate-based technologies in this present
chapter.

8.3.1 Membrane Separation

Micropore containing membranes serve as a barrier for selected components. Two
approaches are usually used to separate arsenic viz. size exclusion on the basis
of pore sizes and Donnan exclusion principal using charge repulsion technology
(Shih 2005). Forward osmosis (FO), reverse osmosis (RO), microfiltration (MF),
nanofiltration (NF), ultrafiltration (UF), electrodialysis (ED), and porous ceramic
membranes (PCM) are the most prevalent membrane techniques for arsenic removal.
Larger diameters of bigger pores prevent MF or UF from removing dissolved arsenic
from water (Velizarov et al. 2004), which can be made effective by enlarging the
particle size of As-containing species itself. Singh et al. (2015) found that coagulation
and precipitation techniques followed by MF or UF can be an efficient method for
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arsenic removal. Further to mention, both RO and NF are very much effective at
lowering arsenic concentrations, especially arsenate, to < 10 pg/l. This indicates that
water must be oxidised beforehand (Nicomel et al. 2016). Nonetheless, costing of
these procedures remains at higher side.

8.3.2 Precipitation

The whole precipitation process involves coagulation and flocculation, or oxidation
followed by precipitation itself and subsequently separation (Pal 2015). During the
procedure, chemicals are introduced to transform solubility status of arsenic, resulting
in precipitation. The coagulation-flocculation procedures consist of alum or iron
(Fe) coagulation, electrocoagulation, lime softening, and Mn and Fe co-precipitation
(Singh et al. 2015). As(IIT) is commonly transformed to As(V) through oxidation to
improve performance during the removal procedure (Nicomel et al. 2016). An array
of oxidants is used during oxidation processes, which include chlorine (Cl,), chlorine
dioxide (Cl0O,), chloramine (NH,Cl), hydrogen peroxide (H,0O,), ozone (Os3), ferrate
(FeO4%7), and permanganate (MnO,4~). Moreover, photocatalytic oxidation, photo-
chemical oxidation, and biological oxidation are other oxidation technologies (Singh
etal. 2015). Notably, As(III) is reportedly highly hazardous than As(V), followed by
monomethylarsonate (MMA) and dimethylarsinate (DMA) (Jain and Singh 2012).

8.3.3 Ion Exchange

During this procedure, ions exchange take place between the feed water and the solid
resin state. The exchange basically happens between ions with similar charges, and its
rate is dependent upon the exchange affinity of the resin. To remove arsenic, strong-
base anion exchange resins are utilised. The negatively charged functional group of
resins is replaced by oxy-anionic species of pentavalent arsenical compounds (such as
H,As04~, HAsO4%, and AsO43") (Choong et al. 2007). Therefore, the peroxidation
of As(III) to As(V) is the most prevalent prerequisite of the ion exchange mechanism.
However, excess oxidants must be eliminated to prevent harm to the sensitive resin
(Singh et al. 2015).

The effectiveness of the whole procedure depends on pH, and concentration of
competing ions, such as sulphate (SO4%7) and nitrate (NO, ™), and the type of resin
used (Singh et al. 2015). The concentrations of total dissolved solids can have a
substantial effect on efficiency, as reported (Singh et al. 2015). This costly procedure
is able to lower the level of arsenic within 10 g/1.
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8.3.4 Adsorption

One of the most affordable protocols for arsenic removal is adsorption (Zhang et al.
2007). The most common adsorbents include AC, Zr-loaded AC, alumina, zeolites, Fe
oxides, clay, amorphous FePO,, TiO,, MnO,, MnO,-loaded resin, goethite, gibbsite,
kaolinite, natural zeolites (e.g., clinoptilolite), clinoptilolite-iron oxide, iron oxide-
coated cement, portland cement, etc. (Han et al. 2013; Pal 2015).

Chowdhury et al. (2016) found that despite being little bit more expensive, Fe-
and Al,O3-based adsorption techniques are effective in reducing arsenic to < 10 g/1.
Typically, low-cost adsorbents are ineffective at lowering arsenic below this amount
(Kabir and Chowdhury 2017). As this method do not require extra chemicals, the
chance of producing harmful byproducts is also very much less (Jang et al. 2008).
Similarly, like aforesaid procedures, adsorption efficiency is strongly reliant on pH
and the accumulation of certain ions. As instance, lower range of pH (mostly within
3-5) is recommended for the As(V) adsorption, but the optimal pH range for the
adsorption of the other form of arsenic i.e. As(IIl) is 4-9 (Lenoble et al. 2002). In
the presence of additional ions like phosphate and silicate, the loss of adsorption
sites can reduce the efficiency (Giles et al. 2011). In addition, the effectiveness of the
procedures depends on the adsorbent itself. The operations are expected to generate
arsenic-contaminated sludge, which must be disposed of with care.

8.3.5 Bio-integrated Technologies

Bioremediation or biotechnologies for the elimination of arsenic are a recent devel-
opment. In general, phytoremediation and bio-filtration are used as two major pillars
of these bio-integrated technologies (Fazi et al. 2016). The former one is a plant-
based method in which plants (such as Chinese brake fern) and microorganisms are
employed to remove arsenic (Behera 2013), whereas only several genera of bacteria
(such as Bacillus sp., Paenibacillus, Haemophilus, sulfate-reducing bacteria, etc.) are
employed to remove arsenic from water in the latter (Singh et al. 2015). However,
biofiltration comes with a backdrop of recontamination ability of bacteria, their toxi-
city, and adverse effects on humans, which are still in research though (Singh et al.
2015).

Now-a-days, biosorption has gained popularity in this regard (Baig et al. 2010).
The biodegradability and environmental friendliness of bio-composites has attracted
numerous researchers in recent years (Ray 2013; Mishra 2015; Aizat and Aziz 2019).
Bio-composites are mostly composed of biopolymers viz. chitin, alginate, chitosan,
and microalgae. These easily available composites are eco-friendly in nature, and
inexpensive too (Zhang et al. 2013; Rahim and Mas Haris 2015; Abdellaoui et al.
2021; Basu et al. 2021; Zeng et al. 2022). Among the biopolymers, adsorbent-
impregnated, or coated alginate beads have shown > 95% eradication efficiencies
for arsenic concentrations ranging between 10 and 1000 g/l, embracing a much wide
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pHrange (3.0-7.5) (Bezbaruah et al. 2014; Singh et al. 2014; Ociriski et al. 2016). The
subsequent sections will discuss the bio-integrated technologies based on alginate in
greater depth.

8.4 Alginate-Based Biotechnological Advancement

8.4.1 Structure of Alginate

Alginate is basically an alginic acid-derived salt and is classified as an exopolysac-
charide. It consists of nonrepetitive copolymers of B-D-mannuronic acid (M) and
a-L-glucuronic acid (G), linked through 1 — 4 glycosidic bond. These comonomers
are generally organised in M-blocks, G-blocks, sometimes even alternating both.
The alginate is derived from the cell walls of various brown seaweeds (e.g., Lami-
naria hyperborea, L. digitate, Macrocystis pyrifera, Ascophyllum nodosum, etc.).
These naturally abundant, inexpensive material possess low toxicity and mild gela-
tion properties, which make them well-known for adsorbent impregnation (Gombotz
and Wee 2012; Lee and Mooney 2012). Brown seaweeds are crushed and dispersed in
distilled water after which, HCl is added. This procedure converts alginate into insol-
uble alginic acid, which gets solubilized through reaction with Na,CO3; or NaOH
to generate sodium alginate. In the presence of NaCl, sodium alginate is precipi-
tated, after which it is rinsed with ethanol (C,HsOH) (Rahelivao et al. 2013). The
molecular weight of commercial sodium alginate varies between 32 and 400 kDa
(Lee and Mooney 2012). Alginate’s viscosity can be enhanced by lowering its pH
to an acidic range, among which maximum viscosity occurs between pH 3.0 and
3.5 (Lee and Mooney 2012). Alginate polymers biosynthesized by bacteria (e.g.,
Agzotobacter, Pseudomonas, etc.) have superior physical as well as chemical charac-
teristics for encapsulation. Further to mention, alginate is generally used as a gelling
or thickening ingredient (Pramanik et al. 2021; Das et al. 2021).

Calcium alginate beads are produced by mixing an aqueous alginate solution with
cross-linking divalent cations like Ca®*. Gel structure is created when the G-blocks
of one polymer combine with that of the neighbouring polymer in sequence (Lee
and Mooney 2012). CaCl, is the most prevalent cross-linking agent due to its high
solubility. The accelerated gelation process may be regulated by the introduction
of a phosphate buffer such as sodium hexametaphosphate, or by cross-linking with
CaSO,4 or CaCO3 when extra reaction time is provided (Crow and Nelson 2006).
By regulating the gelation rate, flow, and reaction temperature, the homogeneity and
strength of alginate beads may be maintained. Gel strength rises according to the
increasing molecular weight of alginate (Kakita and Kamishima 2008). Therefore,
mixing both high and low molecular alginate, the gel’s elasticity modulus may be
improved with little viscosity rise (Lee and Mooney 2012).
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8.4.2 Generation of Cross-Linked Alginate Beads

8.4.2.1 Ca-Alginate Beads

The 1-3% (w/v) Na alginate is added in deionized water to produce aqueous solution
of alginate, which is mechanically shaken to convert into a viscous one. First, this
solution is introduced at a constant stream rate from a height of 6 to 7 cm into a CaCl,
solution, that is agitated at 60 rpm (Zouboulis and Katsoyiannis 2002). Following
proper formation of Ca-alginate beads, they undergo curation procedure for specific
period of time. Then the beads are rinsed with water. Singh et al. (2014) found that Ca-
alginate removes nearby high of the arsenic from water samples. As(V) adsorption
capacity of Ca-alginate, cross-linked with carboxymethyl cellulose, was 4.39 mg/g,
as reported by Tiwari et al. (2008).

8.4.2.2 Fe-Alginate Beads

The generation of Fe-alginate beads follows two major steps. Among them, in the first
step, sodium is introduced into deionized water to generate the aqueous solution of
sodium alginate, which, in the later step, mixed with ferric chloride (FeCl3) solution,
at a very steady pace. After this, these beads are thoroughly washed with distilled
water many times after proper curation, for maintaining proper aseptic condition.
During their experiment, Dong et al. (2011) generated Fe-alginate beads by adding
5 ml Na-alginate solution into 250 ml FeCl; solution at a constant rate of 1 ml/min,
after which the solution was agitated at a pace of 60 rpm. Moreover, the beads have
undergone a curation period of 6 h. In order to create Fe-alginate beads, coordination
of Fe* ions with oxygen atoms in -COOH groups from alginate glucose chains took
place (Dong et al. 2011). Further to mention, Fe-alginate beads have poor structural
stability. due to surface cracking and excessive peeling, which also added a major
disadvantage behind its implementation.

8.4.2.3 Ca-Fe Alginate Beads

Ca—Fe alginate beads are produced by entrapping hydrous or typical Fe oxide on
Ca-alginate beads. Ca’* ions operate as a gel-formative agent and thus, offer a
strong framework for the creation of a polymeric net like structure in the beads. The
substitution of Ca ions by Fe ions provides suitable arsenic sorption sites. Beads’
porous structure permits the diffusion as well as migration of trace pollutants towards
the impregnated adsorbent. Several regulatory conditions operate these Ca—Fe bead
production as well (Table 8.1).

There are several methods for producing Ca—Fe alginate beads with varying effi-
ciency for removing arsenic from drinking water (Bezbaruah et al. 2014). Fe can
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be added to Ca—Fe alginate beads before or during gel formation in various proto-
cols followed. During the first method, Na-alginate is solubilized in 1-3% (w/v)
deoxygenated and deionized water, and aggressively stirred by a magnetic stirrer for
3-5hat 25 + 2 °C in order to create a homogenous mixture, after which the same
is allowed to wait for near about 30 min for the bubbles to be evacuated. After that,
various Fe-based adsorbents like Fe-containing minerals and wastes, nano zero valent
iron (nZVI) are introduced to the solution and agitated using a glass rod. Finally, the
well-mixed sample is again allowed to rest for around 30 min for the air bubbles to
expel out. The solution is then introduced drop-by-drop into the Ca** solution at a
predetermined flow rate and from a specified height. Continuous stirring of the solu-
tion during pumping transforms the entire volume into beads. Bezbaruah et al. (2014)
reported that the hardening procedure in CaCl, solution ran for about 6-9 h to attain
the desired hardness and porosity of the beads. Instead of Na-alginate, FeCl; is added
to the Ca®* solution in the second method. CaCl, and FeCl; of concentrations ranging
from 0.1 to 0.3 M and 0.1 to 0.5 M, respectively, are mixed at 60 rpm (Singh et al.
2014), and following that, drop-wise addition of Na-alginate to the Ca—Fe solution
took place at a constant rate of 300—400 ml/h from a height of 6 to 12 cm. Escudero
et al. (2009) described about the implication of a peristaltic pump to achieve an
adequate flow rate. The combination undergoes a prolonged period of cross-linking
process of 9—24 h. This step helps in immobilization of the Fe ions inside the beads,
which are subsequently dried at 25 £ 2 °C for about 3 days (Sanchez-Rivera et al.
2013).

Reportedly, Ca—Fe beads are able to remove roughly 94% of arsenic (Chowdhury
etal. 2019). Another previous report suggested complete removal of inorganic arsenic
with the implementation of Ca—Fe alginate beads at a rate of 34 mg/kg at a pH of 3.0
(Banerjee et al. 2007). The Fe-based adsorbents viz. nZVI, Fe minerals etc. impreg-
nated into Ca-alginate beads retained their adsorption ability, which took an advan-
tage over the traditional one (Bezbaruah et al. 2009). Zouboulis and Katsoyiannis
(2002) compared the efficacy of three distinct types of Ca-alginate beads for arsenic
elimination, namely hydrous iron oxide (HIO)-doped, HIO-coated, and a mixture
of the both, among which the last one was proven to be more efficient. Both Ca-
alginate as well as Ca—Fe alginate beads undergo Fe(NOj3); treatment at pH 5, where
insoluble Fe, O3 are found, to complete the coating.

The optimal period for Fe coating was found to be 24 h, although the arsenic
removal rate for longer durations (i.e. 96 h) was observed to be the same as for 24 h.
By raising the concentration of the Fe(NOs3); solution, it is possible to enhance the
iron content of the beads. As a fixed bed, alginate beads-filled glass columns with
40 cm height, 1.43 cm inner radius, and porosity of 0.33, were utilised. The greatest
quantity of arsenic sorbed onto HIO-doped, HIO-coated, and HIO-doped and coated
Ca-alginate beads were 4.75, 2.6, and 7.2 pg/g of wet alginate beads, accordingly
(Zouboulis and Katsoyiannis 2002). The effluent concentrations of As(V) were lower
than the WHO recommended value of 10 g/l for bed volumes of 80, 45, and 230,
subsequently.
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8.4.2.4 Cross-Linked Alginate Nanoparticles

By dissolving Na-alginate in deionized water and paraffin oil, the aqueous and oil
states of alginate solutions may be formed, respectively. FeCl; is admixed to the
solutions at the time of vigorous agitation at 1000 rpm for 30 min, for Fe cross-
linking (Table 8.1). Singh et al. (2014) determined that 2 h of cross-linking reaction
at a regulated temperature of 30 °C was able to generate brownish-white Fe cross-
linked alginate particles with a size of 31-43 nm. They also stated that these Fe
cross-linked alginate nanoparticles possessed the capability of eliminating almost
70% of As(V). FeCl; was replaced by CaCl, while the reaction of Ca cross-linking,
which ultimately resulted in the formation of white hue. They also demonstrated 45%
elimination of As(V) using these nanoparticles. In addition, Bajpai (2019) employed
chitosan nanoparticles cross-linked with alginate beads for removal of arsenic. Three
hours were utilised for proper cross-linking reaction to occur in room temperature.

8.4.3 Alginate-Based Technologies for Arsenic Removal

8.4.3.1 Hydrous Iron Oxides (HIO)

Metal oxide adsorbents (such as ferric and aluminium oxides) were previously
reported to exhibit excellent adsorption efficiency for arsenic elimination (Reddy
et al. 2013). Both higher porosity and larger surface area made the HIO or Fe(III)
oxide-hydroxide encapsulated alginate beads excellent for arsenic removal (Sigdel
et al. 2016). Several researchers reported of adsorbing 4.4—-13.8 mg/g of arsenic,
especially As(V), with the employment of HIO-impregnated beads (Table 8.2). Jung
etal. (2017) demonstrated that the presence of Cu’* ions generated an elevation in the
adsorption efficiency. The adsorption efficiency of As(III) was found to be 47.8 mg/g
and the same for As(V) was 55.1 mg/g, for a 9:1 Na-alginate to Fe ratio (Sigdel et al.
2016). More than 99% elimination of both the forms was also reported by using algi-
nate beads-loaded ferric hydroxide [Fe(OH);] microcapsules (Table 8.2). Notably,
the concentration of HIO was inversely proportional to the adsorption efficiency
of As(V), most likely reason behind which was the change in the adsorption area.
Moreover, increased residence time enhanced the adsorption capabilities for As(III)
as well as As(V). Although the optimal pH range for As(V) adsorption was found
between 6 and 9, slightly acidic solutions were desirable (Sigdel et al. 2016). The
higher pH (more than 9.0) resulted in the increase in negatively charged adsorption
sites, which eventually enhanced the repulsive forces in order to decrease arsenic
adsorption capacity (Jung et al. 2017).
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Table 8.2 Activities of different adsorbents impregnated or coated in alginate beads

Adsorbents Advantages Disadvantages | References
Fe(III) treated alginate beads | Up to 94% elimination of Slow sorption | Min and Hering
As(V) from an initial kinetics (1998)
concentration of 400 g/l by
equilibration with 20 Ca—Fe
beads at pH 4.0 for 120 h
Fe-coated Ca—Fe alginate Maximum absorption Essential Zouboulis and

beads

capacity was 7.2 pg of As/g
of wet alginate bead, or
1.8 pg of As/mg of Fe

pre-oxidation
step

Katsoyiannis
(2002)

Fe-doped Ca beads

96.6% adsorption of As(V)
at pH 3.0 and 40%
adsorption of As(III) at pH 8.
Maximum adsorption was
found at 20 min for pH 3.0

Up to 70%
As(V) can be
eliminated from
Ca—Fe beads

Banerjee et al.
(2007)

Fe3Oy4 particles 6.75 mg/g of As can be Pre-oxidation of | Lim and Chen
encapsulated by Ca alginate | absorbed As(III) is (2007)
essential
Adsorption onto alginate Adsorption capacity Adsorption rate | Tiwari et al.
and carboxymethyl cellulose | 4.39 mg/g for As(V) is reduced when | (2008)
beads temperature
goes beyond
26 °C
Alginate-based magnetic The uptake capacity of The uptake Luna-Pineda

nanocomposites

Fe3O4 was 1.10 mg/g
sorbent for As(V), and
1.04 mg/g sorbent for

capacity of the
beads is lower
than the bare

et al. (2009)

As(III). The corresponding | magnetic
removal efficiencies were nanocomposites
45.9 and 32.3%
Fe(OH)3 microencapsulated | Loading capacity 3.8 mg As/ | Safe disposal of | Sarkar et al.
in Ca-alginate g of adsorbent, removal the bed is (2010)
efficiency > 99% for both necessary

As(V) and As(III) from a
starting concentration of
300 pg/l

Ca—Fe(III) alginate beads

Maximum uptake 0.364 mg/
g for and 0.117 (mg/g) for
As(V) and As(IID),
respectively. Initial As
concentration of 100 pg/l
removed up to 54% for
As(1II) (at pH 4.0-8.0) and
80% for As(V) (maximum at
pH 2.0)

The sorption
capacity of
As(V) was
inversely
proportional to
pH

Séanchez-Rivera
et al. (2013)

(continued)
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Table 8.2 (continued)
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Adsorbents Advantages Disadvantages | References
Ca alginate/activated carbon | Highest As(V) adsorption of | Lower Hassan et al.
composite beads (GC) 66.7 mg/g at 30 °C within adsorption at (2014)
60 min acidic condition
(pH less than
6.0)
Fe(III) oxide-hydroxide/ 100 ppb concentration of As | The adsorption | Cho et al.
chloride, mineral akageneite | can be reduced up to 0.9 ppb | capacity was (2014)
[Fe**O(OH,Cl)] in 10 min higher in bare
akageneite
nanorods
nZVI entrapped Ca-alginate | Initial 50-10,000 pg/l Necessary step | Bezbaruah et al.
beads aqueous arsenic reduced up | of pre-oxidation | (2014)
to 85-100% within 2 h, of As(III) to be
groundwater with 53 pg/l followed
As(V) reduced to below
10 pg/l within 1 h
Fe(III) cross-linked alginate | Equilibrium loading capacity | Difficult Singh et al.
nanoparticles (31-43 nm) 0.0553 + 0.0016 mg/g. separation (2014)
Removal efficiency 69.12% | procedure of
for initial As(V) nanoparticles
concentration of 1000 pg/l | from treated
water
Fe bearing hydroxide Removal is > 95% for Adsorption Basu et al.
mineral goethite concentration range of decreases in (2015)

(a-FeO(OH)) impregnated
Ca alginate beads

10-10,000 ppb. Maximum
adsorption 30.44 mg/g.
Reduced to 8-25 ppb from
10 to 500 ppb initial
concentration

both acidic as
well as alkaline
condition

WTR alginate beads Maximum sorption capacity | Pre-treatment of | Ociniski et al.
4 mg/g and 2.9 mg/g for WTR was (2016)
As(III) and As(V) in pH necessary
range of 3.0-7.5, respectively
HZO immobilized alginate | Maximum sorption Bare HZO Kwon et al.
beads capacities of 32.3 mg/g for | possess greater | (2016)
As(III) and 28.5 mg/g for adsorption
As(V) capacity

(continued)
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Adsorbents Advantages Disadvantages | References
HIO loaded alginate beads | Adsorption efficiency for Lesser Sigdel et al.
both As(IIT) and As(V) efficiency at (2016)
directly proportional to HIO | both lower and
loading capacity, 47.8 mg/g | higher pH
adsorption for As(IIl) and condition
55.1 mg/g adsorption for
As(V) at pH ranging within
6-9
HIO loaded alginate beads | The maximum sorption Adsorption rate | Jung et al.
capacity of As(V) was decreases in (2017)
13.8 mg/g after 168 h. The alkaline
adsorption level of As(V) condition (pH >
was higher in strongly acidic | 7)
pH solution

Abbreviations: °C degree celsius, As arsenic, Ca calcium, Fe(OH);3 ferric hydroxide, Fe iron, Fe304
magnetite, g grams, /1 hours, HIO hydrous iron oxide, HZO hydrous zirconium oxide, / litres, mg
milligrams, min minutes, nZVI nano zero valent iron, ppb parts per billion, WTR water treatment
residuals, ;g microgram

8.4.3.2 Magnetite (Fe304)

Magnetite nanoparticles (MNP) possess higher arsenic absorption ability due to
available porosity inside (Liu et al. 2015). After combining 2,3-dimercaptosuccinic
acid (DMSA)-functionalized ultrasonicated MNP with Na-alginate, this combina-
tion was admixed with CaCl, solution to generate encapsulated beads (Luna-Pineda
et al. 2009). MNP alginate beads were able to adsorb 1.10 mg and 1.04 mg for per
gram of As(V) and As(III), respectively, which was significantly lower than that
of MNP only. Notably, the capacity for absorption of singular MNP for both the
arsenical forms were 4.78 and 3.34 mg/g, subsequently (Luna-Pineda et al. 2009).
The diminishing adsorption rates were observed for MNP alginate beads because
of the presence of -COOH or S atoms during the functionalization process in the
presence of DMSA. Harikumar and Joseph (2012) reported that deployment of 10 g
of MNP alginate beads possessed the ability to eliminate around 75% of As(IIl) from
an aqueous solution concentrating 2 mg/l, and 97.5% elimination could occur 25 g
of the same beads were employed in the same concentration of solution. Moreover,
to indicate, 39% and almost 99% of the arsenic found in a air-free and nitrogen-free
circumstances, respectively, within the MNP alginate beads, as reported (Lim et al.
2009).

8.4.3.3 Industrial Wastes

One of the most efficient techniques to remove arsenic is the utilization of industrial
wastes. Metal oxides carried with industrial wastes such as water treatment plant
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residuals (WTR) impregnated within the beads’ matrix were reportedly effective at
extracting arsenic (Ociriski et al. 2016). WTR alginate beads were produced by drip-
ping a combination of ultrasonically disrupted WTR and Na-alginate into the CaCl,
solution. These beads possessed the sorption capacity of 3.4 mg/g for As(IIl) and
2.9 mg/g for As(V) throughout a broad pH range (3.0-7.5) (Ocinski et al. 2016).
According to the WTR content in alginate beads and their use, the adsorption capac-
ities for As(IIT) was reported to be 38.2 mg/g, and that for As(V) was 32.6 mg/g.
Nonetheless, these concentrations were much lower than that of only WTR (77 mg/
g and 132 mg/g for As(V) and As(IIl), respectively). The WTR was made of oxo-
hydroxides (containing 25% Fe), Fe oxides and Mn oxides (composed of 5% Mn).
It also owned a wider surface area of 120 m?/g. The lower capabilities of WTR algi-
nate beads were due to the negatively charged —-COOH groups inside. For arsenic
adsorption, one of the most crucial characteristics is Na-alginate: metal oxides. 5%
WTR along with 1% alginate solution exhibited the highest performance of the
beads (Ocinski et al. 2016). Alginate solution, at a higher concentration, resulted in
an elevation in -COOH groups, which eventually depleted the arsenic adsorption
capability.

8.4.3.4 Iron (Fe) Minerals

Fe-bearing minerals (such as akaganeite [Fe;O(OH-Cl)], and goethite [a-FeO(OH)])
infused within alginate beads have been studied for arsenic elimination in various
prior researches (Cho et al. 2014; Basu et al. 2015). Increased amount of goethite
inside the alginate beads improved arsenic adsorption capability, whereas the optimal
arsenic adsorption rate for goethite was 18% (Basu et al. 2015). In the same study,
higher goethite concentrations (more than 24%) reportedly led to the ill-formation of
proper bead structure, causing their fragility. From a broad spectrum of early arsenic
concentrations of 10-10,000 ppb, goethite-entrapped Ca-alginate beads were able
to eliminate 90% of arsenic at 2535 °C temperature with a pH value ranging within
3.0-7.5 (Basu et al. 2015).

8.4.3.5 Nano Zero Valent Iron (nZVI)

Using nZVI-impregnated alginate beads to remove arsenic from groundwater has
been proven before (Bezbaruah et al. 2014). In that experiment, nZVI-entrapped
Ca-alginate was able to remove almost cent percent of As(V) from a prior concen-
tration ranging between 1 and 10 mg/l. Generally, nZVI possessed a widely spread
surface area of 22-54 m?/g (Moraci and Calabrd 2010). Surface precipitation and/
or adsorption were two most significant methodologies applied to eliminate As(V),
whereas As(IIl) could be eradicated from water by the spontaneous adsorption and
co-precipitation of Fe oxides/hydroxides followed by oxidation procedure of nZVI
(Kanel et al. 2005). The latter group of researchers also demonstrated an efficient
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protocol for retrieving arsenic-containing nZVI, even without sacrificing their perfor-
mances. Implementation of nZVI in drinking water was advantageous due to the low
aqueous solubility and poor leaching ability of nZVI from the beads (Bezbaruah et al.
2014).

8.4.3.6 Zirconium Oxide (Zr0O,)

Zr-containing oxides were found to be stable, non-toxic, and water insoluble, with
a larger surface area of around 327.1 m?/g. It was already established that ZrO,-
encapsulated alginate beads (ZOAB) could remove arsenic (Kwon et al. 2016). The
highest adsorption capabilities of ZOAB were determined to be 32.3 mg/g for As(II)
and slightly less for As(V)i.e. 28.5 mg/g. Further to mention, As(III) adsorption was
enhanced up to neutral pH condition, whereas elevated adsorption of the other form
was found better under acidic condition i.e. pH value less than 7.0 (Kwon et al. 2016).
Notably, ZOAB owned around 13.2 m?/g surface area, which was more than that of
the alginate beads (having surface area of 2.4 m?/g). Hydrous ZrO, may have led to
the formation of fractures, that eventually increased the overall surface area of the
particle. The presence of Cu?* ions caused arsenic adsorption at a much higher rate,
probably due to co-removal of arsenic along with the ion.

8.4.3.7 Coconut Shell Charcoal

This highly porous particle contains around 3% ash and possesses a surface area
ranging from 1150 to 1250 m?/g. Both micro- and meso-porous surfaces were found
in the coconut shell charcoal Ca-alginate beads (CCAB) (Hlaing et al. 2011). At an
prior concentration of 500 ppm, these beads were able to removal almost 76.8% of
arsenic. The adsorption capacity improved when the CCAB dosage was increased.
Moreover, the CCAB may also be used to remove As, Pb, and Cd alongside (Hlaing
etal. 2011).

8.4.3.8 Polymer Beads

Inrecent times, numerous polymer beads, especially hybrid anion exchanger (HAIX),
hybrid ion exchanger (HIX), chitosan, cationic hydrogels, etc. have been detected
to be much more effectual for arsenic elimination (Table 8.3). Among all of them,
HIX is a low-cost, long-lasting, and widely accessible adsorbent, as reported by
Cumbal and Sengupta (2005). These beads may be formed on-site with NaOH, and
subsequently CO,-saturated water rinses thereafter. On the contrary, rinsing with a
combination of sodium hydroxide (NaOH) and brine can regenerate HAIX (Cumbal
and Sengupta 2005). Barakat and Sahiner (2008) showed that the cationic hydrogel
could remove up to 98% of arsenate. Biosorbents coated with chitosan have a larger
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Table 8.3 Characteristics of different polymer beads
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Adsorbents Advantages Disadvantages References
Spherical For nearly 5000 bed volumes, | Intraparticle De Marco et al.
microporous final arsenic concentration less | diffusion was (2003)
cation-exchange than 50 g/l identified as the

polymer beads primary rate-limiting

(HIX) step for both As(III)

and As(V) sorption

Polymer-supported
hydrated Fe(I1I)
oxide NPs

Sharp decrease in concentration

The Donnan
membrane effect did
not allow permeation
of As(III) into the
polymer phase

Cumbal and
Sengupta (2005)

Cationic hydrogels

The maximum removal
efficiency values obtained were
97.6%, 93.1%, 80.4%, and
73.1% for 25, 50, 75, and

100 ppm As(V) concentration,
respectively

Not effective against
As(IT)

Barakat and
Sahiner (2008)

Chitosan-coated
Al O3

The sorption capacity was

56.5 mg/g and 96.5 mg/g for
As(III) and As(V), respectively.
Effective over wide spectrum of

Adsorption
experiments at lower
concentrations have
not been executed

Boddu et al.
(2008)

pH

Abbreviations Al,O3: alumina; As: arsenic; Fe: iron; g: grams; I: litres; mg: milligrams; NPs:
nanoparticles; ppm: parts per million; jug: micrograms

surface area (almost 125.2 m?/g), and their sorption capacities for As(IIT) and As(V)
are 56.5 and 96.5 mg per gram of arsenic, accordingly (Boddu et al. 2008).

8.5 Comparison Between the Alginate-Based Adsorbents

Ca—Fe alginate beads removed 94.0% of As(V) from an preliminary concentration
of 400 ng/l (Min and Hering 1998), whereas Banerjee et al. (2007) observed a
complete elimination of As(V) at 20 mg/1 concentration. However, the former group
of researchers discovered sluggish sorption rate at lower pH i.e. 4.0, resulting in
a gradual rise in the mass of adsorbed As(V), and whole procedure took a wide
range of timescale viz. 48—120 h. In contrast, the other group of researchers reached
equilibrium within 20 min at a much lower pH condition i.e. 3.0. In case of compa-
rable beads, Sanchez-Rivera et al. (2013) attained up to 54 and 80% removal effi-
ciencies of As(IIl) and As(V), with respective adsorption capacities of 0.117 and
0.364 mg/g, eventually. In another study, Ca—Fe alginate beads filled glass columns
were able to adsorb up to 4.75 ng/g of As(V) (Zouboulis and Katsoyiannis 2002).
Using Fe-coated Ca—Fe alginate beads, the same group of researchers were able to



166 B. Pramanik et al.

decrease both arsenical forms to less than 10 pg/l from 50 pg/1, despite the poor elim-
ination capability of As(IIl). Reportedly, As(V) possessed an adsorption capacity of
7.2 nglg.

Ca-alginate beads containing Fe;O,4 had an adsorption capacity up to 6.75 mg/g
for As(V) (Lim and Chen 2007). The As(V) adsorption capabilities of irregular oxide-
based alginate beads and goethite were 7 and 4 mg/g, accordingly. The Ca-alginate
encapsulated with goethite eliminated about 95% of As(V) at starting concentrations
between 10 and 10,000 g/l (Basu et al. 2015). The highest adsorption capacity
was reportedly 30.44 mg/g. Ca-alginate beads loaded with Fe(OH); microcapsules
eradicated both forms of arsenic almost fully from a prior concentration of 300 g/
1, whereas the absorption potential reportedly was 3.8 mg/g (Sarkar et al. 2010).
Effective removal of As was achieved by encapsulating Fe(OH); microparticles in
cellulose acetate butyrate (CAB) polymer (III).

Ca-alginate nano-molecules having an adsorption capability of up to 0.034 mg/g
removed almost 45% of As(V), although the Fe cross-linked Ca-alginate nanoparti-
cles were able to absorb up to 0.07 mg/g of As(V) (Singh et al. 2014). The absorption
capacities of Ca-alginate doped with magnetite nanoparticles for As(III) and As(V)
were 3.34 mg/g and 4.78 mg/g of the adsorbents, respectively (Luna-Pineda et al.
2009).

Akaganeite nanorods of around 18 mg weight and 21-43 nm size impregnated
in Ca-alginate micro-beads could deplete As(V) from 100 to 0.9 ng/l (Cho et al.
2014). Increasing the micro beads’ size five times (400 pm — 2000 pm) doubled
the concentration of residual arsenic. The nZVI-encapsulated Ca-alginate beads
eliminated 85—-100% of the original arsenic concentrations ranging between 50 and
10,000 pg/l (Bezbaruah et al. 2014). The sorption capacities of hydrous ZrO,-loaded
Ca-alginate beads for As(IIl) was 28.5 mg/g, and the same for As(V) was 32.3 mg/
g, subsequently (Kwon et al. 2016).

8.6 Resource Recycling and Disposal

In various previous researches, the recyclability of alginate beads was studied. Sigdel
et al. (2016) utilised an alkaline solution as the desorbing agent since the adsorption
of both the forms of arsenic decreased abruptly at extremely high pH. The anionic
sites as well as the Fe adsorbent increased the desorption rate of arsenic in alkaline
solution. After reaching the saturation point, arsenic-contaminated alginate beads
were rinsed with deionized water and stored in 0.01-0.2 M NaOH solution for 10—
48 h. After that, the beads were neutralised with diluted mineral acid (such as 0.01 M
H,S0,). These were rinsed again for the second time with deionized water and dried
before undergoing the practical phase of application.

For up to eight cycles, the HIO-impregnated alginate beads removed 51.3-56.6%
and 26.7-29.1% of As(IIl) and As(V), respectively. This result resembled the effi-
ciency of the freshly produced HIO-alginate beads viz. 55.7 and 30.5% elimination of
both the conformations, subsequently (Sigdel et al. 2016). After the completion of 8th
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cycle, beads of both the forms lost respectively 15% and 20% of their initial weights,
suggesting the successful regeneration and reusability of entrapped alginate beads
by alkaline solution treatment. Another study revealed that H,SO4 and HCI desorb
arsenic by up to 100% and more than 65%, individually (Sdnchez-Rivera et al. 2013).
Banerjee et al. (2007) observed that rinsing Ca—Fe alginate beads with a solution of
0.1 M HCI might desorb maximum 70% As(V) while also caused leaching half of Fe
from the beads. On the other hand, Ca—Fe alginate beads washed with 0.1 M NaOH
might take away as much as 66% of As(V). On the contrary, the beads lost 42%
of their Fe content during that procedure (Banerjee et al. 2007). As(V) adsorption
capabilities were presumably diminished by the elimination of Fe from regenerated
beads. However, the volumes of rinsing solutions utilised in the regeneration trials
were not mentioned in these researches. Therefore, the inclusion of washing solu-
tion quantities would enhance comprehension of the reproduction procedure and
the viability of reproducing adsorbent-containing alginate beads. Additionally, the
enhanced performance of the beads is projected to minimise the total expenses of
arsenic elimination.

Discarding of arsenic-containing alginate beads is a concern that must be
addressed. Procreation of alginate beads is anticipated to minimise the overall waste
production. Sanchez-Rivera et al. (2013) observed that H,SO4 and HCI could desorb
arsenic by up to 100% and more than 65%, accordingly. The desorbed arsenic-
containing solutions can be discarded securely following the conventional strategy.
Moreover, after multiple sequences of recycling of the desorbed beads, the debris
from the concluding cycle can be discarded according to the typical approaches
available. After reuse, for instance, alginate beads with the desorbed arsenic from
the previous cycle may be transformed into stable compounds, which ultimately
prevent environmental contamination.

8.7 Future Possibilities

Multiple researches have reported the efficacy of alginate-constructed adsorbents
in the removal of arsenic from drinkable water, although effectiveness in lowering
arsenic below the WHO approved level of 10 g/l at a cheaper expense is very rare.
To achieve entire success in this regard, further research is required to fulfil current
gaps. Multifaceted research directions are required for comprehensive success in the
low-cost removal techniques of arsenic from drinkable water.

Alumina (Al,O3) is known to be an effective arsenic adsorbent. Till date, no use of
Al,Os-impregnated or coated alginate beads for As removal has been documented,
probably due to the higher costing of Al;O3; manufacturing and the complexity in
the impregnation procedure. The cost of producing alumina by the sol-gel method
is significantly at higher side. Sen and Pal (2009) employed the partial thermal
dehydration process to manufacture nano-Al, O3 with an overall surface area ranging
from 335 to 340 m?/g. The partial thermal dehydration method reportedly produced
Al,O3 at a cost of 1152 USD per tonnes, which was around 39% less costly than the
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gel precipitation approach. Overall, this technology reduced the cost per 1000 I of
water by 30-50% (Pal 2015). In addition, the capacity to regenerate alginate beads
generally minimises the overall expenses of water treatment. In a nutshell, arsenic
removal via alumina-based alginate beads requires further research.

Elimination of As(V) was comparatively simpler than As(III). Singular or Fe-
plated Ca—Fe alginate beads were effective in removing As(V), but removal of
As(IIT) remained unsatisfactory following this methodology. Hence, the conversion
of As(Ill) to the other form by oxidation is predicted to increase arsenic removal
proficiency. The outcomes of oxidation on the sorption efficiencies of As(IIl) and
As(V) by alginate beads must be investigated in the future.

At a prior concentration of 300 g/l, Sarkar et al. (2010) exhibited almost entire
elimination of both arsenical forms by the implementation of Ca-alginate beads
loaded with Fe(OH); microcapsules. On the other hand, cellulose acetate butyrate
(CAB) polymer was utilised to entrap the Fe(OH); micro-molecules. Prior to its use
in drinking water, it is necessary to explore the effects of CAB polymer on people
through more research. Additionally, further studies are required to manufacture
more cheaper polymers from naturally occurring substances.

Magnetite (Fe;O4) nanoparticles-doped Ca-alginate demonstrated good results in
eliminating As(V), although these exhibited inadequate reduction of As(III). There-
fore, upcoming researches might examine the consequences of following oxidation
protocol on the beads before application.

Cho et al. (2014) found an improvement in arsenic elimination effectiveness with
a reduction in the diameter of alginate beads, perhaps because of the reduction
in diffusional gap and an enlargement of surface area. The same study suggested
that akaganeite nanorods, of 21-43 nm size, encased in Ca-alginate micro beads
was capable to lower arsenic concentrations to 0.9 pg/l from 100 pg/l. To find
the optimal size and form of alginate beads for optimum elimination effectiveness,
further research is required.

Ca-alginate beads encapsulated with nZVI eliminated 85-100% of the arsenic
from an early concentration of 50-10,000 g/l (Bezbaruah et al. 2014). Implication
of nZVI in drinking water was advantageous due to poor leaching ability of nZVI
from the lower aqua-soluble alginate beads. Moreover, the manufacturing procedure
and maintenance of nZVI is quite difficult due to its oxidation characteristic, and
thus, additional research is required in this field.

Additionally, a variety of natural materials (sand, fly ash, red muds, etc.) and Fe
or Al,O3-treated activated carbon are frequently used to remove arsenic from water.
Prior to their execution in drinking water, it is vital to understand their impacts
on human health. Additionally, biodegradation is a common approach for arsenic
removal. Hence, such a method requires careful consideration for its application in
drinking water due to health concerns.
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8.8 Conclusion

This present chapter studied arsenic eliminatory strategies for water, with an emphasis
on biotechnological approaches regarding alginate application. Among all, adsorp-
tion emerges as an efficient methodology for eliminating arsenic from aqueous solu-
tions. Fe and its compounds (iron oxides, hydroxides and oxyhydroxides, akageneite,
goethite, etc.) are utilised extensively as alginate-based adsorbents. It is conve-
nient for drinking water applications because of its enhanced removal efficiency and
reduced expenses. Additionally, the encapsulated alginate beads of the Fe compounds
can be recycled post regeneration. Moreover, biocompatible nature, higher aqueous
permeability, lower cost, wider accessibility, and effective reusability of alginate
beads are further benefits of these alginate-based adsorbents. However, various Fe-
based alginate beads frequently face trouble in depleting the metalloid beyond the
WHO-restricted value, and thus, they generate substantial quantities of arsenic-
contaminated wastes. These wastes ultimately pose a disposal problem. The deploy-
ment of nano-Al,Osz-entrapped alginate beads and their procreation for diversified
implementations can overcome these concerns. Therefore, for achieving a complete
success in decreasing arsenic in drinking water, further research is required in the
aforementioned areas.
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Chapter 9

Bioaccumulation of Arsenic in Different ez
Crop Plants and Its Remediation Using
Molecular Breeding Tools

and Biotechnological Interventions

Chinmaya Kumar Das, Umasankar Nayak, Kailash Chandra Samal,
Ram Lakhan Verma, Beesu Bhargavi, Rakhi Biswal,
and Mamata Mohapatra

Abstract Arsenic is a systemic toxicant having significant implications in public
health as human carcinogen. Contamination of soil with alarming concentrations
of arsenic occurs mostly due to a heavy dependency syndrome on the use of
inorganic fertilizers and pesticides containing residues of arsenic and irrigating
crops using groundwater concentrated with arsenic in crop production processes.
Aforesaid anthropogenic activities contributed to the accumulation of such toxic
mettaloid arsenic in different tissues of edible crop plants. Further, consumption
of edible produce of crops grown in soils polluted with arsenic increases its bio-
magnification in different components of food chain resulting in serious health
risks and risks of global food and nutritional security. Crop growth and produc-
tion is adversely compromised due to arsenic-mediated alterations in their metabolic
rhythms including physiological and biochemical circuitry associated with sensing of
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water and nutrients, cellular homeostasis, repair of cellular and membrane damage,
synthesis of cellular energy currency ATP and photosynthesis. Considering serious
negative implications of arsenic on crop growth and productivity, global food and
nutritional security, environmental and human health, priorities should be given on
an urgent basis for minimizing arsenic accumulation in crop plants using innovative
and sustainable interventions such as genetic engineering, breeding interventions,
identification of low grain-arsenic cultivars and agronomic management modules.
In this manuscript, a comprehensive arsenic accumulation landscape in different
crop plants namely in cereals, pulses, oilseeds, vegetable crops and other crops is
depicted. To minimize the arsenic accumulation in crop plants, the role of inno-
vative molecular breeding approaches and emerging biotechnological interventions
namely comprehension of existing natural variation for survival ability of crop plants
and soil microbiota in arsenic-rich environments, and introgression of few candidate
genes for detoxification, sequestration and efflux of arsenic are discussed. Informa-
tion depicted in this manuscript would be useful for providing a way forward for
minimizing arsenic bioaccumulation, evolving As-free safe cultivars of crops and
controlling As-biomagnifications in the food chain.

Keywords Arsenic *+ Bioaccumulation - Biotechnology + Breeding - Remediation

9.1 Introduction

Heavy metals have attributes such as high atomic weight and significantly higher
density than water and are found in trace amounts in different environmental matrices
below 10 parts per billion (ppb) (Fergusson 1990; Kabata-Pendias and Pendias 2001).
Majority of heavy metals (Hg, Cd, Pb, Cr, As, Zn, Cu, Ni, Sn and V) known for their
toxicity including arsenic (As) which is a systemic toxicant having significance in
public health as carcinogen (Tchounwou et al. 2012). Elevated concentrations toxic
heavy metals in soil have serious adverse effects on crop productivity, global food
security, human and environmental health (Su 2014; Das 2021). Bioaccumulation in
different tissues of crop plants followed by biomagnification in different components
of food chain of alarming concentrations of heavy metals impose a serious risk to
the food and nutritional security, and human and environmental health in the globe.

Arsenic is a widely abundant mettaloid whose bioaccumulation in different tissues
of crop plants including edible plant parts impose a serious threat to human and envi-
ronmental health. Long-term exposures of arsenic enhance the carcinogenicity in
mammalian system (Singh et al. 2015). Arsenic impairs the crop growth and produc-
tivity by disrupting their physiological, biochemical and molecular circuitry linked
with uptake of water and nutrients, cellular redox homeostasis, different compo-
nents associated with photosynthesis process, cellular and membrane damage, and
energy currency ATP synthesis. Entry of soil arsenic into food chain causes arsenic-
poisoning (Khanna et al. 2022). Further, arsenic is classified as a carcinogen whose
presence poses disastrous environmental threat. Arsenite [As(III)] and arsenate
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[As(V)] are the two major inorganic species of As in soil cause arsenic-mediated toxi-
city in the environment (Azam et al. 2016). Use of groundwater containing residues
of As during irrigation of crops is one of the prime driver for arsenic-accumulation
in soils and plants (Bhattacharya et al. 2012). Large areas of soils having elevated
concentrations of As exceeding threshold value have been reported in many parts
of the globe (Argos et al. 2010). Further, excessive dependency syndrome on the
use of synthetic agrochemicals containing arsenic in agriculture sector for plant
protection, adopting intensive cultivation of high yielding input-responsive semi-
dwarf cultivars of crops such as rice responsive to fertilizers and pesticides help in
expanding the footprint of arsenic contamination in soil and its biomagnifications in
the environment.

Rice is one of the predominant cereal crop grown throughout the globe and its
consumption is linked with the cause of arsenic-mediated diseases such as cancer in
the population of Asian continent (Azam et al. 2016; Jayasumana et al. 2015). Simi-
larly, heavy dependency on the use of phosphatic fertilizer triple super phosphate
containing 31 mg/kg and herbicide glyphosate containing 1.9 mg/kg in agricultural
sector are the major source of arsenic linked with chronic kidney disease in Sri
Lanka is reported (Jayasumana et al. 2015). Considering negative implication of
arsenic on crop productivity, global food and nutritional security, human and envi-
ronmental health, there is an urgent need for minimizing arsenic accumulation in crop
plants using innovative and sustainable interventions such as genetic engineering,
breeding interventions, identification of low grain-arsenic cultivars and agronomic
management modules.

This manuscript attempts to provide a broader landscape of arsenic bio-
accumulation in different crop plants belongs to families of cereals (paddy, wheat,
corn), pulses (urd bean, mung bean and pea), vegetable crops (potato, tomato, brinjal,
okra and leafy vegetables), and many other crops with long-term impact of soil arsenic
on bio-accumulation in crop plants. To minimize the arsenic accumulation in crop
plants, the role of innovative molecular breeding approaches and emerging biotech-
nological interventions are discussed. Role of innovative molecular breeding tools
including MAS (marker-assisted-selection), genetic mapping and identification of
QTLs contributing to low-arsenic accumulation, association mapping tools GWAS
(genome-wide association studies), and emerging genomic selection concepts in
minimizing arsenic in many crop plants are briefly described. Further, the role of the
biotechnological interventions including the comprehension of natural variation for
arsenic tolerance in crop plants (in hyper-accumulating plants and non-hyper accu-
mulating plants for As-accumulation) and soil microbiota, and the use of transgenic
technology for introgression of few candidate genes for detoxification, sequestration
and efflux of arsenic using recombinant DNA technology for reducing As in crop
plants are discussed. Information depicted in this manuscript would be useful for
providing a way forward for minimizing arsenic bioaccumulation, evolving As-free
safe cultivars of crops and controlling As-biomagnifications in the environment.
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9.2 Bioaccumulation of Arsenic in Crop Plants

Among different crop plants, arsenic accumulation takes place more than the permis-
sible limit in major cereal group of crops namely paddy (Rahman and Hasegawa
2011), wheat (Pigna et al. 2009, 2010), and corn (Rosas-Castor et al. 2014a, b), in
vegetables (Alam et al. 2003; Roychowdhury et al. 2002) and in fruits (Ahiamadjie
etal. 2011). Similarly, higher degree of arsenic bioaccumulation takes place in roots
compared to fruits and leafy vegetables (Bhatti et al. 2013; Zhao et al. 2010a). Trans-
port of arsenic from soil followed by its accumulation in edible parts of crop plants
serve as the major source for As-biomagnification in different components of food
chain and exposure to human through consumption of crop produce containing As
in the long run.

9.2.1 Bioaccumulation of Arsenic in Important Cereals

Mostly Gramineae family members are important cereal crops which includes paddy,
wheat, and corn occupy dominant positions in the dietary landscape of many people in
the globe for fulfillment of their daily calorie requirements. Therefore, contamination
of produce of these crops even at low levels with toxic arsenic species is going to
have disastrous consequences especially risks of human exposure to arsenic through
consumption and risks of human health towards dreadful disease like cancer.

9.2.1.1 Arsenic Accumulation in Rice

Among different cereals, rice occupies a vital place in the dietary requirement of
many people for fulfilling their caloric needs in the globe especially in Asia (Das
et al. 2018a, b, 2021). Rice is a hyper-accumulators of arsenic as it is primarily
grown under anaerobic conditions. Rice plant is reported to accumulate ten-fold
more arsenic than other cereals mainly in its grains which primarily contains the
inorganic As species and DMA (Dimethyl arsenic acid) (Williams et al. 2005a,
b, 2007; Torres-Escribano et al. 2008). Accumulation pattern of arsenic follows a
descending order from root to straw to leaves to husk to grain (Liu et al. 2006) in
rice. Grain arsenic content of rice is exacerbated by many anthropogenic activities
involved in rice production system including the use of groundwater concentrated
with As during irrigation and use of pesticides and herbicides containing residues
of As for plant protection purpose, many mining and mineral processing activities
(Lee et al. 2008; Lu et al. 2009). Bioaccumulation of As in different tissues of rice
and subsequent biomagnification of As in food chain is reviewed by Bhattacharya
et al. (2012). The temporal variation in As-accumulation in different tissues of two
important crops namely rice and jute grown under submerged conditions having high
bio-availability of arsenic soil is reported (Bhattacharya et al. 2014). Interestingly,
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they found a time-dependent decrease in arsenic accumulation in both rice and jute.
Further, a higher accumulation of arsenic in rice than jute was recorded (Bhattacharya
et al. 2014).

9.2.1.2 Arsenic Accumulation in Wheat

Many researchers have studied the role of arsenic-contaminated soil and irrigation
water on the accumulation behavior of As in different tissues of wheat. The bioac-
cumulation, distribution and speciation of arsenic investigation in wheat revealed a
direct relationship between total grain As content and the level of As in soil (Zhao
et al. 2010a). Further, maximum accumulation of arsenic was found in wheat bran
and was reduced by milling process in its flour (Zhao et al. 2010b). Differential
accumulation of As in different tissues of wheat in four Chinese varieties grown in
arsenic contaminated soil is reported by Zhang et al. (2009) and they found a depen-
dency between grain arsenic content and level of arsenic in polluted soils. Also, they
recorded a higher accumulation of As in wheat bran than in wheat flour. The role of
phosphate fertilizer on the distribution of arsenic and phosphate in different tissues
namely root, shoot and grain of wheat is studied by Pigna et al. (2009) using three
different concentrations of As in irrigation water. Based on their study, they found a
relationship between tissue accumulation of As and concentration of As in irrigation
water and speculated the role of phosphate in minimizing the translocation of As
to above ground tissues namely shoots and grains. Correlation between the level of
arsenic in grains and arsenic-translocation factor is reported by Shi et al. (2015b)
based on the investigation of uptake, accumulation and translocation of As, Cd and P
in 12 different cultivars of wheat. Variation in the accumulation of arsenic, efflux and
translocation of As, and its relation with arsenate (As(V)) tolerance in wheat seedling
in 57 varieties was studied by Shi et al. (2015a) under hydroponic condition. Positive
correlation for arsenate tolerance of wheat seedlings with root As concentration and
a negative correlation between seedling arsenate tolerance and arsenite efflux and
translocation factors were recorded.

9.2.1.3 Arsenic Accumulation in Maize

Arsenic accumulation in maize has been studied by many researchers on different
aspects of maize ranging from linkage of soil conditions with As phytotoxicity to
the As-mediated effect on physiological attributes, antioxidant response modulation,
and the role of mycoremediation on As accumulation and speciation (Rosas-Castor
et al. 2014a, b; Gulz et al. 2005; Stoeva et al. 2003; Mylona et al. 1998; Yu et al.
2009; Anjum et al. 2016; Cattani et al. 2015). Rosas-Castor et al. (2014a, b) reviewed
the summary of linkage of soil conditions and mechanisms involved in the influx and
uptake, metabolism and toxicity behavior of As in maize plant. Non-linear relation-
ship between accumulation behavior of As and different soluble concentrations of
soil arsenic in four different crops (corn, ryegrass, rape and sunflower) under two
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different soil conditions is reported (Gulz et al. 2005). Negative effect of arsenic on
physiological attributes in early phenophase of corn using hydroponic experiments
with maize seedlings under three different concentrations of As is reported (Stoeva
et al. 2003). Mylona et al. (1998) reported a increase in the abundance of transcripts
of enzyme involved in antioxidant response namely Catl, Cat2, Cat3, Sod3, Sod4,
Sod4 A and Gstl under stresses imposed by arsenic in different tissues of maize and
at different developmental timings. Yu et al. (2009) reported the role of arbuscular
mycorrhizal (AM) fungus (Glomus mosseae) in the alleviation of As toxicity in maize
grown under As-spiked soils by the inhibition of the uptake of arsenate and reduction
of arsenate to arsenite. Similarly, Anjum et al. (2016) reported an enhancement in
the osmoregulation and antioxidant production during the course of time under Cd
(100 wM) and As (200 M) in two different maize cultivars at different phenophases.
Individual application of phosphorus (P) or in combination with arbuscular mycor-
rhizal (AM) fungus Rhizophagus irregularis inoculation to maize plants grown under
high-arsenic soil containing 200 mg kg ! of As resulted in biomass augmentation in
maize plants is reported by Cattani et al. (2015).

9.2.2 Bioaccumulation of Arsenic in Pulses

Pulses including green gram, black gram, red gram, and pea are important legumes
known for their high protein content and for their nitrogen fixation ability in soil.
Produce of these crops are mostly consumed either in sprout form or as dal in cooked
form by many people in the globe. Therefore, arsenic-contamination of edible tissues
of these crops increases the chance of human exposure to As and serious health risks
such as incidences of cancer in the long run.

9.2.2.1 Bioaccumulation of Arsenic in Green Gram

Mostly toxicity studies of arsenic on physiological attributes and metal tolerance
index in green gram are reported (Mumthas et al. 2010; Chintey et al. 2022).

9.2.2.2 Bioaccumulation of Arsenic in Black Gram

Many research focused on the effect of arsenic toxicity on growth parameters,
chlorophyll, nucleic acid and protein content, oxidative stress response, antioxidant
response, and role of nanoparticles in minimizing arsenic-mediated induction of toxi-
city in black gram are reported (Srivastava and Sharma 2013, 2014; Banerjee et al.
2023). Negative effect of arsenate stress on the growth, vigor, chlorophyll content,
nucleic acid and protein content in the seedlings of black gram and role of phos-
phorus in amelioration of arsenate mediated problems in black gram is reported.
Further, upregulation of antioxidant response, lipid peroxidation, osmoprotection
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under arsenic-mediated toxicity regime is reported in black gram (Srivastava and
Sharma 2014). Similarly, vital role of priming with biogenic nanoparticles of zinc
(ZnO NPs) has been shown in arsenic-stress attenuation in seedling and vegeta-
tive stage of black gram (Banerjee et al. 2023). ZnO NPs promoted the enhance-
ment of seed germination rate and morpho-physiological attributes, decreased build
up of ROS, osmo-regulator accumulation and upregulation of antioxidant response
enzymes (Banerjee et al. 2023).

9.2.2.3 Bioaccumulation of Arsenic in Pea

Studies related to the uptake of As and its effect on different morpho-physiological
traits and biochemical attributes of pea (Pisum sativum L..) and amelioration of arsenic
induced stresses are reported (Rodriguez-Ruiz et al. 2019; Garg et al. 2015; Alsahli
et al. 2021). The effect of arsenate (50 wM) on roots and leaves was studied by
Rodriguez-Ruiz et al. (2019) in pea. They found an alteration in the ionic balance
and metabolism of sulfur and nitric oxide in root and leaf tissues of pea under
arsenate stress regime. Decrease in growth parameters, upregulation of oxidative
markers, induction of enriched sulfur compound namely phytochelatins (PC2 and
PC3) biosynthesis with concomitant decrease of reduced glutathione (GSH) was
triggered due to arsenate stress in root and leaf tissues in pea (Rodriguez-Ruiz et al.
2019). Role of mycorrhization in arresting uptake of As and Cd, reduction of oxidative
stress and reinforcement of antioxidant response components in red gram (Cajanus
cajan) and pea (Pisum sativum) under stress regime of cadmium and arsenic was
studied by Garg et al. (2015). They found that a higher uptake of As compared
to Cd, and among red gram and pea, pea was found to be more sensitive to metal
stress induced by As and Cd (Garg et al. 2015). Role of H,S in the mitigation of
arsenic-induced stress in pea through the modulation of osmoregulatory machinery,
antioxidant response, cycles of ascorbate—glutathione and glyoxalase system in pea
grown under arsenic stress regimens is reported by Alsahli et al. (2021).

9.2.3 Arsenic Accumulation in Oilseed Crops

The major oilseeds such as the Groundnut (Arachis hypogaea), Indian mustard
(Brasica juncea), Sunflower (Helianthus annuus), Sesamum (Sesamum indicum)
and Soybean (Glycine max) are important oilseeds play a role in shaping the edible
oil economy. Many studies on arsenic accumulation and its alleviation is reported
in literature. In Indian mustard studies related to genotypic variation for tolerance
against arsenic toxicity (Chaturvedi 20006), role of antioxidant modulation in arsenic
detoxification (Khan et al. 2009), and analysis of As accumulation and compar-
ative transcriptome profiling (Thakur et al. 2019) is reported. Similarly, accumu-
lation behaviour of arsenic in various tissues and amelioration of arsenic toxicity
using organic interventions in Sesamum (Kundu and Pal 2012; Sinha et al. 2011) is
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reported. Further, uptake and accumulation studies on arsenic (Sahito et al. 2021),
role of phosphate and arsenate interactions in affecting arsenic concentration (Azeem
et al. 2017) and importance of salicylic acid in improving the antioxidant response
under arsenic-mediated oxidative stresses in tissues of sunflower (Saidi et al. 2017)
are reported. Role of arbuscular mycorrhiza (AM) fungus (Spagnoletti and Lavado
2015), metal(loid)-resistant bacteria of the rhizospheric zone (Oller et al. 2020),
symbiotic species of Bradyrhizobium (Bradyrhizobium diazoefficiens USDA110)
(Bianuccietal. 2018), glutathione (GSH) (y-glutamyl-cysteinyl-glycine) (Vezzaetal.
2019) and nanoparticles of zinc (ZnO NPs) (Ahmad et al. 2020) in the alleviation
and arsenic accumulation in Soybean has been reported.

9.2.3.1 Bioaccumulation of Arsenic in Mustard

Chaturvedi (2006) studied variations in the tolerance to As toxicity among genotypes
of Indian mustard in greenhouse experiments and reported a higher rate of uptake
for arsenite compared to arsenate by Indian mustard genotypes. The upregulation of
the activities of antioxidant response enzymes and metabolites act as antioxidants
namely glutathione and ascorbate in 20 days-seedlings of mustard under arsenic-
induced stress in hydroponic experiment is reported by Khan et al. (2009). Compar-
ative transcriptome profiling and arsenic accumulation behavior in five genotypes of
mustard under arsenic stress revealed an upregulation of gene expression of genes
related signal transduction, regulatory players of transcription, stress response and
metabolic processes and down regulation of genes related to cellular growth and
developmental processes, and photosynthesis (Thakur et al. 2019).

9.2.3.2 Bioaccumulation of Arsenic in Sesamum

Differential accumulation of arsenic in different tissues of sesamum cultivars is
reported. The highest accumulation was recorded in root tissue while the lowest
accumulation was recorded in seed (Kundu and Pal 2012) irrespective of the back-
ground of cultivars. Use of irrigation with surface water and organic amendments in
minimizing arsenic accumulation in sesamum is found by Sinha et al. (2011).

9.2.3.3 Bioaccumulation of Arsenic in Sunflower

Analysis of accumulation pattern of different species of arsenic in 37 oilseed
sunflower accessions revealed a relatively higher accumulation of inorganic species
(arsenate and arsenite) compared to organic species (dimethyl arsenic acid; mono-
methyl arsenic acid) of As under natural field conditions. Further, higher level of
arsenate was recorded in roots while shoots recorded higher level of arsenite (Sahito
etal. 2021). Interaction between phosphate and arsenate in the modulation of arsenic
in plant tissues, growth behavior and antioxidant ability of sunflower under three
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different levels of arsenic stresses is reported (Azeem et al. 2017). Effect of salicylic
acid in improving the antioxidant response in sunflower under As-mediated oxidative
stress is reported and salicylic acid was found to enhance the activity of antioxidant
enzymes including catalase, ascorbate peroxidase, and glutathione peroxidase under
arsenic-stress (Saidi et al. 2017).

9.2.3.4 Bioaccumulation of Arsenic in Soybean

The potential of mycoremediation using arbuscular mycorrhiza (AM) fungus
Rhizophagus intraradices in counteracting the adverse effects of arsenic on soybean
under arsenic stress is reported by Spagnoletti and Lavado (2015). Oller et al. (2020)
investigated the effect of six arsenic metal(loid)-resistant bacteria of the rhizospheric
zone. They found plant growth promoting bacteria (PGPB) in positively influencing
soybean growth in arsenic-mediated stress situations by enhancing the soybean
growth and modulating the uptake of arsenic. The role of nanoparticles of zinc (ZnO
NPs) in alleviating arsenic-mediated toxicity in soybean by minimizing uptake of
As, and modulation of antioxidant response enzymes in soybean is reported (Ahmad
et al. 2020). The potential role of symbiotic species of Bradyrhizobium in the allevi-
ation of arsenic toxicity in soybean is reported (Bianucci et al. 2018). The effect of
GSH (Glutathione) in the modulation of arsenic stress tolerance by the regulation of
redox balance, gas exchange and accumulation behavior of As in soybean is reported
(Vezza et al. 2019).

9.2.3.5 Bioaccumulation of Arsenic in Groundnut

The role of lime, vermicompost combined with Rhizobium inoculants in enhancing
the production of groundnut by minimizing the accumulation of arsenic is reported
by Tuan and Van Chuong (2021).

9.2.4 Arsenic Bioaccumulation in Vegetables

Many vegetables such as potato, tomato, brinjal, okra, leafy vegetables are mostly
consumed by people on the globe in their diet. In this context, accumulation of arsenic
in these vegetable crops will aggravate the chance of human exposure to arsenic.
Therefore, a growing body of scientific evidences focused on arsenic accumulation,
arsenic toxicity on growth, induction of stress response machinery, and possible
amelioration measures for minimizing arsenic toxicity in vegetables.
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9.2.4.1 Bioaccumulation of Arsenic in Potato

The differential accumulation behavior of arsenic in different tissues were recorded
during the evaluation of potato cultivars in arsenic contaminated zone with arsenic-
enriched irrigation water in Eastern India. The highest accumulation was recorded
in root tissue while the lowest accumulation was seen in potato tuber (Kundu et al.
2012) in all potato cultivars. Haque et al. (2015) reported the negative effect of arsenic
contaminated soil on potato tuber yield. More accumulation of arsenic in potato
peels than in peeled tubers in four potato cultivars grown under soils contaminated
with lead-arsenate (Codling et al. 2016). The role of selenium in the alleviation of
cadmium and arsenic toxicity through the modulation of glycolysis in potato grown
under hydroponic conditions under the stress regimen of Cd and As on 48th day is
reported (Shahid et al. 2019).

9.2.4.2 Bioaccumulation of Arsenic in Tomato

Burlo et al. (1999) reported the negative effect of organic species of arsenic namely
MA and DMA in reducing growth and yield of tomato plant. Alteration in growth
and pigment content of tomato plants grown under As-polluted soils at different
sublethal doses is studied by Miteva (2002) and they found a positive effect of lower
dose of arsenic in promoting elongation of root system and increased height and
weight of stem while a decreased the growth of both the vegetative and root system
was recorded with higher dose of arsenic.

9.2.4.3 Bioaccumulation of Arsenic in Brinjal

Alamri et al. (2021) studied the effect of ASC (Ascorbic acid) and GSH (Glutathione)
in counteracting the arsenate-mediated toxicity in brinjal roots with the use of nitric
oxide (NO). They found negative effects of arsenate treatment in terms of greater
accumulation of arsenic in roots and shoots, reduction in the endogenous level of NO
through the inhibition of Nitric Oxide Synthase-like (NOS-like) activity, stimulation
of oxidative stress markers and protein damage, disruption of cellular redox status
in brinjal. Further, they proved the role of both ASC and GSH in the alleviation
of arsenate toxicity in brinjal roots independently with the requirement of endoge-
nous NO using inhibitors of ASC biosynthesis or GSH biosynthesis which simply
increased the toxic effects of arsenate. Role of GABA with the requirement of NO in
counteracting arsenate-mediated stress in the seedlings of brinjal and tomato (Suhel
et al. 2022).
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9.2.4.4 Bioaccumulation of Arsenic in Okra

Effect of different species of As including inorganic species (Arsenite and Arsenate)
and organic species (Dimethyl arsenic acid (DMA)) mediated toxicity on growth is
studied by Chandra et al. (2016) in Okra with two different doses (20 and 50 mg kg~!)
of each species of arsenic. Both growth and yield of okra was negatively affected
by different species of As. Inorganic species arsenate followed by arsenite were
accumulated in aerial parts compared to DMA in roots. Therefore, arsenite and
DMA mainly accumulated in roots of okra (Chandra et al. 2016).

9.2.4.5 Bioaccumulation of Arsenic in Leafy and Other Vegetables

Arsenic accumulation in leafy vegetables cultivated in soils contaminated with mine
water and remedial potential of biochar in minimizing As accumulation in leafy
vegetables is reported by Qin et al. (2021). The bioaccumulation pattern of anti-
mony and arsenic in vegetables including Coriandrum sativum L., Allium fistulosum
L., Brassica pekinensis L., and Daucus carota L. grown in antimony-mining area
is studied. Allium fistulosum L. recorded the highest accumulation of arsenic while
Brassica pekinensis L. recorded the lowest accumulation of arsenic and antimony.
Capacity for redistribution of antimony and arsenic within the plant was maximum
in Coriandrum sativum L. (Zeng et al. 2015). Vegetable crops grown in soils contam-
inated with lead arsenate pesticides on an old orchard amended with different doses
of compost in a three year study was analyzed for their uptake and accumulation
behavior for As and Pb. A maximum accumulation of arsenic (As) was found in
lettuce followed by carrot followed by bean (McBride et al. 2015). Maximum accu-
mulation of arsenic in the bulbs of onion and in berries of grapevine beyond the
safety limits is reported by Pinter et al. (2018).

9.2.5 Effect of Soil Arsenic on Bio-accumulation in Crop
Plants in Long-Term

Metal-content analysis of soil crop plants including cereals (paddy, corn and
sorghum), pulses and vegetables grown at the mine spilling site 17 years after the
soil-cleaning-up drive have been conducted which revealed a maximum allowable
concentration (MAC) levels for As and Cd in soil. Further, maximum concentrations
of metals were found in edible tissues of leaves or stems of crop plants than in seeds
or fruits as witnessed by the lower bioaccumulation factor (BAF) in edible seeds or
fruits than in stems and leaves. Among different crops, most severe contamination
was observed in Ipomoea. Crops such as sorghum, Adzuki bean, soybean and mung
bean recorded lower than threshold level concentrations of toxic elements. In these
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crops, maximum BAF was found for Cd while the lowest BAFs was recorded for As
(Liu et al. 2005).

9.3 Mitigation of Arsenic Bioaccumulation in Crop Plants

9.3.1 Role of Molecular Breeding-Based Interventions
in Minimizing Arsenic Bioaccumulation in Crop Plants

Accumulation of As in grains or edible parts of crop plants is a serious problem for
human health as it enters food chain through the dietary crop produce. Therefore, it
is very imperative to promote development and deployment of one of the best choice
such as plant breeding-based interventions in arsenic-contaminated areas for mini-
mizing exposure of arsenic to the population of human. Plant breeding primarily
depends on the existing natural variation, creation of genetic variation, selection
of desired variation based on phenotypic evaluation in target environments, station
trials, coordinated multi-location trials followed by release of promising entries as
varieties for a specific geographical location or an agro-ecological situation. Simi-
larly, molecular plant breeding is similar to conventional plant breeding but here,
molecular-marker based information is used to accelerate the accurate genotyping
and phenotyping in lesser time in advance.

In the context of reducing bioaccumulation of arsenic in crop plants, molecular
plant-breeding mainly aims at identification of genetic variation for low arsenic
accumulation, identification of QTLs and genes involved in mediating tolerance
against arsenic stress in crop plants, discovery of specific molecular markers for
putative QTLs or candidate genes for easier selection of desired low-arsenic accu-
mulating genotypes from a pool of large number of genotypes having significant
variation for arsenic-accumulation, introgression of desired genetic variation into
the genomic background of agronomically adapted cultivars for development of
low-grain-arsenic cultivars and their deployment in arsenic-contaminated regions.
Role of different tools of molecular breeding namely MAS (Marker-assisted selec-
tion), genomic selection and emerging genome editing tools can help in designing of
low-arsenic accumulating cultivars of crops and providing tolerance against arsenic
stresses.

9.3.1.1 Screening of Natural Variation for Low-Arsenic Accumulating
Genotypes in Crop Plants

Report on screening of genotypes for genetic variation in crop plants for low-arsenic
content is reported (Chi et al. 2018; Dasgupta et al. 2004; Kuramata et al. 2013; Das
etal. 2021). Chi etal. (2018) analyzed the influence of cultivar, season (environment),
interaction between cultivar and environment (CEI) on grain arsenic content in 51
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cultivars of rice grown under Cd and As contaminated soil. They found lower levels of
Cd and higherlevel of arsenic in grains in conventional japonica cultivars compared to
indica cultivars. Further, they did a screening for stable low-accumulating cadmium
and arsenic co-excluder cultivars in multi-environment trials in two seasons and found
two stable lines taking into account of yield, CEI and Cd and As levels. Similarly,
screening for decreased root growth under arsenate treatment regimen (13.3 pM)
in genotypes of indica, and japonica subspecies of Oryza sativa, Oryza glaberrima
have been reported (Dasgupta et al. 2004). Genetic variation in the accumulation
and speciation of As in grain in 69 different accession of world rice core collec-
tion is reported (Kuramata et al. 2013). Among all the accessions, two accessions
namely Local Basmati and Tima (indica type) recorded the lowest content for total-
As and inorganic species of As in grain (Kuramata et al. 2013). Das et al. (2021)
recorded a large variation for grain-arsenic content (0.05-0.49 mg/kg) by screening
100 genotypes of rice.

9.3.1.2 Selection of Genotypes for Low Arsenic Content Using MAS
(Marker-Assisted Selection)

In molecular plant breeding programme, MAS is routinely used for the selection of
target trait phenotype using information derived from the molecular markers linked to
the target trait in lesser time. MAS can accelerate the pace of the varietal development.
In the context of marker-assisted selection for low arsenic accumulation, Das et al.
(2021) developed a PCR-based co-dominant marker an SNP (T/G) between the two
contrasting genotypes of rice for grain-arsenic content (low-accumulating variety
Gobindaraj and high-accumulating variety Shatabdi) and differing for upregulation
of transcripts of arsenic sequestering ATP binding cassette C1 type gene (ABCC1).
Such marker information was used for discriminating between cultivars with low,
high and mean-levels of arsenic accumulation. Identification of low-accumulating
arsenic alleles for OsABCCl1-transporter would help in introgression of such allele
into high-accumulating arsenic genotypes using marker-assisted selection.

9.3.2 Identification of Potential QTLs for Arsenic Stress
Tolerance: QTL Mapping for Low Arsenic
Accumulation

QTL refers to the “Quantitative Trait Loci” reflect the patches of genome that explain
the variations observed in a quantitative trait. Polygenes contribute to the quantitative
traits and these traits are highly influenced by the environment. Therefore, synonyms
such as “polygenic traits” or “multi-factorial traits” or “complex traits” are used
for quantitative traits. Identification of QTLs which explains the genetic basis for
a trait and the associated genomic regions that modulate the trait is very useful



188 C.K. Dasetal.

in crop breeding program. Identification of QTL is also known as QTL mapping.
Different steps in QTL mapping are: (1) Development of a mapping population, (2)
Phenotyping and genotyping of mapping population, (3) Construction of a linkage
map, and (4) Mapping of QTL for target trait on the linkage map (Collard et al. 2005).
QTL identification for arsenic accumulation has been done by many researchers.

Screening of recombinant inbred lines derived from a mapping population of
Bala x Azucena cross for arsenate tolerance in rice revealed a major determinant in
genomic region of 6th chromosome for arsenate tolerance between markers RZ516
and RG213 (Dasgupta et al. 2004). QTL mapping for organic species of As namely
grain DMA-content is conducted by Kuramata et al. (2013) using a mapping popu-
lation from the cross between two contrasting parents (high-DMA parent: adiPerak,
low-DMA parent: Koshihikari) for grain DMA-content and by such approach, they
identified three QTLs (two QTLs gDMAs6.1 and gDMAs in chromosome-6, and
gDMAs in chromosome-8) in the genomic regions. Identification of three QTLs for
arsenic concentrations in shoot and root tissues in chromosome-2 and chromosome-3,
respectively at seedling stage and QTLs for grain-arsenic content mapped to chro-
mosome 6 and 8 at maturity are reported (Zhang et al. 2008) from rice anther-culture
derived double haploid mapping population. Four main effect QTLs linked with
seedling stage tolerance against arsenic-mediated phytotoxicity were identified by
Syed et al. (2016) using a F2-mapping population between sensitive BRRI dhan45
and arsenic tolerant BRRI dhan47 in rice. Role genetic loci influencing flowering
time on element concentrations including As concentration in grains using ICP_MS
tool is reported (Norton et al. 2012). Identification of 14 number of QTLs in maize
explaining phenotypic variance for accumulation pattern of arsenic in different tissues
including kernels, axes, bracts and leaves are reported (Fu et al. 2016). QTL mapping
in maize using RIL population identified 11 QTLs for arsenic accumulation in four
different tissues of maize As concentrations in leaves (3 QTLs in chromosomes 1, 5
and 8), bract (2 QTLs), stem (3 QTLs), and kernels (3 QTLs in chromosomes 3, 5,
and 7) (Ding et al. 2011).

9.3.3 Identification of Potential QTLs for Arsenic Stress
Tolerance: Genome-Wide Association Studies

Traits which are of agricultural and evolutionary importance are controlled by
multiple genetic loci and are highly influenced by environments. These traits follow
quantitative inheritance and are very sensitive to the influence of environment and
genotype X environment interactions (Mackay et al. 2009). Understanding the
genetic basis of such type of complex traits would help in crop breeding programme.

GWAS (Genome-wide association studies) exploits genome wide single
nucleotide polymorphisms (SNPs) across an assembled population to elucidate the
genetic basis of complex traits (Tibbs Cortes et al. 2021). In this, an association
mapping population is created in model plants and other crops for examination of
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trait variation across diverse genetic-backgrounds (Zhu et al. 2008). Many researchers
have conducted genome-wide association studies in maize (Zhao et al. 2018), rice
(Hwang et al. 2017; Norton et al. 2010), and wheat (Seed et al. 2022) for variations
in As-content in plant tissues to elucidate its underlying genetic basis for arsenic
accumulation.

9.3.4 Role of Genomic Selection for Low Arsenic
Accumulation

In genomic selection (GS), phenotypes are not used for selection but are used for
training a prediction model (Heffner et al. 2009). Therefore, GS would help in redi-
recting resources and plant-breeding activities by accelerating the breeding cycle and
increasing selection intensity for faster development of varieties in crop improve-
ment (Heffner et al. 2009; Schaeffer 2006; Lorenz et al. 2011). The role of genomic
prediction is suitable for minimizing uptake and grain accumulation of arsenic in rice
is reported by Frouin et al. (2019) based on the phenotyping of 228 accessions of a
Japonica diversity panel for As-content in the flag leaf and dehulled rice grain and
genotyping of 22,370 number of SNP loci. Similarly, the role of genomic selection
based prediction for reducing As-content in rice is reported by Ahmadi et al. (2021);
Ahmadi and Frouin (2021).

9.4 Mitigation of Arsenic Bioaccumulation in Crop Plants:
Role of Biotechnological Interventions

9.4.1 Dissection and Enhanced Understanding
of the Associated Mechanism of Arsenic Uptake,
Translocation, Resistance, Accumulation,
Sequestration, Transport and Toxicity

Movement of arsenite from soil to root cell is driven by aquaporin transporters while
uptake of arsenate to root cell is done by phosphate transporters. Among different
inorganic species of As, arsenite is the most dominant species in cellular components
of plants due to arsenate reductase-driven reduction of arsenate into arsenite. Most
of the arsenic transport is studied in rice (Irshad et al. 2021).
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9.4.1.1 Uptake, Translocation and Transport of Inorganic Species
of Arsenic

There are two types including high-affinity and low-affinity transport system for
arsenic is reported (Mirza et al. 2014). Xylem plays a role in the translocation of
arsenic from root to shoot and its redistribution in different tissues. Phosphate trans-
porter helps in the uptake of arsenate in which As competes with phosphate molecules
(Meharg and Macnair 1992). Arsenate reductase drives in catalyzing the conversion
of intracellular arsenate to arsenite (Dhankher et al. 2006; Bleeker et al. 2006). Detox-
ification of toxic intracellular arsenite takes place by either of the ways including
complex formation with thiol rich peptides (Liu et al. 2010) or with glutathione
(GSH) is reported (Bleeker et al. 2006; Tripathi et al. 2007) and by effluxing out of
cell. ABC transporter is required during the detoxification of GSH-Arsenite complex
for its sequestration into vacuolar space of cell in Arabidopsis thaliana (Bleeker et al.
2006).

9.4.1.2 Uptake, Translocation and Transport of Organic Species
of Arsenic

Aquaporin protein NIP2; 1 drives the transport of methylated species of arsenic by
root at a slower pace compared to inorganic species of As (Li et al. 2009). Xylem-
mediated mobility of methylated arsenic species is faster from roots to shoots (Raab
et al. 2007; Li et al. 2009). Further, rhizosphere-microbe mediated redox changes
influences the uptake of As in rice (Jia et al. 2014).

9.4.1.3 Cause of Arsenic-Induced Toxicity

Arsenite induced toxicity occurs mainly due to its interference with the sulfhydral
groups found in various enzymes. Similarly, arsenate induced toxicity impairs key
metabolic processes of cell by substituting inorganic phosphate with pentavalent
arsenate. Further, excessive amounts of ROS are produced in arsenic-mediated toxi-
city which ultimately affect the plant’s antioxidant defense response (Sharma et al.
2023; Irshad et al. 2021).

9.4.2 Molecular Basis of Arsenic Tolerance

9.4.2.1 Understanding of Natural Variation for Arsenic Tolerance
in Crop Plants

Comprehension of the basic molecular logic in hyper-accumulating and non-hyper-
accumulating plants for arsenic tolerance would help in engineering arsenic tolerant



9 Bioaccumulation of Arsenic in Different Crop Plants and Its ... 191

crop plants by inserting genes from their natural genomic variation for arsenic toler-
ance into the genomic background of crop plants. Arsenic tolerance mechanisms are
discussed in the following section.

9.4.2.2 Deriving Principles from Hyper-Accumulating Plants
for Arsenic Tolerance

Enhanced uptake of arsenate (As5+), decreased complexation between arsenite
(As3+) and thiol, efflux of arsenite (As3+), significant enhancement in the xylem
translocation and sequestration of arsenite (As3+) in vacuoles of leaves are the mecha-
nisms responsible for arsenic tolerance in arsenic hyper-accumulating plants (Sharma
et al. 2023). Xylem and PvACR3 mediates efficient transportation of arsenite into
vacuoles (Su et al. 2008; Indriolo et al. 2010), restricted complex formation between
arsenite and thiol (Raab et al. 2004), higher uptake of pentavalent arsenate (Poynton
et al. 2004) are the key features seen in arsenic hyperaccumulating Pteris species
compared to their counterpart non-hyperaccumulating plants.

9.4.2.3 Borrowing Principles from Non-hyper Accumulating Plants
for Arsenic Tolerance

Non-hyper-accumulating plants mediate arsenic stress tolerance by two broad ways
namely: limiting the uptake of arsenate from the soil by suppressing the high affinity
phosphate uptake system and by the transformation of absorbed arsenate into arsenite
using arsenate reductase enzyme followed by complex formation with thiol mainly
phytochelatins and glutathione and sequestration of chelated-arsenite in roots helps
in the detoxification arsenate and promote arsenic tolerance in plants (Sharma et al.
2023).

9.4.2.4 Understanding of Natural Variation for Arsenic Tolerance
in Soil and Natural Microbiota

A wide number of weapons in terms of genes, operons and mechanisms are available
in microbiota for their survival in arsenic-rich environments which can be explored
for reducing arsenic in contaminated soil and plants. Ectopic expression of genes for
arsenic tolerance using constitutive root-specific promoter can help in minimizing
arsenic accumulation in edible plant parts. Role of some important microorganisms
are discussed as follows.

Arsenic detoxification system is widely distributed in microorganisms. Role of
arsenic-transforming bacteria is reviewed by Yamamura and Amachi (2014). For
detoxification of arsenic, microbes surviving in high-arsenic environment have
evolved a mechanism for molecular detoxification of arsenic. In this approach,
microbes perform reduction of arsenate [As(V)] to arsenite [As(IIT)] followed by
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extrusion of arsenite with the help of arsenite permeases. Corynebacterium glutam-
icum—a gram positive bacterium has resistance to arsenic environments is the
workhorse of biotechnological research. C. glutamicum bacteria has been modified
for their use as sanitation of contaminated soil and water as arsenic-“biocontainer”
harboring two operons ars1 and ars2 for encoding resistance against As (Mateos et al.
2017). Role of detoxification genes (aoxB, aoxA and arsM) in microbes playing arole
in the arsenic detoxification in low-arsenic continental paddy soils in four climatic
zones of China (Zhang et al. 2021). Metal-binding metallothionein proteins are found
in many fungi. These proteins help in the immobilization of the arsenic from the soil
which can help of removal of accumulated As in crops (Gupta et al. 2022).

9.4.3 Introgression of Few Candidate Genes
Jor Detoxification, Sequestration and Efflux of Arsenic
Using Recombinant DNA Technology

Presence of different species of As mainly arsenate and arsenite in soil adversely
affect the crop growth and productivity coupled with accumulation of arsenic in
different tissues of crop plants. Therefore, most of the endeavors and strategies have
been directed at developing transgenic plants using biotechnological interventions
to enhance crop productivity in arsenic-contaminated regions by combating As-
induced stresses (Kumar et al. 2015). Maximum focus has been concentrated on
molecular players encoded by uptake and detoxification genes to develop genetically-
engineered plants having the survival ability in arsenic-rich environments (Duan et al.
2012; Shukla et al. 2012; Xu et al. 2007; Zhao et al. 2010a, b). Further, attempts are
directed towards inhibiting uptake of arsenic by roots (Duan et al. 2012), seques-
tration of arsenic in intracellular compartments (Duan et al. 2012; Shukla et al.
2012), moving out of arsenite from the root cells through efflux transporters (Xu
et al. 2007) and biotransformation of toxic version of As into lesser toxic methy-
lated species of As (Zhao et al. 2010a, b) for minimizing arsenic-mediated toxicity
and its accumulation in crop plants. Further, transgenic technologies for overexpres-
sion of candidate genes namely PC synthase, OsGSTL2 encoding for lambda class
GST-family member, PvGRXS5 gene encoding for glutaredoxin in the genomic back-
ground of Indian mustard and A. thaliana are reported to confer resilience against
arsenic-mediated stress (Li et al. 2004; Shukla et al. 2012, 2013; Wojas et al. 2010;
Gasic and Korban 2007; Kumar et al. 2013; Sundaram et al. 2009).

Further, an urgent need for reducing arsenic concentration in one of the principal
staple food rice is a priority area to minimize health-risks due to bio-magnification of
As in different components food chain. Till date, very limited success is achieved in
minimizing grain arsenic content in rice. Attempts have been directed at increasing
the efflux of inorganic arsenite version of As and minimizing As accumulation in rice
grains by expressing SCACR gene from Saccharomyces cerevisiae in the genomic
background of rice (Duan et al. 2012). Similarly, biotransformation of As involving
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methylation of toxic forms arsenic through overexpression of arsM gene of bacteria
in rice helped in minimizing arsenic toxicity (Meng et al. 2011). Further, expression
of CdPCS1 from Ceratophyllum demersum in rice promoted arsenic accumulation
in root tissues and promoted minimum accumulation of As in grain of rice and aerial
parts (Shri et al. 2014).

9.5 Conclusions

Arsenic is a systemic toxicant and a human carcinogen has serious negative implica-
tions on crop growth and productivity, global food and nutritional security, and risks
of human and environmental health. Contamination of soil with alarming concen-
trations of arsenic occurs mostly due to a heavy dependency syndrome on the use of
inorganic fertilizers and pesticides containing residues of arsenic and irrigating crops
using groundwater concentrated with arsenic in crop production processes. Afore-
said anthropogenic activities contributed to the accumulation of such toxic mettaloid
arsenic in different tissues of edible crop plants including cereals, pulses, vegeta-
bles, and oilseeds. Further, consumption of edible produce of crops grown in soils
polluted with arsenic increases its bio-magnification in different components of food
chain resulting in serious health risks and risks of global food and nutritional secu-
rity. Therefore, there is an urgent need for minimizing arsenic accumulation in crop
plants using innovative and sustainable interventions such as genetic engineering,
breeding interventions, identification of low grain-arsenic cultivars and agronomic
management modules. Application of innovative molecular breeding approaches and
emerging biotechnological interventions namely comprehension of existing natural
variation for survival ability of crop plants and soil microbiota in arsenic-rich envi-
ronments, and introgression of few candidate genes for detoxification, sequestra-
tion, biotransformation and efflux of arsenic can help in broadening the ways for
minimizing arsenic bioaccumulation, evolving As-free safe cultivars of crops and
controlling As-biomagnifications in the food chain.
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Chapter 10 ®)
Herbal Options for Arsenic Toxicity e
Mitigation: An Appraisal

Sanjib Bhattacharya

Abstract Arsenic toxicity, caused mainly by arsenic-contaminated groundwater, is
considered as a critical threat to global communal health, as there is no specific and
proven conventional therapy for chronic arsenic toxicity i.e., arsenicosis. There-
fore, alternative herbal options should be explored for its mitigation. Literature
survey reveals several medicinal plants to possess significant protective efficacy
against arsenic toxicity in chiefly pre-clinical and few clinical investigations. In this
chapter, the medicinal herbs that have arsenic toxicity ameliorative properties are
collated as preclinical and clinical evidences which may be useful develop a poten-
tial nutraceutical or therapeutic candidate against arsenicosis in humans along with
extant therapies.

Keywords Arsenic toxicity *+ Arsenicosis + Medicinal plants - Spirulina

10.1 Introduction

Arsenic is an element (metalloid) naturally omnipresent in earth. It is found in
soil and groundwater from rocks and sediments by their weathering and subse-
quent percolation. It is also moved to soil and groundwater by different anthro-
pogenic affairs like mining (Behera and Bhattacharya 2016). It is physiologically
non-essential and systemic mammalian toxicant. People are subjected to arsenic
chiefly via contaminated potable water; skin absorption and inhalation are the minor
ways of entry (Shi et al. 2004). Occupational arsenic exposure and regular consump-
tion of arsenic-contaminated potable water for long time by humans precipitates irre-
versible carcinogenesis of the most body parts/organs; dermatological complications
like hyperpigmentation and hyperkeratosis ultimately resulting in skin and epithelial

S. Bhattacharya (B<)

West Bengal Medical Services Corporation Ltd., GN-29, Sector V, Salt Lake City, Kolkata, West
Bengal 700091, India

e-mail: sakkwai@yahoo.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 201
N. Kumar and S. Kumar (eds.), Arsenic Toxicity Remediation: Biotechnological

Approaches, Environmental Science and Engineering,
https://doi.org/10.1007/978-3-031-37561-3_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37561-3_10&domain=pdf
http://orcid.org/0000-0003-1663-7121
mailto:sakkwai@yahoo.com
https://doi.org/10.1007/978-3-031-37561-3_10

202 S. Bhattacharya

tissue cancers; hepatic, renal, respiratory, cardiovascular, gastrointestinal, reproduc-
tive (including teratogenesis), neurological complications; thereby imposing morbid
health quality (Kapaj et al. 2006; Abdul et al. 2015; Raju 2022). Arsenic is entrenched
as human carcinogen according to the international regulatory bodies viz. the U.S.
Environmental Protection Agency, the World Health Organization (WHO) and the
International Agency for Research on Cancer (IARC) (Rafati-Rahimzadeh et al.
2014; Boerleider et al. 2017). 10 pg/L limit or parts per billion (ppb) is endorsed
by the WHO for arsenic in drinking water, above which, it may precipitate toxic
effects of arsenic within the body. Chronic arsenic toxicity syndrome i.e., arseni-
cosis due to daily consumption of arsenic-contaminated underground water is a
grave global public health menace affecting 50 countries specially inflicting India,
Pakistan, Bangladesh, Iran, Myanmar, Czech Republic, China, Thailand, Taiwan,
Vietnam, Egypt, Argentina and Chile where arsenic contents in the ground water
have been detected several fold inflated than the foregoing prescribed level (Raju
2022).

The harmful consequences of arsenic intrusion in body and their typical treat-
ments were well reported (Abdul et al. 2015). Chelation therapy i.e., administration
of metal complexing or chelating agents for arsenic toxicity may be considered as
the specified therapy for symptomatic and systemic solace and metabolic arsenic
elimination from body by forming a complex with arsenic, thus preventing subse-
quent health hazard risks like cancers. Chelating agents, viz. dimercaptosuccinic acid
(DMSA), D-penicillamine and dimercaptopropane succinate (DMPS) are currently
employed to treat acute and sub-chronic arsenic poisoning. Even so, their clinical
utility for long-term treatment of chronic arsenic toxicity i.e., arsenicosis has not been
established yet (Rafati-Rahimzadeh et al. 2014; Abdul et al. 2015; Boerleider et al.
2017). Complexing agents may not be fit for high-dose and long-term arsenicosis
therapy for humans. Currently, there is no clinically proven therapy for long-term
use on arsenicosis victims. Therefore, the necessity of unorthodox alternatives for
averting arsenic toxicity appear rather obvious.

Several detrimental health complications are reported on account of continuous
and long term exposure of arsenic. For that reason, unconventional approaches to
restrain heavy arsenic-induced chronic toxicity may be fruitful. Herbal, medicinal
and aromatic plants were found to alleviate experimental toxic element/heavy metal
or metalloid toxicity (Bhattacharya 2017, 2018a, b, 2023). Right now, there is an
urgent necessity to develop innocuous and efficacious herbal-based products against
arsenicosis. The use of medicinal plants appears a viable option because of their
perceived safety and efficacy profile and relatively lower costs. The natural herbs
may normally be consumed as diet, physiologically accepted to the body innately and
produce less or no untoward effects hence may overrule the untoward consequences of
the typical chelation remedy. Several medicinal plants afforded significant mitigation
form experimentally-induced arsenic toxicity chiefly in animals. The object of the
present chapter is to collate the apropos pre-clinical and clinically effective herbs
from the scientific literature.
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10.2 Methodology

10.2.1 Inclusion Criteria

Internet-oriented scrutiny of scientific literature was performed by different online
databases viz. Google, Scholar Google, Pubmed, Toxnet, Wiley and Science Direct
by using keywords and key phrases like—arsenic toxicity amelioration/prevention/
protection/alleviation by medicinal plants (common or botanical names) in different
combinations. The experimental research articles written in English language found
in internet in the last twenty five years were appraised here. The pre-clinical and
clinical studies conducted on medicinal plants effective in the obviation of sub-acute
and chronic arsenic toxicity were hand-picked.

10.2.2 Exclusion Criteria

Articles other than the language English were not considered. Combinations of
medicinal plants with other substances were kept beyond the scope of present
endeavor. Environmental remediation effects of medicinal plants i.e., activity of
medicinal plants/extracts in removing arsenic and its compounds from the envi-
ronment (water, soil, etc.) were not within the current scope of compilation and
review.

10.3 Results

10.3.1 Pre-clinical Studies

Sixty five medicinal plants have been reported to possess experimental arsenic-
induced toxicity alleviative effect in animal systems. The details have been enumer-
ated in Table 10.1. The most studied plants include putative higher dietary and
medicinal plants. Lower plant (algae) is Arthospiral/Spirulina (Fig. 10.1).

In maximum instances, the crude extracts of dry powdered plant materials by
using suitable solvents were employed for the experiments. In few cases like
Camellia sinensis, Vitis vinifera, Clerodendrum volubile, Vernonia amygdalina
certain chemical constituent-enriched extracts/fractions were employed and demon-
strated beneficial effects in obviating arsenic-induced collective organ toxicities in
animals.

Apart from cells/cell lines, the most common intact animal models were rodents
like rats and mice. The common reported parameters include haematological (serum)
and major organ (liver, brain, kidney, lung, gonads etc.) biochemistry profiles i.e.,
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Fig. 10.1 Some medicinal plants possessing arsenic toxicity ameliorative potential. a Camellia
sinensis, b Moringa oleifera, ¢ Spirulina sp., d Allium sativum, e Emblica officinalis, £ Terminalia
arjuna

bio-markers principally indicating antioxidant status. Tissue histopathological exam-
ination of these vital organs and arsenic contents of exposed tissues were also esti-
mated in few studies. Arsenic trioxide (As,03) and sodium arsenite (NaAsO,) were
generally utilized as toxicant whereas sodium arsenate (NazAsQ,4) was least used.
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Table 10.2 Medicinal plants with clinical arsenic toxicity ameliorative effects

S. No. Name Part/constituent used | References

1 SpirulinalArthospira sp. | Whole plant (algae) | Sikder et al. (2000), Khan et al.
(2001), Misbahuddin et al. (2006)
and Rahman et al. (2006, 2008)

2 Allium sativum Oil from bulb Misbahuddin et al. (2013)
Nigella sativa Oil from seed Bashar et al. (2014)
4 Azadirachta indica Leaf Ferdoush and Misbahuddin (2014)

10.3.2 Clinical Studies

There are eight clinical studies involving four medicinal plants, all of which were
performed in Bangladesh (Table 10.2).

10.4 Discussion

Toxicity caused by heavy metals inflicts a grave global menace to the habitat and
inhabitants. Indiscriminate urbanization and industrialization have exhausted the
quality of the environment by introducing different pollutants that are disrupting
steady ecosystems, insidiously and irreversibly impacting plants and animals
including humans. The long term toxicity induced by toxic heavy metals is consid-
ered as a serious silent menace to population and livestock due to their environmental
pervasiveness and bio-magnification. In spite of sincere deliberations, total arrest of
heavy metal-induced toxicity appear critical from being attained. Arsenic, a cardinal
toxicant among all toxic heavy metals, led to various detrimental consequences on
multiple organs as well as overall health of cell affecting the overall life quality of
humans.

Arsenic and arsenicals are known poison and their toxicity had also been chron-
icled and recently groundwater arsenic toxicity is regarded a pandemic-like grave
public health concern. It precipitates multi-organ dysfunctions based on age, organ,
demographic and exposure-related factors (Abdul et al. 2015; Boerleider et al. 2017).
The treatment of arsenicosis-induced disorders remains a consequential challenge
because of the want of efficacious therapeutic recourses. Adverse effects overrules
the pharmacological implications of chelation therapy. Apart from keeping away
from arsenic contaminated drinking ground water and occupational arsenic expo-
sure; chelation therapy with certain symptomatic supportive treatments have gener-
ally been practised for the management of arsenic toxicity. Till date, there is no
evidence-supported specified therapeutic approach for the battle against long-term
arsenic toxicity (arsenicosis) in distressed humans. Therapeutic recourses recom-
mended are dietary, multivitamin and beneficial mineral supplements and antioxidant
treatment (Rafati-Rahimzadeh et al. 2014; Bhattacharya 2021; Raju 2022). Though,
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currently there is considerable argument to advocate any alternative medicine like
dietary, medicinal and aromatic plants, natural products or antioxidants in treatment
of arsenicosis; nevertheless, generation of oxidative/nitrosative insult by over produc-
tion of reactive free radicals through the disposition of arsenicals in human body is
regarded to become one of the momentous ways of arsenic toxicity in human beings
(Shi et al. 2004; Bhattacharya 2021).

Herbs and herbal products historically had a wholesome influence in prevention
and cure of different disorders with little or no untoward effects. Present litera-
ture scrutiny revealed that, there is sufficient literature available now on effective-
ness of medicinal plant crude extracts and fractions thereof against investigational
arsenic toxicity and newer reports continually appear. These herbal extracts generally
demonstrate concurrent antioxidant potential and thereby exhibit capability in abro-
gating arsenic-induced oxidative stress. Maximum literature reports neither make any
sincere attempt to identify, isolate and characterize their bio-active phytochemical
constituents nor speak about their capability in lowering body/organ arsenic content.
This may be regarded as the prime setback of almost of these works.

The present literature hunt unveiled that the 65 medicinal plants bearing arsenic
toxicity ameliorative effects simultaneously exhibited effective antioxidant prop-
erty by reversal of arsenic-imposed oxidative impact via multimodal fortification
of prevalent endogenous antioxidative defense mechanisms which led to mitigation
from arsenic toxicity. Some studied medicinal plants like Aloe vera, Silybum mari-
anum, Camellia sinensis, Zingiber officinale, Withania somnifera, Emblica officinalis,
Curcuma longa, Spirulina sp. etc. have globally been established and consumed as
medicinal foods or nutraceuticals and these have duly been reported as naturally
occurring antioxidants as well. This implies the favourable effect of antioxidant
treatment and firmly substantiates with the advocacy of antioxidant supplementation
to human victims. Nonetheless, the observed preclinical benefits of such medicinal
herbs require thorough clinical corroboration in human arsenicosis patients.

Although most of these studies captured are pre-clinical, there are few clinical
studies on 4 medicinal plants conducted in Bangladesh—the most arsenic affected
country. The putative dietary supplement Spirulina/Arthospira was reported to be
remarkably beneficial in several clinical studies in patients with chronic arsenic toxi-
city (arsenicosis) complications (Sikder et al. 2000; Khan et al. 2001; Misbahuddin
et al. 2006; Rahman et al. 2006, 2008). Oral administration of garlic oil from Allium
sativum bulb to the arsenicosis patients notably improved arsenic-induced keratosis
occurring in their palms and soles (Misbahuddin et al. 2013). Likewise, arsenicosis
complications were also ameliorated by oral treatment of Nigella sativa seed oil and
Azadirachta indicaleaf extract (Basharetal. 2014; Ferdoush and Misbahuddin 2014).
To the author’s knowledge, other relevant clinical studies are presently underway in
Bangladesh.

So far, the most investigated medicinal plants in rodents and humans like Camellia
sinensis, Moringa oleifera, SpirulinalArthospira sp., Allium sativum, Nigella sativa,
Azadirachta indica etc. need further definitive exploitation at clinical level. Other
obviously pre-clinically proven medicinal herbs should be forwarded to clinical
stage. These herbs may help in improving arsenicosis complications leading to
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disease reversal or may act as palliative or auxiliary therapeutic agents together
with conventional therapeutic approaches for arsenicosis.

In the groundwater, arsenic inorganically exists as its pentavalent and trivalent
forms. Though both the forms are substantially harmful to human wellbeing, the
trivalent arsenic is considered as more toxic (Kapaj et al. 2006; Bhattacharya 2017).
In the studies under discussion, the active herbs meliorated trivalent arsenical i.e.,
arsenic trioxide or sodium arsenite-induced toxicity, implying their plausible prospect
for groundwater arsenic toxicity management in humans.

10.5 Conclusion

It becomes evident from the explicated preventive effects of the reported pre-clinical
and clinical works, medicinal herbs have the sustainable promise for the obviation and
treatment of arsenic toxicity. The apropos research may lead to the discovery of any
potential therapeutic candidate for clinical management of arsenicosis in humans in
future, that may act via mechanisms apart from chelation, viz. modulation of oxida-
tive/nitrosative stress or apoptosis or detoxification. Further mechanism-deducing
pre-clinical and conclusively designed clinical trials are necessary for proper substan-
tiation. The pre-clinically chosen medicinal herbs and/or active phytoconstituents
thereof should be forwarded to clinical stage alone or together with extant chelating
agents. In this course, the herbs may induce synergism, help in disease mitigation
and hence may act as adjuvant, complementary agents and thus could aid in restoring
the arsenicosis complications in the form of palliative or auxiliary regimen.

Herbal supplementation may thus be considered as the present-day sustainable
alternative therapeutic option against poor arsenicosis victims along with extant
archetypical therapies like chelation, antioxidant, anti-inflammatory and supportive
benevolent treatments. Exhaustive clinical as well as mechanistic probing in this
area may pave the way to develop a potential nutraceutical or therapeutic candidate
against chronic arsenic toxicity in humans.

References

Abdul KSM, Jayasinghe SS, Chandana EPS, Jayasumana C, De Silva PMCS (2015) Arsenic and
human health effects: a review. Environ Toxicol Pharmacol 40:828-846

Acharyya N, Chattopadhyay S, Maiti S (2014) Chemoprevention against arsenic-induced mutagenic
DNA breakage and apoptotic liver damage in rat via antioxidant and SOD1 upregulation by green
tea (Camellia sinensis) which recovers broken DNA resulted from arsenic-H,O; related in vitro
oxidant stress. J Environ Sci Health C Environ Carcinog Ecotoxicol Rev 32:338-361

Adegboyega AM, Odunola OO (2012) The modulatory effects of aqueous extracts of Viscum album
and garlic on sodium arsenite induced toxicity in Wistar albino rat. ] Chem Pharm Res 4:4698—
4701



10 Herbal Options for Arsenic Toxicity Mitigation: An Appraisal 215

Adeyi OE, Babayemi DO, Adeyi AO, Akinwande OO, Odunewu AA, Amaefule OF, Adetoro GT,
Badejo AR (2018) Amelioration of arsenic-induced toxicity by ethanol leaf extract of Phyllantus
amarus Linn and vitamin C in male albino rats. J Nat Sci Eng Technol 17:83-97

Akin-Idowu PE, Aduloju AO, Odunola OA, Owumi SA, Gbadegesin MA, Adegoke AM (2015)
Hepatoprotective effect of Amaranthus hypochondriacus seed extract on sodium arsenite-
induced toxicity in male Wistar rats. ] Med Plants Res 9:731-740

Alam T, Rizwan S, Farooqui Z, Abidi S, Parwez I, Khan F (2021) Oral Nigella sativa oil administra-
tion alleviates arsenic-induced redox imbalance, DNA damage, and metabolic and histological
alterations in rat liver. Environ Sci Pollut Res Int 28:41464-41478

Ali K, Igbal A, Bukhari SM, Safdar S, Raiz A, Ali W, Hussain A et al (2023) Amelioration potential
of Moringa oleifera extracts against sodium arsenate induced embryotoxicity and genotoxicity
in mouse (Mus musculus). Braz J Biol 83:¢248022

Ambasta SK, Kumari S, Sinha UK (2017) Anticlastogenicity of Tinospora cordifolia stem extract
against arsenic genotoxicity in Mus musculus bone marrow erythrocytes using micronucleus
assay. Int J Pharm Pharm Sci 9:260-264

Ambasta SK, Shashikant, Sinha UK (2019) Genoprotective effects of ethanolic stem extracts of
Tinospora cordifolia on sodium arsenite-induced DNA damage in Swiss mice lymphocytes by
comet assay. Asian J Pharm Clin Res 12:208-212

Bala R, Kumar R, Bano F, Ali M, Kumar A (2014) Restorative effect of Curcuma longa on arsenic-
induced nephrotoxicity in rats. Innov Pharmaceut Pharmacother 2:486-490

Banu GS, Kumar G, Murugesan AG (2009) Effects of leaves extract of Ocimum sanctum L. on
arsenic-induced toxicity in Wistar albino rats. Food Chem Toxicol 47:490-495

Barai M, Ahsan N, Paul N, Hossain K, Abdur Rashid M, Kato M, Ohgami N, Azim Akhand A
(2017) Amelioration of arsenic-induced toxic effects in mice by dietary supplementation of
Syzygium cumini leaf extract. Nagoya J Med Sci 79:167-177

Bashar T, Misbahuddin M, Hossain MA (2014) A double-blind, randomize, placebo-control trial
to evaluate the effect of Nigella sativa on palmer arsenical keratosis patients Bangladesh. J
Pharmacol 9:15-21

Baxla SL, Gora RH, Kerketta P, Patnaik S, Roy BK (2014) Hepatoprotective activity of Tephrosia
purpurea against arsenic induced toxicity in rats. Indian J Pharmacol 46:197-200

Behera B, Bhattacharya S (2016) The importance of assessing heavy metals in medicinal herbs: a
quantitative study. TANG [Hum Med] 6:e3

Bhattacharya S (2017) Medicinal plants and natural products in amelioration of arsenic toxicity: a
short review. Pharm Biol 55:349-354

Bhattacharya S (2018a) The role of medicinal plants and natural products in melioration of cadmium
toxicity. Orient Pharm Exp Med 18:177-186

Bhattacharya S (2018b) Medicinal plants and natural products can play a significant role in
mitigation of mercury toxicity. Interdiscip Toxicol 11:247-254

Bhattacharya S (2020) The role of Spirulina (Arthrospira) in the mitigation of heavy-metal toxicity:
an appraisal. J Environ Pathol Toxicol Oncol 39:149-157

Bhattacharya S (2021) Arsenic toxicity and its remediation by probiotics: an upshot. In: Olsen Y
(ed) Probiotics and their role in health and disease, 1st edn. Nova Science Publishers Inc., New
York, pp 235-246

Bhattacharya S (2023) A review on experimentally proven medicinal plants and their constituents
against fluoride toxicity. J Environ Pathol Toxicol Oncol 42:51-64

Bhattacharya S, Haldar PK (2012a) Ameliorative effect Trichosanthes dioica root against experi-
mentally induced arsenic toxicity in male albino rats. Environ Toxicol Pharmacol 33:394-402

Bhattacharya S, Haldar PK (2012b) Ameliorative effect Trichosanthes dioica root against arsenic-
induced brain toxicity in albino rats. Toxicol Environ Chem 94:769-778

Bhattacharya S, Haldar PK (2012c) Trichosanthes dioica fruit ameliorates experimentally induced
arsenic toxicity in male albino rats through the alleviation of oxidative stress. Biol Trace Elem
Res 148:232-241



216 S. Bhattacharya

Bhattacharya S, Haldar PK (2013) Trichosanthes dioica root alleviates arsenic induced myocardial
toxicity in rats. J Environ Pathol Toxicol Oncol 32:251-261

Bhattacharya S, Das SK, Haldar PK (2014) Arsenic induced myocardial toxicity in rats: alleviative
effect of Trichosanthes dioica fruit. J Diet Suppl 11:248-261

Biswas SJ, Ghosh G (2014) Effect of an extract of Bauhinia variegata leaves on chronic arsenic
intoxication in mice (Mus musculus): a preliminary study. CELLMED 4:20.1-20.7

Biswas S, Maji C, Sarkar PK, Sarkar S, Chattopadhyay A, Mandal TK (2017) Ameliorative effect
of two ayurvedic herbs on experimentally induced arsenic toxicity in calves. J Ethnopharmacol
197:266-273

Boerleider R, Roeleveld N, Scheepers P (2017) Human biological monitoring of arsenic for exposure
assessment. AIMS Environ Sci 4:251-276

Chandronitha C, Ananthi S, Ramakrishnan G, Lakshmisundaram R, Gayathri V, Vasanthi HR (2010)
Protective role of tannin-rich fraction of Camellia sinensis in tissue arsenic burden in Sprague
Dawley rats. Hum Exp Toxicol 29:705-719

Chowdhury R, Dutta A, Chaudhuri SR, Sharma N, Giri AK, Chaudhuri K (2008) In vitro and in vivo
reduction of sodium arsenite induced toxicity by aqueous garlic extract. Food Chem Toxicol
46:740-751

Chowdhury NJA, Misbahuddin M, Rahman MS (2009) Corn extracts lower tissue arsenic level in
rat. Bangladesh Med Res Counc Bull 35:21-25

Damore DM, Rao MV (2019) Role of Andrographis paniculata on altered steroidogenesis and
oxidative impairment in ovary of mice subjected to arsenic intoxication. Int J Pharm Sci Res
10:4501-4506

Das AK, Bag S, Sahu R, Dua TK, Sinha MK, Gangopadhyay M, Zaman K, Dewanjee S
(2010a) Protective effect of Corchorus olitorius leaves on sodium arsenite-induced toxicity
in experimental rats. Food Chem Toxicol 48:326-335

Das AK, Sahu R, Dua TK, Bag S, Gangopadhyay M, Sinha MK, Dewanjee S (2010b) Arsenic-
induced myocardial injury: protective role of Corchorus olitorius leaves. Food Chem Toxicol
48:1210-1217

Das AK, Dewanjee S, Sahu R, Dua TK, Gangopadhyay M, Sinha MK (2010c) Protective effect of
Corchorus olitorius leaves against arsenic-induced oxidative stress in rat brain. Environ Toxicol
Pharmacol 29:64-69

Dash SK, Nayyar S, Jindal R (2016) Effect of Terminalia arjuna bark powder on some diagnostic
enzymes in buffalo (Bubalus bubalis) ingesting arsenic contaminated water and fodder. Vet
World 9:1167-1172

De A, Nath S, Bandyopadhyay SK, Mandal TK, Das AK (2016) Ameliorative effects of Bauhinia
acuminata L stem bark powder against chronic arsenicosis in rats. Toxicol Environ Health Sci
8:258-262

Dua TK, Dewanjee S, Gangopadhyay G, Khanra R, Zia-Ul-Haq M, Feo VD (2015) Ameliorative
effect of water spinach, Ipomea aquatica (Convolvulaceae), against experimentally induced
arsenic toxicity. J Transl Med 13:81

Dutta M, Chattopadhyay A, Bose G, Ghosh A, Banerjee A, Ghosh AK, Mishra S, Pattari SK, Das T,
Bandyopadhyay D (2014) Aqueous bark extract of Terminalia arjuna protects against high fat
diet aggravated arsenic-induced oxidative stress in rat heart and liver: involvement of antioxidant
mechanisms. J Pharm Res 8:1285-1302

Edison AS, Krishnan UM, Pemiah B (2014) Protective role of Arctium lappa Linn. against arsenic
trioxide using Silybum marianum Linn. as standard drug. Asian J Chem 26:3749-3753

Ewere EG, Okolie NP, Eze GI, Jegede DA (2019) Irvingia gabonensis leaves mitigate arsenic-
induced renal toxicity in Wistar rats. Asian J Biomed Pharm Sci 9:17-25

Fatima N, Fatmi N, Shahzada MZ, Sharma S, Kumar R, Ali M, Kumar A (2018) Ameliorating
effect of Cucumis sativus (cucumbers) against arsenic induced toxicity in mice. Open J Pathol
8:78-84

Fatmi N, Fatima N, Shahzada MZ, Sharma S, Kumar R et al (2017a) Effect of aqueous extracts of
green tea in arsenic induced toxicity in mice. Open J Plant Sci 2:011-014



10 Herbal Options for Arsenic Toxicity Mitigation: An Appraisal 217

Fatmi N, Fatima N, Shahzada MZ, Sharma S, Kumar R, Ali MM et al (2017b) Ameliorative effect
of Murraya koenigii on arsenic induced toxicity in Swiss albino mice. Austin J Pharmacol Ther
5:1097

Ferdoush J, Misbahuddin M (2014) Effect of ethanol extract of leaves of Azadirachta indica on
palmar arsenical keratosis: a single-blind trial. Bangladesh J Pharmacol 9:279-283

Gbadegesin MA, Adegoke AM, Ewere EG, Odunola OA (2014) Hepatoprotective and anticlasto-
genic effects of ethanol extract of Irvingia gabonensis (1G) leaves in sodium arsenite-induced
toxicity in male Wistar rats. Niger J Physiol Sci 29:29-36

Gora RH, Baxla SL, Kerketta P, Toppo R, Kumar N, Roy BK (2013) Ameliorative potential of
Tephrosia purpurea against arsenic induced toxicity in Wistar rats. Vet World 6:493-496

Gora RH, Kerketta P, Baxla SL, Toppo R, Prasad R, Patra PH, Roy BK (2014) Ameliorative effect
of Tephrosia purpurea in arsenic-induced nephrotoxicity in rats. Toxicol Int 21:78-83

Goyal A, Singh ND, Banga HS (2018) Ameliorative effect of Centella asiatica on induced arsenic
toxicity in Wistar rats: pathomorphological study. Indian J Vet Pathol 42:43-50

Gupta R, Flora SJS (2005) Protective value of Aloe vera against some toxic effects of arsenic in
rats. Phytother Res 19:23-28

Gupta R, Flora SJ (2006a) Protective effects of fruit extracts of Hippophae rhamnoides L. against
arsenic toxicity in Swiss albino mice. Hum Exp Toxicol 25:285-295

Gupta R, Flora SJS (2006b) Effect of Centella asiatica on arsenic induced oxidative stress and
metal distribution in rats. J Appl Toxicol 26:213-222

Gupta R, Kannan GM, Sharma M, Flora SJS (2005) Therapeutic effects of Moringa oleifera on
arsenic-induced toxicity in rats. Environ Toxicol Pharmacol 20:456—464

Hashim A, Ahmed MG, Priya ESS, Shyamjith M (2020) Antianxiety effect of Phyllanthus amarus
ethanolic extract in arsenic administered Wistar albino rats. Drug Invent Today 13:1105-1110

Islam MM, Khair A, Awal MA, Islam MZ, Haider MG (2018) Prevention of arsenic toxicity with
Spirulina and Mentha in rats. Ann Bangladesh Agric 22:29-39

Kapaj S, Peterson H, Liber K, Bhattacharya P (2006) Human health effects from chronic arsenic
poisoning—a review. J Environ Sci Health Part A 41:2399-2428

Kaushal S, Garg V, Ul-Ahsan A, Sharma VL, Chopra M (2017) Alleviation of arsenic induced lung
toxicity by Ocimum sanctum in murine model. Int J Pharm Sci Res 8:4604-4613

Kayode AAA, Jayeola YA, Okumede GF, Hlangothi B, Ogunlaja SA (2023) Leaf pulp of
Carpobrotus deliciousus attenuate sodium arsenate induced toxicity. Lett Appl Nano BioSci
12:30

Khan MAK, Choudhury SAR, Misbahuddin M, Islam AZMM, Shahjahan M (2001) Effects of
Spirulina in the treatment of chronic arsenic poisoning in Bangladesh. Bangladesh J Med Sci
7:223-231

Khan N, Haque M, Haque I, Ali S, Malik MZ, Siddiqui MS, Khan FI (2015) Effect of Terminalia
arjuna against arsenic-induced renal toxicity in mice. BAOJ Biotech 1:005

Kingsley O, Esosa US, Georgina EO, Sunday JJ, Spencer NCO (2013) Possible reversal of sodium
arsenate-induced liver toxicity by hexane leaf extract of Alchornea laxiflora. Asian J Med Sci
5:3-8

Kumar A, Ali M, Kumar R, Suman S, Kumar H, Nath A, Singh JK, Kumar D (2013) Withania
somnifera protects the haematological alterations caused by sodium arsenite in Charles Foster
rats. Int J Res Ayurveda Pharm 4:491-494

Kumar A, Kumar R, Rahman MS, Iqubal MA, Anand G, Niraj PK, Ali M (2015a) Phytoremedial
effect of Withania somnifera against arsenic-induced testicular toxicity in Charles Foster rats.
Avicenna J Phytomed 5:355-364

Kumar A, Kumar R, Rahman MS, Iqubal MA, Anand G, Niraj PK, Ali M (2015b) Antidote effects
of plants of Himalayan sub-origin against arsenic induced toxicity. Biol Chem Res 2015:99-109

Kumar A, Bala R, Bano F, Kumar R, Ali M (2015¢) Emblica officinalis protects against sodium
arsenite induced hepatotoxicity & nephrotoxicity in rats. Int J Sci 4:47-55



218 S. Bhattacharya

Kumar M, Thakur R, Kumar S (2019) Comparative efficacy of Syzygium cumini seed extracts in
alleviating arsenic-induced hepatotoxicity and blood cell genotoxicity in Wistar albino rats.
Biomed Pharmacol J 12:1329-1338

Kumar V, Akhouri V, Singh SK, Kumar A (2020) Phytoremedial effect of Tinospora cordifolia
against arsenic induced toxicity in Charles Foster rats. BioMetals 33:379-396

Kumari S, Rani S, Kumar A (2022) Phytoremedial effect of Asparagus racemosus on sodium
arsenite-induced toxicity in Charles Foster rats. J Appl Nat Sci 14:302-309

Lakshmi BVS, Sudhakar M, Sudha FJ, Gopal MV (2015) Ameliorative effect of Triticum aestivum
Linn against experimentally induced arsenic toxicity in male albino rats. Pharm Lett 7:202-211

Li SG, Ding YS, Niu Q, Xu SZ, Pang LJ, Ma RL, Jing MX, Feng GL, Liu JM, Guo SX (2015)
Grape seed proanthocyanidin extract alleviates arsenic-induced oxidative reproductive toxicity
in male mice. Biomed Environ Sci 28:272-280

Maiti S, Chattopadhyay S, Acharyya N, Deb B, Hati AK (2014) Emblica officinalis (amla) amelio-
rates arsenic-induced liver damage via DNA protection by antioxidant systems. Mol Cell Toxicol
10:75-82

Meena ST, Sandip VT, Namrata M, Vinayak PP, Madan VJ (2018) Effect of Emblica officinalis in
arsenic induced toxicity in Japanese quails (Coturnix coturnix japonica). Indian J Poultry Sci
53:12-16

Misbahuddin M, Islam AZMM, Khandker S, Mahmud IA, Islam N, Anjumanara (2006) Efficacy
of Spirulina extract plus zinc in patients of chronic arsenic poisoning: a randomized placebo-
controlled study. Clin Toxicol 44:135-141

Misbahuddin M, Bashar T, Hossain MA (2013) Effectiveness of garlic oil in the treatment of
arsenical palmer keratosis. Bangladesh J Pharmacol 8:22-27

Mishra S, Singh SP (2019) Amelioration of arsenic induced reproductive toxic effects by Eclipta
alba. J Vet Pharmacol Toxicol 18:85-86

Misra S, Singh SP, Pathak A (2021) Immunomodulation by Eclipta alba in arsenic intoxicated
cockerels. J Vet Pharmacol Toxicol 20:88-89

Morakinyo AO, Achema PU, Adegoke OA (2010) Effect of Zingiber officinale (ginger) on sodium
arsenite induced reproductive toxicity in male rats. Afr J Biomed Res 13:39-45

Odunola OA, Fashina NO, Iloba IM, Gbadegeshin MA, Adegoke AM, Olugbami OJ (2021)
Antigenotoxic and hepatoprotective activities of ethanol extract of the leaf of Eclipta alba
in sodium arsenite-induced toxicity. Biokemistri 33:27-38

Ola-Davies OE, Akinrinde AS (2016) Acute sodium arsenite-induced hematological and biochem-
ical changes in Wistar rats: protective effects of ethanol extract of Ageratum conyzoides.
Pharmacocogn Res 8:S26-S30

Owoade AO, Alausa AO, Adetutu A, Owoade AW (2022) Protective effects of methanolic extract
of Andrographis paniculata (Burm.f.) Nees leaves against arsenic-induced damage in rats. Bull
Natl Res Cent 46:141

Oyewole OI (2011) Ameliorating effect of methanolic leaf extract of Azadirachta indica (neem) on
arsenic induced oxidative damage in rat liver. Int J Toxicol Appl Pharmacol 1:25-28

Padmaja B, Madhuri D, Anand KA, Anjaneyulu Y (2009) Ameliorative efficacy of Emblica offic-
inalis in arsenic induced toxicity in broilers: a haemato-biochemical study. Indian J Vet Pathol
33:43-45

Quayum SL (2007) Effect of water hyacinth root extract on arsenic level in different organs of
arsenic-treated rat. Bangladesh J Pharmacol 2:73-80

Raeeszadeh M, Karimi P, Khademi N, Mortazavi P (2022) The effect of broccoli extract in
arsenic-induced experimental poisoning on the hematological, biochemical, and electrophoretic
parameters of the liver and kidney of rats. Evid-Based Complement Alternat Med 2022:3509706

Rafati-Rahimzadeh M, Rafati-Rahimzadeh M, Kazemi S, Moghadamnia AA (2014) Current
approaches of the management of arsenic poisoning: need of the hour. DARU J Pharm Sci
22:46

Rahman MH, Sikder MS, Islam AZMM, Wahab MA (2006) Spirulina as food supplement is effective
in arsenicosis. J Pak Assoc Dermatol 16:69-75



10 Herbal Options for Arsenic Toxicity Mitigation: An Appraisal 219

Rahman MH, Islam AZMM, Sikder S (2008) Dynamics of Spirulina in promoting health benefits
for arsenicosis patients. J Bangladesh Coll Phys Surg 26:14-21

Raihan SZ, Chowdhury AK, Rabbani GH, Marni F, Ali MS, Nahar L, Sarker SD (2009) Effect of
aqueous extracts of black and green teas in arsenic-induced toxicity in rabbits. Phytother Res
23:1603-1608

RajuNJ (2022) Arsenic in the geo-environment: a review of sources, geochemical processes, toxicity
and removal technologies. Environ Res 203:111782

Roy M, Roy S (2011) Ameliorative potential of Psidium guajava in induced arsenic toxicity in
Wistar rats. Vet World 4:82-83

Roy M, Roy SS, Roopali B, Ratre HK, Singh N, Singh J, Pathak R (2020) Ameliorative potential of
Tamarindus indica seed coat against arsenic-induced hepatotoxicity in Wistar rats. J Entomol
Zool Stud 8:1125-1129

RoyChoudhury A, Das T, Sharma A, Talukder G (1996) Dietary garlic extract in modifying
clastogenic effects of inorganic arsenic in mice: two-generation studies. Mutat Res 359:165-170

Samadder A, Das S, Das J, Paul A, Khuda-Bukhsh AR (2012) Ameliorative effects of Syzygium
Jjambolanum extract and its poly (lactic-co-glycolic) acid nano-encapsulated form on arsenic-
induced hyperglycemic stress: a multi-parametric evaluation. JAMS J Acupunct Meridian Stud
5:310-318

Saxena PN, Anand S, Saxena N, Bajaj P (2009) Effect of arsenic trioxide on renal functions and its
modulation by Curcuma aromatica leaf extract in albino rat. J Environ Biol 30:527-531

Sayed S, Ahsan N, Kato M, Ohgami N, Rashid A, Akhand AA (2015) Protective effects of Phyllan-
thus emblica leaf extract on sodium arsenite-mediated adverse effects in mice. Nagoya J Med
Sci 77:145-153

Sharma V, Chaudhary U (2016) Antihepatotoxic efficacy of Achyranthes aspera roots on sodium
arsenate induced hepatic damages in Swiss albino mice. World J Pharm Pharm Sci 5:1360-1374

Sharma G, Kumar M (2014) Amelioration by Chlorophytum borivilianum upon arsenic induced
oxidative stress in Swiss albino mice. Int J Pharmacol Toxicol 2:62-69

Sharma A, Sharma MK, Kumar M (2007) Protective effect of Mentha piperita against arsenic-
induced toxicity in liver of Swiss albino mice. Basic Clin Pharmacol Toxicol 100:249-257

Sharma A, Sharma MK, Kumar M (2009) Modulatory role of Emblica officinalis fruit extract against
arsenic induced oxidative stress in Swiss albino mice. Chem Biol Interact 180:20-30

Sheikh A, Yeasmin F, Agarwal S, Rahman M, Islam K, Hossain E, Hossain S, Karim MR, Nikkon F,
Saud ZA, Hossain K (2014) Protective effects of Moringa oleifera Lam. leaves against arsenic-
induced toxicity in mice. Asian Pac J Trop Biomed 4:S353-S358

Shi H, Shi X, Liu KJ (2004) Oxidative mechanism of arsenic toxicity and carcinogenesis. Mol Cell
Biochem 255:67-78

Sikder MS, Islam AZMM, Khan MAK, Huq MA, Choudhury SAR, Misbahuddin M (2000) Effect
of Spirulina in the treatment of chronic arsenicosis. Bangladesh J Dermatol Venereal Leprol
17:9-13

Singh N, Kumari D (2013) Amelioration of genotoxicity by papaya extract induced by arsenic
contaminated drinking water. Bioscan 8:623-626

Singh MK, Yadav SS, Gupta V, Khattri S (2013a) Immunomodulatory role of Emblica officinalis
in arsenic induced oxidative damage and apoptosis in thymocytes of mice. BMC Complement
Alternat Med 13:193

Singh MK, Dwivedi S, Yadav SS, Sharma P, Khattri S (2013b) Arsenic-induced hepatic toxicity
and its attenuation by fruit extract of Emblica officinalis (amla) in mice. Indian J Clin Biochem
29:29-37

Singh MK, Yadav SS, Yadav RS, Singh US, Shukla Y, Pant KK et al (2014) Efficacy of crude extract
of Emblica officinalis (amla) in arsenic-induced oxidative damage and apoptosis in splenocytes
of mice. Toxicol Int 21:8-17

Singh MK, Yadav SS, Yadav RS, Chauhan A, Katiyar D, Khattri S (2015) Protective effect
of Emblica officinalis in arsenic induced biochemical alteration and inflammation in mice.
SpringerPlus 4:438



220 S. Bhattacharya

Singh MK, Singh PK, Yadav SS, Singh US, Dwivedi P, Yadav RS (2018) Attenuation of arsenic-
induced dyslipidemia by fruit extract of Emblica officinalis in mice. Int J Nutr Pharmacol Neurol
Dis 8:3-9

Singh P, Prasad R, Gupta V, Kausar H, Nehar S (2020) Nephro-protective effect of Clerodendrum
infortunatum in arsenic induced sub-acute toxicity in albino rats. Toxicol Int 26:129-136

Sinha D, Roy S, Roy M (2010) Antioxidant potential of tea reduces arsenite induced oxidative stress
in Swiss albino mice. Food Chem Toxicol 48:1032-1039

Soria EA, Goleniowski ME, Cantero JJ, Bongiovanni GA (2008) Antioxidant activity of different
extracts of Argentinian medicinal plants against arsenic-induced toxicity in renal cells. Hum
Exp Toxicol 27:341-346

Soria EA, Quiroga PL, Albrecht C, Ramos, Elizagaray SI, Cantero JJ, Bongiovanni GA (2014)
Development of an antioxidant phytoextract of Lantana grisebachii with lymphoprotective
activity against in vitro arsenic toxicity. Adv Pharmacol Sci 2014:416761

Tandan N, Roy M, Roy S (2012) Ameliorative potential of Psidium guajava on hemato-biochemical
alterations in arsenic-exposed Wistar rats. Toxicol Int 19:121-124

Ugbaja RN, Akinhanmi TF, James AS, Ugwor EI, Babalola AA, Ezenandu EO, Ugbaja VC,
Emmanuel EA (2021) Flavonoid-rich fractions from Clerodendrum volubile and Vernonia
amygdalina extenuates arsenic-invoked hepatorenal toxicity via augmentation of the antioxidant
system in rats. Clin Nutr Open Sci 35:12-25

Umar BU (2007) Effect of hexane extract of spinach in the removal of arsenic from rat Bangladesh.
J Pharmacol 2:27-34

Verma R, Trivedi M, Keshwani H, Choksi P, Sangai N (2007) Ameliorative effect of three medicinal
plants (P. fraternus, Terminelia A., and Moringa oleifera) on arsenic trioxide induced alteration
of lipid peroxidation and protein contents in chicken liver homogenate: an in vitro study. Acta
Pol Pharm Drug Res 63:417-421

Vineetha VP, Prathapan A, Soumya RS, Raghu KG (2013) Arsenic trioxide toxicity in H9c2
myoblasts—damage to cell organelles and possible amelioration with Boerhavia diffusa.
Cardiovasc Toxicol 13:123-137

Vineetha VP, Girija S, Soumya RS, Raghu KG (2014) Polyphenol-rich apple (Malus domestica L.)
peel extract attenuates arsenic trioxide induced cardiotoxicity in H9c2 cells via its antioxidant
activity. Food Funct 5:502-511

Xinjuan P, Dai Y, Li X, Niu N, Li W, Liu F, Zhao Y, Yu Z (2011) Inhibition of arsenic induced-
rat liver injury by grape seed exact through suppression of NADPH oxidase and TGF-f/Smad
activation. Toxicol Appl Pharmacol 254:323-331

Zaazaa AM (2014) Protective role of the Nigella sativa oil against arsenic-induced neurotoxicity
in male rats. World J Pharm Res 3:1624-1636

Zargari F, Ghorbanihaghjo A, Babaei H (2015) Protective effects of hydroalcoholic extract of
Nasturtium officinale on rat blood cells exposed to arsenic. Iran J Toxicol 9:1331-1335

Zodape GV (2010) Effect of Aloe vera juice on toxicity induced by arsenic in Labeo rohita
(Hamilton). J Appl Nat Sci 2:300-304



Chapter 11 ®)
Arsenic Uptake and Bioaccumulation e
in Plants: A Review

Vandita Anand and Anjana Pandey

Abstract Arsenic is a very dangerous metalloid categorized as a class 1 non-
threshold carcinogen. Due to arsenic-contaminated food and drinking water
consumption, millions of individuals worldwide experience arsenic poisoning. Even
at deficient concentrations, exposure to arsenic can elicit a variety of morpholog-
ical, physiological, and biochemical alterations in plants. At a physiological level,
reactive oxygen species (ROS) overgeneration is caused by arsenic-induced changed
biochemistry in the chloroplast, mitochondria, peroxisome, endoplasmic reticulum,
and plasma membrane. ROS causes cell damage by dissolving the structure of lipids,
proteins, and DNA. As a result, increasing plants’ resistance to ROS-induced oxida-
tive stress is an essential technique. Uptake, transportation and accumulation of
arsenic in plant cells depend on arsenic transporters. In this chapter, we provide an
overview of our current knowledge of arsenic transport in plants, focusing on arsenic
absorption, arsenic resistance mechanisms, and arsenic long-distance translocation,
particularly the accumulation of arsenic in grains via phloem-mediated transport.

Keywords Arsenic toxicity - Arsenate + Arsenite + Methylated as species -
Oxidative stress *+ Reactive oxygen species

11.1 Introduction

Arsenic is a non-essential metalloid found in the environment that is extremely
dangerous to all plant and animal life. It ranks as the 20th most common and
extensively dispersed naturally occurring element on Earth. The average amount
of arsenic in continental crusts typically ranges between 2 and 3 mg/kg (Cullen and
Reimer 1989). Many peoples are continuously exposed to high levels of arsenic
in their environment, which can have detrimental long-term health effects (Taylor

V. Anand - A. Pandey (<)

Department of Biotechnology, Motilal Nehru National Institute of Technology (MNNIT)
Allahabad, Prayagraj 211004, India

e-mail: anjanap @mnnit.ac.in; apanday70@rediffmail.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 221
N. Kumar and S. Kumar (eds.), Arsenic Toxicity Remediation: Biotechnological

Approaches, Environmental Science and Engineering,
https://doi.org/10.1007/978-3-031-37561-3_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37561-3_11&domain=pdf
mailto:anjanap@mnnit.ac.in
mailto:apanday70@rediffmail.com
https://doi.org/10.1007/978-3-031-37561-3_11

222 V. Anand and A. Pandey

et al. 2017). Since 3000 BCE, people have employed arsenic for medical purposes
and to extract iron from iron ores. For example, Thomas Fowler created a mixture
known as “Fowler’s solution” in the eighteenth century, an arsenic trioxide (As,0O3)
solution based on potassium bicarbonate. Many cutaneous illnesses, including psori-
asis, prurigo, eczema, dermatitis, acne, leishmaniasis, and syphilis, have been treated
using arsenical chemicals (Neubauer 1947).

Arsenic is a metalloid with atomic number 33 on the modern periodic table, a
heavy metal that belongs to the transition group (VI-B) and has an oxidation number
ranging from As(III) to As(V). Arsenite (As III), arsenate (As V), monomethylarsonic
acid (MMA), dimethyal arsinic acid (DMA), arseno betain, and arseno choline are
the main species present in the environment (Tangahu et al. 2011). Trivalent As(III)
and pentavalent As(V) species, both of which have unique physicochemical and
biological features, are the most stable and prevalent forms in the environment.

11.1.1 Arsenic: Health Hazard/Toxicity

The health hazards of exposure to arsenite and arsenate are well documented by
the World Health Organization and the Agency for Toxic Substances and Disease
Registry (ATSDR 2013). The United States Environmental Protection Agency
(USEPA) has ranked As and its compounds as a Group 1 human carcinogen. These are
considered highly lethal for most organisms due to their mutagenic and carcinogenic
properties.

Arsine (-3 oxidation state), elemental arsenic (0), arsenite, and arsenate are the
most common forms of arsenic in nature. Arsenite and arsenate are the most prevalent
of these in nature, and because of their carcinogenic characteristics, they can cause
numerous sorts of cellular harm (Bolan et al. 2015). On the other hand, arsenite reacts
with thiol and sulfhydryl groups of organic substances, such as proteins and enzymes,
found in the human body, making it more poisonous and more mobile (Tsuji et al.
2019). Arsenic is a protoplasmic toxin that manifests toxicity by deactivating crucial
enzymes involved in DNA synthesis and repair and the production of cellular energy
(Tong et al. 2015). The inactivation of vital enzymes is the main source of arsenic-
related toxicity, which might worsen cellular signalling pathways (Jomova et al.
2011). The formation of free radicals causes cell death, aberrant gene expression, and
damage of DNA, lipids, and proteins (Tsuji et al. 2019). Phosphorus and pentavalent
arsenicals can switch places on many biological processes (Hughes et al. 2011).
Recent research has shown that people exposed to arsenic exhibit chromosomal
abnormalities and sister chromatid exchange and that the reactive oxygen species
created by arsenic compounds can cause skin cancers (Litwin et al. 2013). Following
exposure to arsenic, alteration in DNA repair, p53 suppression, amplification of genes
and changes in the pattern of DNA methylation are potential carcinogenic processes
(Bach et al. 2016).
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11.1.2 Sources and Concentration of Arsenic
in the Environment

Anthropogenic activities such as mining and agriculture that include chemical pesti-
cides, insecticides, herbicides etc., are potential sources of arsenic pollution (Fayiga
and Saha 2016). However, geogenic activities also significantly increase the amount
of arsenic in the environment and contribute to its dispersion and mobility in the envi-
ronment. Widespread use of arsenic-contaminated groundwater through drinking,
cooking, and irrigating plants poses a severe hazard to human health in many regions
of the world (Taylor et al. 2017). An environmental health hazard is brought on by the
rising prevalence of chronic arsenicosis and arsenic poisoning, especially in South
Asia.

11.2 Pathways of Arsenic Uptake to Plant Roots
from the Soil

Certain plants may absorb arsenic from the water via their leaves, terricolous plants
typically absorb arsenic through their roots (Wolterbeek and Meer 2002). Arsenate,
arsenite, and methylated arsenic i.e., MMA and DMA are the three major forms of
arsenic that are accessible to plants in soil. Plant roots preferentially absorb specific
arsenic species via various transporters and routes (Table 11.1). A schematic diagram
of arsenic uptake and accumulation in plants has been depicted in Fig. 11.1.

11.2.1 Uptake of Arsenate

Arsenate is the predominant arsenic species in aerobic soils and quickly enters plant
roots via phosphate (Pht) transporters, since studies have shown that arsenate and
phosphate use the same transport channel in higher plants. In plants, a variety of
phosphate transporters have been identified. The Phtl family contains about 100
phosphate transporters, the majority of which are involved in the transport of arsenate
in plants.

Two high-affinity Phtl isoforms in Arabidopsis thaliana, AtPht1;1 and AtPhtl;4,
were initially found to facilitate Pht and arsenate uptake from soils with both low and
high phosphorus levels (Shin et al. 2004). AtPht1;5 encourages Pht and arsenate to
move from phosphorus sources to sink organs. Loss of AtPht1;5 reduces the harmful
effects of arsenate on plants.

Similarly, under arsenate treatment conditions, more lateral roots developed in
the mutant type than the wild type (Nagarajan et al. 2011). The overexpression
of AtPhtl;7 accelerates the accumulation of arsenate, which is expressed only in
reproductive tissues of Arabidopsis (LeBlanc et al. 2013). Arsenate absorption at the



224

V. Anand and A. Pandey

Table 11.1 Arsenic transporters in plants

Plants NIP family | Arsenic | Function in Arsenic uptake and References
species | transport
A. thaliana | AtPhtl;1 As(V) Uptake LeBlanc et al.
(2013)
AtPhtl;4 As(V) Uptake LeBlanc et al.
(2013)
AtPht1;5 As(V) Uptake Nagarajan et al.
(2011)
AtPht1;7 As(V) Expressed in reproductive tissues LeBlanc et al.
(2013)
AtPht1;9 As(V) Expressed in roots Remy et al.
(2012)
AtPht1;8 As(V) Expressed in roots Remy et al.
(2012)
ANIP5;1 | As(III) Identified as a boric acid transporter Takano et al.
essential for boron (B) uptake by roots | (2006)
AtNIP6;1 | As(Ill) | Highly expressed in roots Bienert et al.
(2008)
AtNIP7;1 | As(Ill) | Expressed in developing anthers and Bienert et al.
pollen tissues (2008)
AtNIP1;1 | As(Ill) | Highly expressed in roots Isayenkov and
Maathuis
(2008)
AtNIP1;2 | As(Ill) | Highly expressed in seeds Kamiya et al.
(2009)
ANIP3;1 | As(III) Highly expressed in roots Xu et al. (2015)
O. sativa OsPht1;8 As(V) Expressed in both the root and shoot Wu et al. (2011)
tissue
OsPhtl;1 As(V) Expressed in the plasma membrane Sun et al.
(2012)
OsNIP2;1 | As(IID) Predominantly expressed in roots Bienert et al.
(2008)
OsNIP3;2 | As(IIl) | Highly expressed in anthers and Bienert et al.
suspension cells (2008)
Lotus LjNIP5;1 | As(IID) Transport As(III) across cell membranes | Bienert et al.
Japonicus (2008)
LjNIP6;1 As(III) Transport As(III) across cell membranes | Bienert et al.

(2008)
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Fig. 11.1 Schematic illustration of arsenic uptake, translocation, and accumulation in plants

root-soil interface was discovered to be mediated by AtPhtl;9, a Phtl transporter
that is mainly expressed in the root and facilitates the acquisition of inorganic Pht in
the root during Pht shortage (Remy et al. 2012). In this investigation, AtPht1;8 was
also shown to have a similar role in Pht acquisition and arsenate uptake (Remy et al.
2012).

The endoplasmic reticulum (ER)-localized protein AtPHF1 (Pht Transporter
Traffic Facilitator 1) influences the location of the Phtl;1 transporter and arsenate
tolerance in plants. Recently, it was shown that some WRKY transcription factors
were implicated in As(V) inflow. For instance, the plant defence genes WRKY6 and
WRKY45 control the expression of AtPhtl;1 to further modify arsenate absorption
(Wang et al. 2014).

Studies have shown that arsenate absorption by roots via Phtl transporters occurs
in Oryza sativa. Independent of Pht supply, OsPht1;8 is expressed in root and shoot
tissue and has a strong affinity for Pht and arsenate. Overexpression of OsPht1;8 in
rice significantly boosts arsenate absorption and translocation (Wu et al. 2011). The
expression of OsPhtl;8 is mediated by the transcription factor OsPHR2 (Pi starva-
tion response 2) (Wu et al. 2011). Additionally, arsenate uptake involves OsPhtl;1,
expressed Phtl transporter situated in the plasma membrane (Sun et al. 2012).
However, as arsenate is the predominant arsenic form in anaerobic conditions, the Pht
transport pathway is considered as minor channel for arsenic absorption in flooded
soil (Xu et al. 2008).



226 V. Anand and A. Pandey

11.2.2 Uptake of Arsenite

In anaerobic conditions like buried soils, arsenite is the predominant type of arsenic.
The understanding of the proteins involved in arsenite absorption in plants has
advanced significantly. It has been demonstrated that plant aquaporins, membrane
channels that transport water molecules, are particularly significant in arsenite trans-
port (Li et al. 2014). The mechanism of arsenite absorption in plants was poorly
understood until recently. Arsenite may be quickly absorbed by plant roots from the
environment. Aquaporin channels in plant roots may be able to take up arsenite.
The absorption of arsenite by roots in plants is mediated by members of the nodulin
26-like intrinsic protein (NIP) family of plant aquaporins. In A. thaliana, NIP5;1
(identified as a boric acid transporter) and NIP6;1 is predominantly expressed in
roots. Arsenite absorption is additionally facilitated by the expression of AtNIP7;1
in developing anthers and pollen tissues, AtNIP1;2 in seeds, AtNIP1;1 and AtNIP3;1
in roots, respectively (Bienert et al. 2008; Isayenkov and Maathuis 2008; Kamiya
et al. 2009; Xu et al. 2015). In O. sativa, NIP2;1 (expressed in roots) and NIP3;2
(expressed in anthers and suspension cells). A key mechanism for arsenite absorption
by roots involves the silicon (Si) influx transporter NIP2;1. OsNIP2;1 is located at the
distal side of the rice exodermis and endodermis cells to mediate arsenite inflow in a
sequential manner (Ma et al. 2008). However, OsNIP1;1 and OsNIP3;1 expression
is relatively poor compared to OsNIP2;1 and OsNIP2;2 (OsLsi6), which suggests
that they do not have a substantial impact on arsenite absorption by rice roots (Ma
et al. 2008). Under the arsenite treatment conditions, OsNIP3;3 expressions were
not induced in rice. In order to understand OsNIP3;3’s role in rice, more research
is necessary (Katsuhara et al. 2014). Aquaporins from the rice plasma membrane
intrinsic protein (PIP) family, such as OsPIP2;4, OsPIP2;6, and OsPIP2;7, are like-
wise permeable to arsenite, and they help plants tolerate arsenite. The overexpression
of OsPIP2;4, OsPIP2;6, and OsPIP2;7 in Arabidopsis increased arsenite tolerance
(Mosa et al. 2012).

11.2.3 Uptake of Methylated Arsenic Species

Soils contain some methylated arsenic species such as MMA and DMA in trace
amounts. It accumulates in the soil due to the use of arsenic pesticides and herbicides,
as well as arsenic biomethylation by microorganisms (Huang. 2014). At this time,
it is uncertain how plant roots absorb MMA and DMA. Plants have been shown
to have significant levels of methylated arsenic. In comparison to inorganic As,
rice grains accumulate a twofold greater concentration of DMA (Zheng et al. 2013).
According to theories, the soil and microbes in the plant rhizosphere are the sources of
methylated arsenic species in plants (Jia et al. 2013). The processes underpinning the
transport and absorption of methylated arsenic need to be better understood. Rahman
et al. (2011) demonstrated that glycerol, carried into plant cells by aquaporins, has



11 Arsenic Uptake and Bioaccumulation in Plants: A Review 227

the same entry pathway as MMA and DMA when it enters rice roots. OsLsil [the
aquaporin NIP2;1 is essential for absorbing undissociated methylated arsenic by rice
roots (Li et al. 2007)].

11.3 Modulation of Arsenic Uptake and Efflux

The non-essentiality and plant toxicity of arsenic are widely established. The dele-
terious effects of too much arsenic on plant development and crop productivity have
prompted plants to develop a number of defence mechanisms to reduce its toxicity
(Verbruggen et al. 2009). In order to relieve arsenic stress in plants, the concentra-
tion of arsenic must be reduced, which entails minimising arsenic absorption into
plants and maximising arsenic outflow from plants. Various inorganic nutrients may
also influence how plants absorb arsenic. Notably the silicon content significantly
impacts the absorption and accumulation of both inorganic and methylated arsenic
in rice (Liu et al. 2014). A further barrier to As(V) inflow that forms around rice
roots is the presence of iron plaques, which are less efficient at preventing As(III)
influx due to their predominantly arsenate and weakly arsenite-linked nature (Seyf-
ferth et al. 2010). In several plant species, the efflux of different arsenic species from
roots has been detected. Arsenite efflux is mainly carried out by aquaporin channels,
including AtNIP5;1, AtNIP6;1, OsNIP2;1, and LjNIP5;1, as well as additional trans-
porters in the aquaporin family (Bienert et al. 2008). Since only 15-25% of the overall
membrane efflux occurs through the aquaporin OsLsil, other arsenite exporters may
also exist. Arsenite efflux is mediated by the aquaporin OsLsil (Zhao et al. 2010).
Under aerobic environments, various Pht transporters are used by plants to take up
As(V), and it is possible that suppressing this mechanism is the main factor in plants’
ability to tolerate As(V). Studies have demonstrated that mutations in specific Pht
transporters reduce the absorption of arsenate by plant roots and increase arsenate
resistance (Shin et al. 2004; Remy et al. 2012).

11.4 Long-Distance Translocation of Arsenic Accumulation
in the Edible Parts of Plants

Arsenic accumulates in edible tissues due to long-distance translocation in plants,
particularly in crops, causing major health concerns to people. Plants’ ability to
tolerate arsenic and the capacity of arsenic hyperaccumulators to accumulate arsenic
are influenced by how well arsenic is transported from the roots to the shoots
(Verbruggen et al. 2009).
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11.4.1 Xylem Loading

The amount of arsenic that accumulates in plant shoots is substantially influenced
by the capacity to load arsenic into the xylem. Arsenic is transported from the root
to the shoot through xylem tissues and then distributed to other plant tissues. The
major arsenic species that moves from the root cortical cells to the xylem vessels
appears to be inorganic arsenite (Pickering et al. 2000). Arsenite is the predominant
form of arsenic in xylem sap. Several membrane proteins are involved in the loading
of arsenic into the xylem. Arsenic may be transported over great distances through
the Pht transport route.

In rice, the root uptake and xylem-mediated loading processes use the same routes
for arsenite and Si. OsLsi2 is involved in loading arsenite into the xylem of rice
roots (Ma et al. 2008). The concentration of arsenite in the xylem sap and rice
grains is significantly impacted by the mutation of OsLsi2, while arsenite uptake by
the roots is only slightly impacted. This suggests OsLsi2 mediates arsenite efflux
toward the xylem (Ma et al. 2008). Tiwari et al. (2014), reported the role of NRAMP
(natural resistance-associated macrophage protein) in the loading and accumulation
of arsenic in plant shoots through the xylem. OsNRAMP1 expression in Arabidopsis
also increases the capacity of plants to withstand As(III). Uncertainty surrounds
OsNRAMP1’s function in rice arsenic transport. Intriguingly, in the xylem and
phloem, methylated arsenic species are more mobile than inorganic arsenic, but
the major regulators in these tissues are yet unknown (Li et al. 2007; Ye et al. 2010).

11.4.2 Phloem Loading

The redistribution of arsenic to grains depends on the loading and unloading of
phloem. Arsenite concentrations in castor beans (Ricinus communis) decline notice-
ably in the following order: roots > shoots > phloem sap after treatment with 10 mM
As(IIT). Thiol chemicals were present in the phloem sap in significant amounts, but
As(IIT) did not combine with them because the pH was neutral (Ye etal. 2010). In addi-
tion, Carey et al. (2011) showed significant differences in the distribution of organic
and inorganic arsenic (DMA) in rice grains. Along with strontium, manganese and
iron, arsenite collected in the ovular vascular trace (OVT) and DMA diffused over
the grain’s epidermis and into the endosperm. The embryo, however, did not contain
any of the arsenic species.
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11.5 Physiological Effects of Arsenic on Plants

Arsenic is a protoplasmic toxin that manifests toxicity by deactivating crucial
enzymes involved in DNA synthesis and repair as well as the production of cellular
energy. The main mechanism of arsenic-related toxicity is the inactivation of vital
enzymes, which might worsen cellular signalling pathways. The formation of free
radicals causes cell death, aberrant gene expression, and the destruction of DNA,
lipids, and proteins (Fig. 11.2) (Tong et al. 2015).

11.5.1 Effect of Arsenic on Plant Growth and Nutrient
Uptake

Arsenic exposure to soil is hazardous for both human and environmental health. The
presence of arsenic in the soil can interfere with the metabolism of plants, which
in turn prevents their growth and development and ultimately causes plant death
(Shahid et al. 2015). The disruption of nutrient absorption and nutritional balance is
one of the ways that arsenic damages plants (Carbonell et al. 1998). Arsenic may also
cause the formation of ROS in plants, damage nucleic acid, chlorophyll, and other
components of cell membranes, and impair normal plant growth and development
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Fig. 11.2 Arsenic-induced morphological, physiological, biochemical and molecular responses
of plants. SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; APX, ascorbate perox-
idase; GPX, glutathione peroxidase; GR, glutathione reductase; GPOX, guaiacol peroxidase;
DHAR, dehydroascorbate reductase; MDHAR, monodehydroascorbate reductase; GST, glutathione
S-transferase; MDA, malondialdehyde and hydrogen peroxide, H,O»
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(Tewari et al. 2002). Arsenic disrupts biochemical and metabolic processes, which
at higher concentrations can cause plant death (Imran et al. 2013). The number of
leaves, the area of the leaves, and the fresh and dry mass of plants have all been found
to be suppressed by arsenic exposure (Nath et al. 2014). Additionally, As resulted
in reduced leaf area, wilting, curling, and necrosis of leaf blades (Finnegan and
Chen 2012). Under arsenic stress, exposed seedlings of O. sativa L. (Vromman et al.
2013) and Cicer arietinum L. (Malik et al. 2011) were found to exhibit significant
modifications in these plants’ typical functioning, including reduced development of
roots and shoots. Arsenic disturbs the biochemical and metabolic pathways such as
impeded nutrient absorption. Cicer arietinum L. seedlings exposed to arsenic stress
observed a remarkable decrease in the amounts of a few key amino acids such as
Lys, Met, Pro, Thr, Trp, and Val (Malik et al. 2011). According to a previous study,
sulphur (S), potassium (K), calcium (Ca), iron (Fe), and copper (Cu) contents in rice
roots considerably reduced after arsenic treatment (Singh et al. 2018). According
to Wang et al. (2010), arsenite is mostly influenced the P and K contents, whereas
arsenate directly impactes the N content.

11.5.2 Effect of Arsenic on Chlorophyll Molecules
and Photosynthetic Performance

According to several reports (Nagajyoti et al. 2010; Gusman et al. 2013), arsenic
slows down the rate of photosynthesis in plants. According to Duman et al. (2010),
arsenic poisoning reduces photosystem I (PSI) and photosystem II (PSII) activity as
well as the production of photosynthetic pigments. Under As exposure, PS-II func-
tioning and the rate of carbon dioxide fixation both significantly decreased (Stoeva
and Bineva 2003). Arsenic has been found to alter the rates of gas exchange and
fluorescence emission by significantly impacting a plant’s ability to dissipate heat
and perform photochemically (Chandrakar et al. 2016a). These findings, which are
mostly similar across research, imply that arsenic may contribute to developing toxic
symptoms such as leaf withering and violet colouring (Chandrakar et al. 2016b).
Arsenic stress reduced the synthesis of chlorophyll (Chl) in many plants, including
Zeamays (Emamverdian et al. 2015), Trifolium pratense (Hasanuzzaman et al. 2017),
and Lactuca sativa (Suneja 2014). According to Upadhyaya et al. (2014), contamina-
tion lowered carotenoids and disrupted the chloroplast membrane. Arsenic exposure
in chickpea (C. arietinum) plants decreased Chl levels, which led to chloroplast
deformation (Bhattacharya et al. 2012). Arsenic stress decreased the rate of photo-
synthesis, stomatal conductance, and PSII effectiveness in soybean. Chl fluorescence
and photosynthetic rate in P, cretica and Spinacia oleracea were decreased by arsenic
stress. According to research, arsenic exposure causes microtubules to break down,
which hinders the development of stomata and leads to aberrant stomata (Gupta
and Bhatnagar 2015). Leucaena leucocephala and P. vittata leaves have defective
chloroplast internal membranes under arsenic stress. Overall, arsenic exposure slows
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crop development by modifying root plasmolysis, decreasing photosynthetic param-
eters such as pigment degradation, rate of CO, fixation, stomatal conductance, and
distorting the integrity of cell membranes.

11.5.3 Reactive Oxygen Species (ROS) and Oxidative Stress

Plants under arsenic stress may experience oxidative stress, which leads to an imbal-
ance between ROS formation and ROS scavenging (Pourrut et al. 2013). The overpro-
duction of ROS negatively impacted various physiological processes, including lipid
metabolism, DNA, photosynthesis, respiration, enzyme deactivation, and growth
inhibition in stressed plants (Garcia-Caparroés et al. 2021). The ROS are short-lived,
unpaired electron-containing oxygen-containing molecules that are highly unstable
and chemically reactive. Due to several metabolic processes operating inside a cell,
PTEs like arsenic are present in chloroplasts, mitochondria, and peroxisomes, where
they are usually hazardous (Shahid et al. 2014).

Numerous investigations have shown that arsenite and arsenate cause the produc-
tion of ROS (Mishra et al. 2019). Arsenite produces more O,, which is more harmful
to plant development than arsenate, which produces more H, O, (Coelho et al. 2020).
Although leaves produce ROS long before arsenic accumulates in the tissues of
leaves, it has been postulated that roots signal arsenic toxicity to leaves, most likely
through H,O; (Yadav et al. 2021). Li et al. (2007) found that Triticum aestivum
seedlings had substantial ROS formation in their leaf cells along with rising arsenic
levels. In addition to Zea mays developing embryos (Mylona et al. 1998), T. aestivum
L. seedlings (Li et al. 2007; Ghosh et al. 2013), O. sativa (Choudhury et al. 2011),
Spinacia oleracea (Shahid et al. 2013), Pisum sativum (Rafiq et al. 2017a), Vicia
faba (Rafiq et al. 2017b), and seeds of Anadenanthera peregrina and Myracrodruon
urundeuva (Gomes et al. 2013) have all shown to accumulate more ROS.

Malondialdehyde (MDA), a primary byproduct of lipid peroxidation, and
membrane leakage are the key indicators of lipid peroxidation caused by ROS (Gupta
et al. 2013). Overproduction of ROS causes a decrease in saturated fatty acid and a
rise in polyunsaturated fatty acid (PUFA), which enhances membrane permeability
(Mishraetal. 2019; Chandrakar et al. 2016b). In addition to altering nitrogenase bases
and nucleotide deletion, ROS formation under arsenic stress also alters protein-DNA
interaction and may cause DNA breaks (Mucha et al. 2019). By influencing the
signalling and vacuolar processing enzymes, ROS causes programmed cell death (Li
et al. 2012). Cellular and membrane activities were impeded by lipid peroxidation, a
typical harmful impact of arsenic-induced ROS, which was also shown in hyperac-
cumulating P. vittata (Van Breusegem and Dat 2006). Chromosome or microtubule
damage in P. sativum has been shown under arsenic stress, which inhibited root
meristem activity (Dho et al. 2010).
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11.5.4 Effect of Arsenic on Antioxidative Enzymatic
and Non-enzymatic Antioxidant System

In response to arsenic, plants produce important ROS-scavenging antioxidant
enzymes (Table 11.2) (Rajput et al. 2021). The coordination of antioxidant defence is
carried out by the balance of several enzymatic antioxidants, which include the elim-
ination of oxygen radicle (SOD), conversion of H,O, into the water and molecular
oxygen (CAT), scavenging of H,O; in the extracellular space (POD), conjugation of
GSH to electrophilic compounds or hydrophobic compounds (GST), preservation of
ascorbate pool (MDHAR and DHAR), and conversion of H,O, to water using ascor-
bate as specific electron donor (APX) (Rajput et al. 2021). Numerous studies have
examined changes in antioxidant enzyme activity and non-enzymatic antioxidant
levels to gain insight into the processes underpinning plants’ antioxidant response
to arsenic stress. The non-enzymatic antioxidant machinery is composed of GSH,
AsA, phenolic substances, sugars, and emergent components (such as anexins and
dehydrins) (Soares et al. 2019). The extensive study of arsenic-related non-enzymatic
antioxidant accumulation has also been aided by metabolomic techniques (Tripathi
et al. 2012).

Table 11.2 Effects of Arsenic metal on different physiological processes in plants

S. No | Plant species Plant Physiological response References

organs

1 Zea mays Leaf Increased SOD, POD, CAT, APX, GPX | Anjum

and GR, MDA and H,O; activities etal. (2016)

2 Zea mays Leaf Increased SOD, GR and decreased CAT, | Mallick

APX, GPOX, MDA and H,O; activities |etal. (2011)
3 0. sativa Root and | Increased SOD, APX, GPOX and MDA | Dave et al.
shoot activities (2013)
4 0. sativa Root and | Increased SOD, MDA and H,O; and Majumder
shoot decreased CAT activities et al. (2019)
5 0. sativa Leaf Increased APX, GR and GST and Mallick
decreased SOD, APX, GPOX and H,O, |etal. (2014)
activities

6 0. sativa Leaf Increased SOD, CAT and APX activities | Gupta and

Ahmad
(2014)

7 Nicotiana Root and | Decreased APX, GST and POD and Kofronova
sylvestris and N. | leaf increased CAT activities in leaf et al. (2020)
tabacum Increased APX and decreased CAT

activities in roots

8 Ricinus Leaf Increased SOD and GPOX activities Singh et al.
communis (2021)

9 Brassica juncea | Shoot Increased SOD, APX, DHAR and Srivastava

MDHAR activities et al. (2010)
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For instance, Bianucci et al. (2017) found that peanut plants exposed to arsenic
increased their superoxide dismutase, catalase, and Glutathione S-transferase levels
while decreasing their glutathione reductase and guaiacol peroxidase activity and
GSH contents in a dose-dependent way. In another study, the activity of superoxide
dismutase, peroxidase, and glutathione reductase in Lemna gibba increased while
the concentration of arsenic increased. In contrast to declining ascorbate peroxi-
dase, catalase activities and chloroplastic pigment levels, anthocyanin concentration
increased steadily in these plants (Leao et al. 2013). Arsenate addition in the growth
medium of V. faba plants resulted in an increased peroxidase activity in leaves, lower
peroxidase activity in roots, and initiation of superoxide dismutase and catalase activ-
ities in both leaves and roots. Arsenite treatment had an impact on rice, increasing
AsA and GSH levels as well as antioxidant activities (Mishra et al. 2011).

11.5.5 Effect of Arsenic on the Endogenous Levels of Plant
Hormones

Phytohormones can enhance the antioxidant defence system of plants, which includes
both enzymatic and non-enzymatic components for reducing oxidative damage
caused by metals (Rohman et al. 2022). For instance, Methyl Jasmonate (MeJA)
efficiently reduces oxidative stress as demonstrated by decreased ROS production,
increased redox state of AsA and GSH, enhanced enzymatic antioxidant activities,
and higher membrane stability in plants post arsenic poisoning (Farooq et al. 2016).
One of the essential processes for controlling H,O, metabolism in plant cells is the
Ascorbate—glutathione cycle, which is increased by phytohormone supplementation
under arsenic stress (Kaya et al. 2020). Salicylic acid (SA)-mediated reduced H,O,,
MDA generation, and Electrolyte leakage in arsenic stressed Z. mays are only a
few examples of oxidative damage caused by ROS that was decreased as a result of
the AsA-GSH redox state provided by plant hormones (Kaya et al. 2020). Methyl
jasmonate reduces oxidative stress by enhancing antioxidant enzyme activity and
reducing arsenic accumulation by regulating arsenic transporters in rice plants and
B. napus (Farooq et al. 2016).

11.6 Conclusions and Future Directions

This chapter provides an overview of how arsenic metal affects plant development
and growth. Plants absorb arsenic through their roots, which leads to nutritional
imbalance, root damage, and chlorosis of the leaves. Arsenic toxicity also affects
chlorophyll production by preventing the function of essential enzymes. Attacking
cellular membranes and macromolecules also causes oxidative stress, which slows
plant development and causes chlorosis and leaf withering. More investigation is
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required to comprehend the interconversion of the arsenic species within the plant
system and its location after absorption, which would reveal the entire metabolic
system and allow for the development of transgenics. Therefore, it is crucial to
comprehend the mechanisms by which arsenic absorption and its detrimental effects
on the environment, particularly on plants, might be reduced.
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Abstract Phytobial remediation is a cutting-edge technique that employs bacteria
and plants to reduce environmental contamination with arsenic (As). Plant growth-
promoting bacteria (PGPB) that aids phytoremediation has recently received much
attention for their ability to increase plant growth and metal tolerance while removing
As on a massive scale. Here we focus on the PGPB traits that affect plants and how
they respond to challenges brought on by As. We’ll discuss a few current systems that
helped PGPB-facilitated As-stress adaptation and reduced As-availability to plants.
Introducing phytoremediation with PGPB assistance requires evaluating how PGPB
affects the environment, particularly regarding how it affects local microbes.
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12.1 Introduction

As a poisonous metalloid, arsenic (As) has raised the alarm on a global scale. This
metalloid is also a persistent category 1 human carcinogen; its increased preva-
lence in the biosphere (Ghosh et al. 2018) concerns environmental and human health
(Menon et al. 2020). The arsine (As?), elemental arsenic (As®), arsenite [As(III)], and
arsenate [As(V)], as well as dimethylarsinic acid (DMA), monomethylarsonic acid
(MMA), trimethylarsine oxide (TMAQ), arsenobetaine, and others, may be found in
the environment (Upadhyay et al. 2018).

Arsenic pollution is widespread in Europe, Bangladesh, Hungary, Taiwan, India,
Malaysia, Vietnam, China, Mexico, Romania, and Pakistan (Abbas et al. 2018).
In several areas of India, China, Bangladesh, and Pakistan, “cancer villages” have
appeared due to a new study of As contamination in groundwater (Cheng et al.
2019). The groundwater arsenic content is about 50% of aquifers above 2.50 mg/L,
which is many orders of magnitude higher than the 0.01 mg/L (WHO recommended
range). As aresult, a million people suffer from different types of diseases for arsenic
poisoning (Fig. 12.1).

The origin of As pollution in the environment includes both anthropogenic (e.g.,
irrigation water) and natural sources (Fig. 12.2) (e.g., volcanic eruptions). Based on
the geographic region, the arsenic content in soil varies from 0.1 to 40.0 mg kg~!.
These metalloids affect plant growth and efficiency, reducing food output signifi-
cantly. Due to its physiochemical and molecular properties, the As is toxic to plants
(Marinho et al. 2019). Food crops, especially rice grains from rice plants, grow with
irrigation water containing a high amount of As, which is a significant source of
exposure for people through soil-crop-food transfer.

Many physical and chemical techniques are used for arsenic mitigation, but these
are costly and create secondary pollution. So, alternative methods must be needed.
Some microorganisms can survive in heavy metal-polluted soil and have been contin-
uously used for bioremediation throughout the past few decades. The basic detoxifi-
cation of inorganic arsenicals by the ars operon; organic arsenical detoxification by
As methylation/demethylation; energy-yielding respiratory arsenite oxidation (arr
operon) and arsenate reduction (aio/arx operon) are among the arsenic-detoxification
processes in microbes (Yan et al. 2019).

These metal-tolerant soil microorganisms may attribute plant growth promotion
(PGP) through the secretion of 1-amino cyclopropane-1-carboxylate (ACC) deam-
inase, indole-3-acetic acid (IAA), and also a few phosphate solubilizers, producing
siderophores reduce the metal toxicity. While residing in a metal-polluted rhizo-
sphere, these soil-dwelling microorganisms develop metal resistance systems in their
body, survive in stressful environments, and increase plant growth and productivity.

So PGPR-mediated bioremediation phenomenon is an environmentally accept-
able method of reducing arsenic toxicity in food crops (Laha et al. 2022). The arsenic
tolerance mechanisms in PGPR and the several functions of As-resistant PGPR in
reducing arsenic-made phytotoxicity are all thoroughly discussed in this chapter.
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Fig. 12.1 Arsenocosis (Skin lesions) caused by arsenic

12.2 Arsenic in Environment

Arsenic is a poisonous metalloid in group Va of the periodic table. Arsenic has
two forms, inorganic and organic form. Both forms are present in the environment.
The two most important inorganic forms are arsenate and arsenite. Arsenite is more
toxic than arsenate. Organic species of arsenic include methylated forms of arsenic
with various degrees of methylation. These are monomethylarsonic acid (MMA),
dimethylarsinic acid (DMA), and gaseous variants of arsine (Meharg and Rahman
2003).
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12.3 Identification and Characterization of Arsenic
Removal Ability

The arsenic-resistant microbes are identified by calculating their minimum inhibitory
concentration (MIC) value against different doses of arsenate and arsenite. The MIC
value is the lowest arsenate or arsenite concentration, affecting microbial growth and
activities. The value is utilized to compare arsenite or arsenate-tolerant microbial
strains. The MIC of arsenic-tolerant bacteria was confirmed and validated using the
agar well-diffusion method (Fig. 12.3) (Laha et al. 2021a).

12.3.1 Classes of Bacteria and Arsenic Removal Ability

According to minimum inhibitory concentration (MIC), some bacterial candidates
(Alcaligenes sp., Bacillus megaterium, Bacillus subtilis, Arthrobacter sp., Variovorax
paradoxu, Bacillus megaterium, Acenetobacter sp.) were reported as arsenic resistant
bacteria previously (Bachate et al. 2009; Laha et al. 2021a). The Burkholderia sp.
can also resist 408 mM of arsenate and 46 mM of arsenite, respectively (Laha et al.
2021a). These all are isolated from contaminated agricultural soils of West Bengal
by enrichment culture methods.
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Fig. 12.3 Identification and characterization of Arsenic removal ability of arsenic tolerant strains

The PGP bacteria have also generated some systems by which they can immobi-
lize, mobilize or transform metals, rendering them less active to resist the uptake of
heavy metal ions and survive in metal stress conditions. The Burkholderia sp. can live
in arsenic, lead, and cadmium-polluted soils, decreasing cadmium translocation and
enhancing rice’s photosynthesis efficiencies (Jiang et al. 2015). The Burkholderia
cepacia is also a very good plant growth promoter. These all-arsenic resistant bacte-
rial candidates belong to Proteobacteria, Actinobacteria, and Firmicutes. But in most
cases, the arsenic-resistant PGP bacteria belong to Proteobacteria (Laha et al. 2021a).

12.3.2 Bioremediation

Bioremediation is a method where toxic, poisonous heavy metals are extracted from
polluted soil and converted into less toxic compounds by the involvement of bacteria.
Inessence, itincludes using bacteria to break down or transform environmental toxins
through the processes of their metabolic pathways. Numerous reviewers have docu-
mented their methods for surviving in the appearance of heavy metals like arsenic,
and their methods for detoxification include redox, intracellular bioaccumulation,
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and methylation processes. Numerous chemoautotrophic bacteria (aerobic or anaer-
obic) can be employed in bioremediation strategies to break down pollutants like As
(Laha et al. 2022).

12.3.3 Arsenic Resistance Systems in Bacteria

12.3.3.1 As(V) and As(IIT) Uptake Mechanisms

Arsenic transporter is reported in microbes also. The microorganisms absorb this
metal via different non-selective membrane transporters. The arsenate is structurally
similar to phosphate, so it is absorbed via phosphate transport systems by inor-
ganic phosphate transport (Pit) and specific transport (Pst). Among these two Pit is
a non-specific transport system that transports phosphate more efficiently. The Pst
is a unique transporter that transfers phosphate with a higher affinity but less ably.
Arsenite (As III) is chemically analog to glycerol and is absorbed via aquaglycero-
porin channel GIpF, a candidate of the major intrinsic protein family (Tsai et al.
2009).

12.3.3.2 The ars operon System

The ars operon is the most As detoxifying route in microorganisms. They can be
found in the chromosome or plasmid of microbes (Tsai et al. 2009), and is organized
in different ways, and comprises many gene clusters and bacterial strains. The most
common are arsRBC (Escherichia coli) and arsRDABC (Fig. 12.4).

ArsR and ArsD, two other significant parts of the ars operon, are often regulatory
components. The ArsR is a trans-acting repressor protein that responds to arsenite
and adversely controls further ars operon genes.

The ArsB is an efflux permease that predominantly utilizes membrane potential to
remove arsenite from the cell. ArsA is an induced ATPase that also acts as an efflux
protein. But ArsAB forms a tightly membrane-bound complex of the ATP-driven
arsenite efflux pump, where ArsA functions as a catalytic subunit and ArsB gives
the service as a membrane anchor for the catalytic subunit (Tisa and Rosen 1990).

Arsenate is reduced into arsenite by the tiny, monomeric, and cytoplasmic arsenate
reductase ArsC, using a three-step nucleophilic attack on cysteine thiols. The two
families of arsenate reductases have been documented in prokaryotes (Laha et al.
2022). The primary decontaminating mechanisms through the As-tolerant system
are almost indistinguishable in every bacterium.
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Fig. 12.4 Arsenic detoxification mechanisms of the microorganisms

12.3.3.3 Methylation/Demethylation

Arsenic methylation/demethylation is a significant biotransformation process that
further involves As decontamination which is catalyzed by bacterial enzymes. It
was long believed that arsenic methylation, followed by volatilization, is an effec-
tive detoxifying procedure. However, recent research has shown that some arsenic
species formed during this process are more poisonous than inorganic ones. Arsenite
S-adenosylmethionine methyltransferase (ArsM) is an enzyme encoded by the arsM
gene, and is primarily responsible for catalyzing the methylation of arsenite. The S-
adenosylmethionine receives methyl groups from the arsM and gives them to As(III).
The As(IIl) is methylated in several steps that result in the creation of trimethy-
larsenite [TMASs(III)], with intermediates such as MAs(III) and DMASs(III). The
terminal product trimethylarsenite is not a toxic molecule, and its volatilization can
be considered a detoxifying technique. The arsM gene is found in Streptomyces
(Mondal et al. 2021).

After arsRDABC and arsM, some PGPR contains aio/arx operon. The AioAB
enzyme complex is responsible for catalyzing the reaction in the majority of As(III)
oxidizing bacteria. The AioAB complex is also described in the chemolithoau-
totrophic arsenite oxidizer.

In the arx system, ArxA is a bifunctional enzyme that can both reduce arsenate
in vitro and oxidize arsenite in vivo and in vitro. The arxA, arxB, arxb’, arxc, arxd,
and arxe all belong to this operon. Although it is claimed that several PGPR can
oxidize As(III), the underlying genetic process is still unknown. Other genes in these
As(IIT)-oxidizing PGPR may shed light on the mechanism underlying their capacity
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Fig. 12.5 Mechanisms of microbial bioremediation and plant growth promotion

to oxidize As(IIl) (Zargar et al. 2010). The mechanisms of microbial bioremediation
and plant growth promotion are shown in Fig. 12.5.

12.3.4 Arsenic-Resistant PGPR Plays a Multifaceted Role
in Reducing Arsenic Phytotoxicity

12.3.4.1 Nutrients Acquisition

Due to PGPR’s capacity to fix atmospheric nitrogen, plants can regulate their inability
to do so. The nitrogenase enzyme complex is used to reduce N, into ammonia (NH3)
during nitrogen fixation. Both symbiotic and non-symbiotic nitrogen fixation are
processes that occur in legumes and other plants (through free-living N, fixers). The
Rhizobium leguminosarum is a good example of an arsenic-tolerant nitrogen fixer
(Laha et al. 2021b). After nitrogen, phosphorus (P) is likely the nutrient limiting
plant growth. When plants are grown in contaminated soil, phosphorus plays a crit-
ical function in reducing the toxicity of As. Because they have a structural similarity
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with phosphates (Pi), As(V) enters the plant system using the same pathway; as
a result, through competitive inhibition, phosphate can effectively suppress As(V)
uptake. On the other hand, the As(V) may prevent Pi from entering the plant under
Pi-limiting conditions by outcompeting it, which causes Pi deficiency syndromes in
plants (Abedin et al. 2002). There are numerous PGPR in this situation that solubi-
lizes phosphorus in arsenic-polluted soil and carries PGPR attributes (Burkholderia
cepacia, Burkholderia metallica, etc.) (Laha et al. 2021a, c, 2022).

Iron mainly exists as the relatively insoluble ferric (Fe**) hydroxide and oxyhy-
droxide (hard for plants and microbes to digest). Only a small quantity of soluble
iron is naturally present in rhizospheric soil, and all creatures inhabiting that region,
including plants and bacteria, fight for it (Glick 2012). In heavy metalloid-polluted
soil, these things get trickier. As is common knowledge, heavy metals and their
metabolites interfere with plant growth, metabolism, and mineral feeding (Laha
et al. 2021c). Some As-tolerant and siderophore-producing PGPR include Bacillus
aryabhattai, Burkholderia metallica, etc. (Laha et al. 2021a).

12.3.4.2 Changes in Phytohormones

Phytohormones known as auxins are discovered to be implicated in all significant
physiological actions in plants, including the beginning and growth of roots. Indole
acetic acid (IAA) participates in a variety of processes, starting with root apical
growth, including cell expansion, apical dominance, leaf and fruit abscission, flow-
ering, growth of floral parts, and encouragement of femaleness. Some microbes are
also known to create IAA, which is a key factor in the rhizosphere interaction between
plants and microbes. Bacterial IAA has also been shown to increase the viability
rate of more arsenic-prone rhizobacterial strains, as was the case with Azospir-
illum brasilense Az39, which helped Bradyrhizobium japonicum E109 survive in
an As-stressed environment (Armendariz et al. 2019).

It is well known that in reaction to various environmental stresses, the plant
hormone ethylene is excess produced as “stress ethylene”. The synthesis of “stress
ethylene” rose in seedlings that had been exposed to as much as (Ghosh et al. 2018).
However, it was found that the ethylene rise had been prevented by the applica-
tion of ACCD, which produced As-tolerant PGPR. A bunch of bacteria is also able
to produce ACCD under the arsenic stressed environment, such as Bacillus sp., B.
aryabhattai, Acinetobacter sp., Burkholderia cepacia, Burkhoolderia metallica etc.
Due to an underlying IAA and ACCD cross-talk, arsenic-resistant PGPR that is able
to produce both TAA and ACCD can considerably reduce stress ethylene levels in
plants growing in As-polluted soil environments (Ghosh et al. 2018).

12.3.4.3 Trigger Plant’s Antioxidant Defense System

Arsenic exposure in plants produces Reactive oxygen species (ROS), which causes
oxidative stress and cellular damage. Due to its propensity to scavenge free radicals,
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antioxidant enzymes can control the As-induced overproduction of ROS. To coun-
teract the oxidative damage caused by As, PGPR allows the partial procurement
of plant antioxidative enzymatic activity. For example, arsenate treatment decreases
SOD and CAT activity in rice seedlings, which were again raised by the application
of arsenic-tolerant B. aryabhattai by 27.27 and 62.26%, respectively (Ghosh et al.
2018).

12.3.4.4 Recapture of Photosynthetic Activity

The most crucial metabolism for plants and the living earth is undoubtedly photosyn-
thesis. Numerous reports of heavy metal(loid)-induced photosynthetic impairment
from different researchers. One of the most detrimental consequences of As-exposure
is thought to be a decrease in photosynthetic rate (Gusman et al. 2013).

The use of As-resistant PGPR has been shown to neutralize As’s damaging effects
on photosynthetic machinery. Generally speaking, it was discovered that bacte-
rial inoculation increased the chlorophyll content in the corresponding host plants.
Examples of these PGPR are Exiguobacterium, Kocuria flava, Bacillus flexus etc.,
(Srivastava and Singh 2014).

12.3.4.5 Protection from Membrane Deterioration

Arsenic causes oxidative stress by producing ROS, which may then cause polyunsat-
urated fatty acid (PUFA) peroxidation in membranes, which results in the creation of
malonaldehyde (MDA), a by-product of lipid peroxidation. MDA is widely used as a
measure of lipid peroxidation, and its presence in high concentrations in As-exposed
plants is a sign that free radicals are forming in the cells. Free radicals primarily
damage plant cell membranes (Srivastava and Singh 2014). For example, the rice
plants treated with 10 and 50 mg kg~! of arsenate showed decreased MDA content
following inoculation with Brevundimonas diminuta (Singh et al. 2016).

12.3.4.6 Less Accumulated Arsenic in Plants

As-resistance mechanisms in bacteria include the processes of biosorption and bioac-
cumulation. The major component of biofilm is EPS. Inhibitory As(IIl) concentra-
tions were observed to enhance biofilm formation in B. japonicum and A. brasilense
(Das and Sarkar 2018). The As-resistant PGPR have also reported the mechanism
of biosorption and bioaccumulation, such as B. aryabhattai, and Brevundimonas
diminuta indicating that the presence of these protective systems is widespread among
this group of microbes (Ghosh et al. 2018; Laha et al. 2022).
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12.3.5 Use of Plants to Clean up the Environment

Even though phytoremediation has been shown to have limitations, encouraging
outcomes have been achieved with consistent monitoring, phytoremediation is a
method that employs green plants and soil microbes to provide a sustained clean-
up solution for some polluted soil (Zhang et al. 2018). The environmental conse-
quences of PGPB-assisted phytoremediation of As must be evaluated before it can
be implemented in a field.

The phytoremediation plants fall into three categories: As-tolerant, As-
hyperaccumulator, and As-accumulator. The As-tolerant can resist As at a specific
limit beneath or at the threshold level. Hyperaccumulator plants may resist and pile
up arsenic without displaying any hazardous signs in their above-ground portions.
Plants that can pile up arsenic in their roots at low to moderate concentrations are
known as As accumulators.

12.3.5.1 Types of as Phytoremediation

Mainly six mechanisms, including phytoextraction, phytostabilization, phytoexclu-
sion, phytostimulation, Phyto filtration, and phytovolatilization, can be used in
phytoremediation (Fig. 12.6). But there are other mechanisms for phytoremedia-
tion like organic matter, silicon fertilization, mycorrhiza, biochar and iron oxides,
phosphorus, and arsenic sequestration by Fe plaque (de Souza et al. 2019). Phytore-
mediation of Metals Assisted by Plant Growth Promoting Bacteria and the plants
involved in ohytoremidiation are listed in Tables 12.1 and 12.2 respectibely.

12.3.5.2 Phytoextraction

The goal of phytoextraction is to abolish contaminants from soil by having plants take
them up, move them, and then accumulate them in the section that can be harvested.
Then, when the harvestable biomass has been burned, metals are recovered from the
ash residue. The Pteris vittata L., is the first arsenic hyperaccumulator identified. For
detail please see the review of Laha et al. (2022).

12.3.5.3 Phytostabilization

The phytostabilization entails stopping As absorption and accumulation in the
rhizosphere zone. This inexpensive procedure is crucial for minimizing the overall
bioavailability and biomagnification in the food chain. The Prosopis juliflora was
found to phytostabilize As in compost-amended pyritic mine tailings, according to
Hammond et al. (2018).



252 A. Lahaet al.

[PCn | _ _
1 Vacuole
| As-thiol
-
| As-IIT
|

DMAV | «~— MMAV | «— [TMAO |

AV |

2
g
!

|ASTI | |AsII AS II] | m— Phytovolatilization

/ m Low concentration of arsenic
As m""’aﬁo,, is stored in the root cell

Fig. 12.6 The phytoremediation mechanisms

12.3.5.4 Phytoexclusion

In order to reduce the risk of heavy metal contamination of agricultural products culti-
vated in contaminated soils, phytoexclusion utilising low heavy metal accumulating
cultivars (LACs) is a promising and useful method. It doesn’t change cultivation
practises, is simple to use, and is affordable (Wang et al. 2021).

In polluted agricultural fields, utilizing non-food crops for phytoextraction is
unsuitable. To clean up the contaminated agricultural soils and lessen the arsenic
accumulation in rice, a number of agronomic techniques and biotechnologies that
have been improved to increase food security and agricultural aptness can be applied.
For detail please see the review of Laha et al. (2022).

12.3.5.5 Phytofiltration

Rhizofiltration or Phytofiltration is a type of phytoremediation in which wastewater,
surface water, and contaminated groundwater are filtered by a dense network of
roots to remove toxins or surplus nutrients. The pollutants on the root undergo both
absorption and adsorption during the process.

The P. vittata and P. cretica, are two arsenic hyperaccumulator, were capable to
lower arsenic smaller than the drinking water limit of 10 g/L within 24 h. For detail
please see the review of Laha et al. (2022).
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Table 12.2 Plant used in arsenic phytoremediation

A. Lahaet al.

Plant species Effects References

Pteris vittata Significantly reduces As concentration in rice grain by | Ye et al.
18-83% (2011)

Brassica species Roots accumulate high levels of As, low quantities of | Alka et al.
As are detected in the stem and leaves. Uptake of As | (2020)
in the root (67-10, 61% for arsenite) and leaves
(65-10%)

Arabidopsis thaliana | Arabidopsis reduced arsenate to arsenite in the nutrient | Park et al.
solution using a solid-phase extraction (SPE) cartridge | (2016)

Glycine max L. Soybean grown in soils augmented with phosphate Alka et al.
shows a 28.6% arsenic reduction in the toxicity effects | (2020)

Helianthus annuus L. | Important antioxidants and glutathione present in Alka et al.
sunflower leaves exposed to As were decreased by (2020)
salicylic acid treatment

P. calomelanos var. It accumulates As but takes a longer period of time to | Alka et al.

austroamericana be achieved usually required limit for EIL (Ecological | (2020)
Investigation Level)

Maize Toxicity tests examined the concentrations of arsenite | Ding et al.
or arsenate reduced (2011)

Nicotiana tabacum L. | Both As and Cd accumulation in leaves increases to | Alka et al.
higher quantities than in roots of Nicotiana tabacum | (2020)

Lettuce sativa L. The increase in As concentration detected in the Alka et al.
leaves was followed by a increase in HyO» and (2020)
malondialdehyde concentrations

Pisum sativum L. Exogenous Pro application alleviated arsenate toxicity | Alka et al.
in eggplant seedlings by reducing the accumulation of | (2020)
As

Melastoma Uptake of different metals from polluted soil Alka et al.

malabathrum (2020)

Solanum melongena L. | Sodium hydrosulfide enriched arsenate toxicity in pea | Alka et al.
seedlings (2020)

12.3.5.6 Phytovolatilization

Phytovolatilization implies the utilization of plants to volatilise arsenic into atmo-
sphere with or without the cooperation of microbes. Here the plants uptake arsenic
from the soil-environment and release it into the atmosphere (Jakob et al. 2010).

12.3.5.7 Phytostimulation

The phytostimulation is a phytoremediation technique that can be used to reme-
diate area contaminated with herbicides. By increasing the venture of the microbial
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biomass, phytostimulation lowers the number of organic pollutants that are exuded
from the roots of plants. For detail please see the review of Laha et al. (2022).

12.3.5.8 Organic Matter

Arsenic mobility is a complex mixture of several components; organic matter has
varying effects on it depending on the variery of compost used, the degree of humi-
fication, and pH changes. Conversely, the use of organics reduces the amount of As
that is bioavailable in soils and plants, as research on sesame, wheat, maize, and
vegetables has shown.

12.3.5.9 Silicon (Si) Fertilization

Rice readily absorbs arsenite through the Si transport system, implying that increased
Si availableness can lessen arsenic transfer in the soil-rice system while increasing
grain yield.

12.3.5.10 Arsenic Sequestration by Fe (Iron) Plaque

Due to its great capacity to retain As, iron plaque generated on the surface of paddy
rice roots and those of other aquatic species resulting from rhizosphere oxygenation
may successfully minimize the amount of As that enters rice roots.

12.3.5.11 Water Management

The absorption of arsenic by rice can be significantly decreased under aerobic
circumstances, even by 80%, when compared to normal flood irrigation.

12.3.5.12 Phosphorus

A chemical homologue of arsenate, phosphorus (P), or more precisely, pentavalent
P, successfully fights with arsenate for binding sites in soils. Competitive anion

exchange after P treatment enhanced As bioavailability and plant accumulation.
(Hossain et al. 2009).
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12.3.5.13 Mycorrhiza

By preferring accumulating P over arsenic, the proper inoculates of arsenic-tolerant
mycorrhiza can be a valuable method to increase host tolerance and promote phytosta-
bilization. In an As-stress environment, using mycorrhizal inoculation, like, Glomus
mosseae increased plant P content by 50-200%.

12.3.5.14 Biochar and Iron Oxides

At a typical ambient pH, biochar with a moderately high cation exchange ability
constantly reveals adsorption aptitude toward metal cations but a negligible binding
capacity for arsenic species, regardless of the kind of feedstock and pyrolysis.
However, when amorphous Fe and biochar were added, most of the As bound to
Fe precipitated, significantly lowering the amount of arsenic (Wang and Ma 2015).

12.3.5.15 Indigenous-Resistant Species with Low Translocation Factor
(TF)

The finding that trace metals were put down mostly in wooded roots suggested that
native Populus and Salix could be utilized for photostability arsenic-damaged soils.
After two years of soil modification (soil blending, ploughing, etc.), 100% survival
of native Populus and Salix was achieved, albeit with 16-92% less tissue biomass
than the control (Saxena and Misra 2010).

12.3.5.16 To Mobilise Arsenic, Exudates from the Roots Are Employed

In the rhizosphere, it has been shown that bacteria and root exudates facilitate the
solubilization of arsenic. The P. vittata produces twice as much diffused organic
carbon (DOC) as the fern Nephrolepis exaltata, which does not hyperaccumulate.
In an As-contaminated soil, organic acids from root exudates mobilized As from
intractable As minerals (AIAsO4 and FeAsO4) three times or more than they did for
N. exaltata (Wang and Ma 2015).

Plants known as hyperaccumulators have the innate ability to hyper accumulate
or detoxify in different ways at the molecular, physiological, and biochemical levels.
(Lahaetal. 2022). Examples of As hyper-accumulators fern species are Pteris vittata,
Pteris longifolia etc. (Ali et al. 2013). The Arabidopsis thaliana, rice, and Indian
mustard are also known to accumulate a significant amount of arsenic (Pickering
et al. 2000).
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12.3.6 Phytobial Remediation

The goal of phytobiological remediation combines the utilization of microorganisms
and plants to prevent a number of specific types of contamination. The microbial
communities are the key factor of geochemical cycling. They support plant growth
and aid in the uptake of harmful heavy metals from the neighbouring ecosystems.
In addition to providing nutrients, the rhizosphere microbes (rhizobacteria) have a
mutualistic association with plants and help remove toxic metals. These rhizobacteria
could therefore be employed to bioremediate metal-contaminated shoreline areas
(Goswami et al. 2014; Martins et al. 2008).

12.3.7 Plant Growth-Promoting Endophytic Bacteria (PGPE)

Plant growth-promoting endophytic bacteria (PGPE) and plant growth-promoting
rhizospheric bacteria (PGPR) are two types of bacteria that exhibit PGPB features
(Afzal et al. 2020). Around the seed surface or plant root, PGPR is present, and
PGPE colonizes internal plant tissues (Bilal et al. 2018). The primary mechanisms
for the intricate growth promotion process by PGPR are changes in the host plant’s
physiology and the rhizosphere’s microbial stability (Verma et al. 2018). Naturally
resistant to high levels of heavy metal pollution, PGPB benefits both soil, and plants.
Through their interactions with plants, PGPB and other bacteria contribute to the
bioremediation of pollutants by modifying metal mobility and bioavailability and
enhancing plant productivity. PGPB can either be endophytic bacteria that colonize
inside the plants or free-living bacteria in symbiotic relationships with the plants. The
production of compounds such as siderophores, ACC-deaminase by PGPB enhances
plant growth in metal stress conditions (Santoyo et al. 2016).

Due to biofilm formation, the PGPB also contains (EPS), a large molecular
mass bacterial secretory derivative that can also serve as a hazardous metal(loid)
absorber. These comprise mucopolysaccharides, polysaccharides, lipids, proteins,
uronic acids, and humic compounds. In addition to phosphate, hydroxyl, and
polysaccharide groups, proteins include acetamido, amine, sulthydryl, carboxyl, and
phosphodiester groups, which give EPS a negative charge that encourages metal
sequestration (Mondal et al. 2021).

12.4 Conclusion and Future Scope

As pollution affects both plants and animals, including humans, it is a serious concern
worldwide. An effective way to address environmental arsenic contamination appears
to be by bioremediation of such a pervasive pollutant. Remediation has several advan-
tages, including low cost, little environmental harm, and environmental friendliness.
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Although recent research is required to assess how environmental factors affect inter-
actions between plant microbes in polluted soils, numerous publications confirm
that PGPB plays a critical role in promoting and increasing plant activity. To under-
stand the metal and plant-specified PGPB strains, it is requisite to conduct extensive
research on the specific genes and pathways essential for metal tolerance in PGPB.
Researchers may be better able to create circumstances and mixtures of hyperaccu-
mulator plants and PGPB for abolishing arsenic and boosting mitigation efforts if
they have a molecular understanding of phytobial remediation.
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Chapter 13 )
Arsenic Removal from Ground Water Grectie
by Neem Bio-adsorbents

Robeena Sarah, Nida Idrees, and Baby Tabassum

Abstract In recent decades, it has been discovered that the presence of Arsenic
in water bodies, particularly groundwater, has become a major problem. Arsenic
has severe effects on health even at low concentrations in drinking water, thus
advances for removing it from polluted water are crucial. For the treatment of
As-polluted water, conventional methods like reverse osmosis, ion exchange, and
electro-dialysis are often used; however, their use in less developed regions is
constrained by their high cost. The use of adsorbents derived from natural resources
has been reviewed as an alternative to the expensive procedures for the removal
of Arsenic. When it comes to eliminating arsenic from groundwater, Neem bio-
adsorbents have shown to be extremely effective and affordable. These adsorbents
have a very high arsenic removal capability. Thus, current study concentrates on
using bio-adsorbents to adsorb arsenic, which may be a useful approach for arsenic
removal from groundwater and mitigation.
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13.1 Introduction

Arsenic (As) is one of the most hazardous heavy metal found in nature. It has the
symbol As, the atomic number 33, and arelative atomic mass of 74.92. Arsenic, which
comes from the Greek word arsenikon, which means “potent,” has been employed as
a tonic and a poison since ancient times. Albertus Magnus, a German alchemist, was
the first to record itin 1250. It exists in two common allotropes i.e. yellow and metallic
grey. Yellow arsenic is soft and waxy, although the grey form has a metallic look, is
important to industry. Arsenic occurs in many mineral forms such as Arsenopyrite,
Orpiment, Realgar etc. mainly associated with sulfides and other metals. It is found
in organic forms like Methylarsonic acid and Dimethylarsinic acid etc. mainly in fish
and shellfish, but the inorganic forms occuring predominately are trivalent arsenite
and pentavalent arsenates and they are highly toxic. The trivalent arsenic form, on the
other hand, is shown to be more hazardous than the pentavalent arsenic form (Liao
et al. 2004). Arsenic can be released into the environment through natural processes
such as volcanic activity, weathering of rocks, and erosion. It can also be released
by human activities such as mining, agriculture, and industrial processes (Rabbani
and Fatmi 2019). One of the most common natural sources of arsenic is volcanic
activity. Arsenic is released into the atmosphere through volcanic eruptions and can
then be deposited on the Earth’s surface through ash fall. This ash can contain high
levels of arsenic, which can contaminate nearby water sources and soil. Another
natural source of arsenic is the weathering of rocks. As rocks weather, they release
minerals and elements into the surrounding environment. Arsenic can be one of these
elements found in soil, water, and air (Shukla et al. 2019). Erosion is also a natural
process that can release arsenic into the environment. As soil erodes, it carries high
levels of arsenic, which can then be deposited into rivers, lakes, and oceans. This can
lead to the contamination of water sources and can also contribute to the buildup of
arsenic in the soil. Arsenic can also be released into the environment through human
activities. Mining is one of the most significant sources of anthropogenic arsenic.
When mining for metals such as gold, copper, and lead, large amounts of arsenic
can be released into the environment, this can lead to the contamination of water
sources and soil and can also contribute to air pollution. Agriculture can also be a
source of arsenic. Arsenic is commonly used as a pesticide, and can also be found in
some fertilizers. When these products are used, they can release arsenic into the soil,
water, and air. This can lead to the contamination of water sources and soil and can
also contribute to air pollution (Sahu and Saha 2019). Industrial processes can also
release large amounts of arsenic into the environment. For example, burning fossil
fuels can release arsenic into the air. This can lead to air pollution and contribute
to the buildup of arsenic in soil and water. Arsenic and its derivatives are mostly
employed as an alloying agent for lead batteries, but it was also widely utilized as
pesticides, herbicides, and insecticides; however, these uses are decreasing (Sabina
etal. 2005). In some places of India, arsenic in drinking water is a major problem, and
itis emitted by both anthropogenic and natural mechanisms. Arsenic exposure at high
levels raises the likelihood of carcinogenic effects and is fatal. Arsenic’s toxicological
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effects are felt not only by humans, but also by aquatic life forms. The majority
of arsenic toxicity research is done in mammalian cells (Li et al. 2017). Arsenic
contamination in groundwater has become a major issue of concern worldwide since
a large population has been affected over the last two decades. The World Health
Organization (WHO) and the European Commission (EC) researched the deadly
effects of arsenic on the human body in 1993 and 2003, respectively, and changed
the maximum contamination limit (MCL) of arsenic in drinking water from 50 to
10 pg/L (WHO 1993). In recent days the levels of Arsenic has increased several folds
in the environment since it is used as a wood preservative, metal industry, thermal
power plant, defoliant as well as a pesticide. Arsenic was used as an insecticide,
but it was highly toxic since it leads to brain damage among the spray workers who
came into contact with the compound. Arsenic toxicity is affected by pH, which
is connected to its solubility. Regardless, arsenic is used as a feed additive since it
prevents diseases, improves feed efficiency and it increases weight gain in swine and
poultry production, thus promoting the growth of chicken. It is, however, essential to
note that inorganic arsenic is more harmful and toxic as compared to organic arsenic
compounds. The toxicity of Arsenic depends on several factors such as the valence
state, inorganic or organic form, and duration of exposure, exposure dose, age, sex
and species of the animal (Khan et al. 2016). There are quite several chemicals
that can be used for removing Arsenic in water, but so far, these chemicals are
not effective. Concerns are being raised about the risks and health hazards due to
arsenic contamination of water bodies. In the last two decades, the development of
effective technologies that can be used to eradicate arsenic from water has drawn a
lot of attention due to the deleterious and high toxic effects of arsenic. Precipitation,
coagulation, reverse osmosis, lime softening, ion exchange and adsorption are the
various physiochemical techniques that have been applied in an effort to remove
arsenic from the aqueous system. The most used technique among these techniques
is the adsorption because it is cost effective and effortless. Adsorption is a method
for removing chemicals from liquid or gaseous solutions by attracting the substances
to the surface of the solid. Solids are often used in commercial applications for
wastewater treatment and purification. Examples include synthetic materials (fibres,
resins, activated carbon, metal hydrides, membranes) (Seifert et al. 1993; Hering
etal. 1996) or natural materials (Lorenzen et al. 1995). However, compared to natural
materials, the creation of synthetic materials is more energy- and environmentally-
intensive, making them more expensive. There has been an increased tendency to use
bio-adsorbents or inactive biological materials among all types of adsorbents (Yeo
et al. 2021).
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13.2 Arsenic Poisoning

13.2.1 Causes, Ill-Effects and Treatment Methods

Arsenic is mostly found in groundwater and arsenic poisoning happens when
someone consumes dangerous levels of Arsenic. There are different sources of arsenic
exposure since it is found in land, water and air and it is widely distributed in these
environments (Fig. 13.1). The inorganic form of Arsenic can cause chronic arsenic
poisoning as a result of being exposed to it for a long duration since it is highly
toxic. Smoking tobacco, eating contaminated food, industrial processes, irrigation
and preserving food using water that is contaminated as well as drinking contami-
nated water expose people to inorganic arsenic in high levels that are highly toxic.
Chronic arsenic poisoning is known as Arsenicosis. Tobacco plant takes Arsenic that
is naturally present in the soil; thus, the natural mineral arsenic content of tobacco
is exposed to people who smoke tobacco. Also, if lead arsenate insecticide was used
to treat the tobacco then there is potential for elevated arsenic exposure. Besides,
Arsenic is used as ammunition, wood preservatives, metal adhesives, paper, textiles,
processing glass pigments, as well as an alloying agent in industries exposing humans
to arsenic poisoning (Li et al. 2017).

Additionally, Arsenic is used in pharmaceuticals in small quantities and pesticides
and as well as in the process of tanning hides. Cereals, dairy products, poultry, meat,
and fish are ingested by people, they can be sources of arsenic. Although the amount of
arsenic in this diet is significantly lower than that found in contaminated groundwater.
Arsenic levels in groundwater are present in several nations, including India, China,
Chile, Bangladesh, the United States of America, Mexico, and Argentina. India is the
world’s greatest consumer of groundwater. Arsenic contamination in groundwater
has been found in seven Indian states: West Bengal, Jharkhand, Bihar, Uttar Pradesh
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Fig. 13.1 Various routes of Arsenic contamination
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in the Ganga flood plain, Assam, Manipur, and Chhattisgarh. Arsenic pollution levels
in 20 districts of Uttar Pradesh are as high as 0.150 mg/1.

Various symptoms experienced due to arsenic poisoning can be chronic, imme-
diate, severe, or acute. Severe diarrhoea, confusion, headaches, drowsiness are some
of the signs that may be appeared within thirty minutes after a person swallows
arsenic. In case that a person has been exposed to Arsenic for an extended period,
fingernail pigmentation might change and the patient may experience convulsions.
There are various symptoms that are associated with severe arsenic poisoning
(Rasheed et al. 2017). These symptoms include; diarrhea, vomiting, excessive
sweating, seizures, stomach cramps, hair loss, cramping muscles, blood in urine,
problem in swallowing, excessive salivation, garlicky breath and a metallic taste in
the mouth. Long-term arsenic consumption also leads to some complications such
as digestive difficulties, diabetes, liver disease and cancer. Also, it can lead to some
complications in the nervous system, such as hearing problems and reduced sensation
in the limbs.

Arsenic poisoning can also happen in the workplace and workers in industries
that face a higher risk of the toxicity, should ensure they take proper safety measures.
Some of the industries where arsenic poisoning can happen include; industries that
use and produce some pesticides, wood treatment, smelting and glass production.
Arsenic may be absorbed into the skin during wood treatment industries and workers
may inhale coke emissions in the smelting industries. Besides, Arsenic is found in
rice, fish and poultry since Arsenic is in the antibiotics that are used in chicken feed.
The poisoning brings many adverse effects on our bodies, with women being the
most affected people. First of all, arsenic poisoning has been linked to an increased
risk of death, particularly when hazardous levels are exceeded. Toxic chemicals are
also thought to impair fertility in both men and women, according to Mukherjee and
Dasgupta (2018), who report spontaneously increased abortion rates, low birth rates,
and low weight of newly born kids.

Arsenic interferes with ATP synthesis in a number of ways. Lipoic acid, a cofactor
for pyruvate dehydrogenase, is inhibited by arsenic at the citric acid cycle level.
Arsenate also uncouples oxidative phosphorylation by competing with phosphate,
limiting energy-linked NAD+ reduction, mitochondrial respiration, and ATP gener-
ation. As a result, the production of hydrogen peroxide rises, potentially leading to
the development of reactive oxygen species and oxidative stress. Death occurs as a
result of multi-system organ failure caused by metabolic abnormalities (Hughes and
Michael 2002).

There are various treatment options, but the treatment to be used depends on
the stage and type of arsenic poisoning. Arsenic poisoning can be prevented in a
number of ways, which include; considering the depth of wells since the water is
likely to have less Arsenic if the well is deeper. Also, it is advisable for people to be
careful when harvesting rain water so that the water does not becomes contaminated.
It is also essential to chemically examine nearby water sources so that poisonous
sources of Arsenic can be identified. Treating drinking water can also be useful in
preventing arsenic poisoning. Installing arsenic removal systems and technologies
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that can help in reducing arsenic poisoning such as membrane techniques, adsorp-
tion, coagulation-precipitation, ion exchange and oxidation (Brahman et al. 2016).
Chelation therapy may be used whereby some chemicals such as dimercaprol and
dimercaptosuccinic acid are used to isolate arsenic from blood proteins. These tech-
niques can be quite useful in not only removing the arsenic but also in disposing
off the removed arsenic appropriately. Also, trying to achieve an optimum arsenic
concentration by blending high-arsenic water with low-arsenic water that is accept-
able is a technique that can be used to prevent arsenic poisoning. Rainwater can
be used as alternatives to groundwater. Additionally, measures should be taken to
reduce workplace exposure to arsenic industrial processes. Some of the measures
that can be taken include; monitoring early signs for arsenic poisoning in high-risk
populations as well as engaging and educating the community on the risks of high
arsenic exposure in order to ensure successful interventions (Matta and Gjyli 2016).

Adsorption and ion exchange fixed bed treatment systems are becoming more
and more common for the removal of arsenic in small scale treatment systems due to
their simplicity, ease of handling, regeneration capacity, and sludge-free operation
(Thirunavukkarasu et al. 2003). The creation of a more affordable cleanup tech-
nique is required, nonetheless, due to the high expense of existing procedures. The
biosorption approach has recently emerged as a new scientific field that may aid
in the recovery of heavy metals. The process of biosorption, which is particularly
helpful for removing pollutants from industrial effluents, uses cheap dead biomass
to sequester hazardous heavy metals (Kratchovil and Volesky 1998). According to
one of the early findings on biosorption, it is possible to remove even trace levels
of harmful heavy metals from industrial effluents at a very low cost by using acces-
sible biological materials. The ability of these materials to physically retain arsenic
ions or molecules is one of their common characteristics. In contrast to alternative
approaches employing synthetic membranes and materials requiring large chemical
dose, natural adsorbents have higher arsenic removal capacities, are reusable, and
have lower costs and environmental impacts (Maiti et al. 2008; Yazdani et al. 2016).

A novel method to get rid of heavy metals when they are present in small amounts
is based on the metal-sequestering capabilities of non-viable biomass (Volesky 1990).
A more contemporary alternative technology for eliminating contaminants from the
environment is Phytoremediation. Due to their natural ability to accumulate heavy
metals and breakdown organic molecules, plants are increasingly being used for
environmental remediation (Scott 1992; Kumar et al. 1995; Sandhu and Nelson
1980).

13.3 Examples of Arsenic Contamination

One of the most well-known examples of naturally occurring arsenic poisoning is
the case of Bangladesh. Millions of people are exposed to high levels of arsenic in
their drinking water due to the presence of the element in the groundwater. A study
by the World Health Organization (WHO) in 2000 estimated that up to 77 million
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people in Bangladesh were at risk of arsenic poisoning due to contaminated drinking
water. The study found that most of the wells in the country had arsenic levels above
the WHO guideline value of 10 pg/l.

The health effects of long-term exposure to arsenic in drinking water in
Bangladesh have been well documented. Studies have shown that people living in
areas with high levels of arsenic in their drinking water are at an increased risk of
developing skin lesions, cancer, and other health problems. A study published in the
British Medical Journal in 2002 found that people living in areas with high levels of
arsenic in their drinking water had an increased risk of developing skin lesions, lung
cancer, and bladder cancer (Smith 2020).

Another example of naturally occurring arsenic poisoning is the case of Chile.
Many people living in the Atacama Desert region are exposed to high levels of arsenic
in their drinking water due to the element in the soil and rocks. A study conducted
by the WHO in 2000 estimated that up to 2 million people in Chile were at risk of
arsenic poisoning due to contaminated drinking water (World Health Organization
2019).

The health effects of long-term exposure to arsenic in drinking water in Chile have
also been well documented. Studies have shown that people living in the Atacama
Desert region with high levels of arsenic in their drinking water are at an increased
risk of developing skin lesions, cancer, and other health problems. According to
TARC Working Group on the Evaluation of Carcinogenic Risks to Humans (2020),
people living in the region also had an increased risk of developing skin cancer.

Another example is the case of West Bengal and the neighbouring state of Bihar
in India. Like Bangladesh, arsenic in groundwater is a major concern here, where
exposure to high levels of arsenic in drinking water leads to skin lesions, cancer and
other health problems. According to Smith (2020) in West Bengal and Bihar, people
living in areas with high levels of arsenic in their drinking water had an increased
risk of developing skin cancer.

In Taiwan, a study published in the journal in 2000 found that people living
in areas with high levels of arsenic in the drinking water had an increased risk of
skin cancer (Shukla et al. 2019). In addition to these examples, several other cases
of naturally occurring arsenic poisoning in humans have been reported around the
world, including in Argentina, Mexico, and the United States.

13.4 Azadirachta Indica(Neem) as Bio-adsorbent of Arsenic

Neem Tree is one of the widely used trees, both medicinal and cosmetic purposes.
Neem, also known as Azadirachta indica A. Juss, has been used for over 2000 years
on the Indian subcontinent as one of the vital multipurpose medicinal plant with
a broad range of pharmacological activity. It is also well-known as Indian neem
(margosa tree) or Indian lilac and belongs to the Meliaceae family (Girish and
Shankara 2008).Compounds present in the neem tree have been known to have
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antioxidant, hypoglycemic, anticarcinogenic, antimicrobial, antimalarial, hepatopro-
tective, nephroprotective etc. properties (Chattopadhyay et al. 1993). It offers a lot of
potential in terms of pest control, medicine, and environmental preservation. Insec-
ticides, pesticides, and agrochemicals are all naturally found in neem, are safe for
the environment (Brahmachari 2004).

The discovery of the Neem tree as a bio-adsorbent began with a chance observa-
tion. In the early 2000s, a group of researchers were studying the medicinal properties
of the Neem tree when they noticed that it seemed to have a purifying effect on water.
They decided to investigate this further and conducted a series of experiments to test
the ability of the Neem tree to remove pollutants and contaminants from water (Sahu
and Saha 2019).

The first step in these experiments was to gather samples of Neem leaves, bark, and
seeds. These samples were then ground into a powder and added to water contami-
nated with various pollutants. The researchers then tested the water for the presence of
pollutants and contaminants. They found that the Neem powder effectively removed
pollutants and contaminants from the water, including heavy metals, pesticides, and
other toxic compounds.

This initial discovery was exciting, but the researchers wanted to understand
how the Neem tree could remove pollutants and contaminants from water. They
began to study the chemical composition of the Neem tree and found that it contains
several compounds that can adsorb pollutants and contaminants. These compounds
include tannins, flavonoids, and limonoids. Tannins are known for their ability to
bind with heavy metals, while flavonoids and limonoids have been shown to have
strong antioxidant properties (Shukla et al. 2019).

The researchers also found that the Neem tree has a high surface area-to-volume
ratio, which makes it an ideal bio-adsorbent. The high surface area-to-volume ratio
means a large amount of surface area is available for the pollutants and contaminants
to adhere to. This allows for a high adsorption capacity and makes the Neem tree an
efficient bio-adsorbent.

The researchers continued to study the Neem tree as a bio-adsorbent and conducted
several other experiments to test its effectiveness. They found that the Neem tree
could remove a wide range of pollutants and contaminants from water, including
heavy metals such as lead, cadmium, and zinc, as well as pesticides, herbicides, and
other toxic compounds (Srivastava 2019). They also found that the Neem tree could
remove pollutants and contaminants from water even at low concentrations, making
it an effective bio-adsorbent for water purification.

The discovery of the Neem tree as a bio-adsorbent has led to a new field of research.
It has the potential to have a significant impact on environmental protection and water
purification. The Neem tree is abundant, easy to grow, and can be found in many
parts of the world. This makes it a cost-effective and sustainable solution for water
purification. Additionally, the Neem tree is a renewable resource that can be grown
and harvested repeatedly, making it a more environmentally friendly option than
other bio-adsorbents.

The use of the Neem tree as a bio-adsorbent has also been studied for other
applications. For instance, it has been found that the Neem tree can also remove
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pollutants and contaminants from the air. This is due to the presence of volatile
compounds in the Neem tree that can adsorb pollutants and contaminants from the
air. This means that the Neem tree has the potential to be used in air purification
systems, which can help to improve air quality in urban areas and reduce the impact
of air pollution on human health.

The bark of the Neem tree contains compounds such as limonoids and nimbinoids,
which have been found to have antimicrobial and anti-inflammatory properties. In
addition, the bark is rich in tannins, which are known for their ability to remove heavy
metals from water. Studies have shown that the bark of the Neem tree can effectively
remove high levels of arsenic from contaminated water, making it a promising bio-
adsorbent for treating arsenic-contaminated groundwater.

The Neem tree leaves are also rich in compounds that can be used as bio-adsorbents
for cleaning arsenic from groundwater. The leaves contain high flavonoids and
tannins, effectively removing heavy metals from water. Studies have shown that
Neem leaves can remove up to 80% of arsenic from contaminated water, making
them a valuable tool for cleaning contaminated groundwater (Bhakta and Ali 2019).

The roots of the Neem tree are also rich in compounds that can be used as bio-
adsorbents for cleaning arsenic from groundwater. The roots contain high levels of
flavonoids and tannins, which have been found to be effective at removing heavy
metals from water. Studies have shown that Neem roots can remove up to 90%
of arsenic from contaminated water, making them a valuable tool for cleaning
contaminated groundwater (Srivastava 2019).

The Neem tree flowers also contain compounds that can be used as bio-adsorbents
for cleaning arsenic from groundwater. The flowers contain high levels of flavonoids
and tannins, which have been found to be effective at removing heavy metals from
water. Studies have shown that Neem flowers can remove up to 70% of arsenic
from contaminated water, making them a valuable tool for cleaning contaminated
groundwater (Rabbani and Fatmi 2019).

Overall, the various parts of the Neem tree are effective bio-adsorbents for cleaning
arsenic from groundwater. The bark, leaves, roots, and flowers of the Neem tree all
contain compounds that can effectively remove high levels of arsenic from contam-
inated water. These compounds, such as flavonoids and tannins, work by binding to
the arsenic ions and removing them from the water.

Another important aspect of using Neem as a bio-adsorbent is that it is a cost-
effective and sustainable solution. Unlike traditional methods of cleaning contami-
nated water, such as chemical treatment or reverse osmosis, bio-adsorbents like Neem
do not require expensive chemicals or energy-intensive processes (Ahuja 2018).
Instead, Neem can be grown and harvested locally, reducing the treatment’s overall
cost and environmental impact.

In addition to cleaning arsenic from groundwater, Neem has also been effectively
removing other heavy metals from water, such as lead, cadmium, and mercury. This
makes it a versatile bio-adsorbent that can be used for a wide range of water treatment
applications.

Another advantage of using Neem as a bio-adsorbent is that it is non-toxic and
safe for human consumption. Unlike chemical treatment methods, Neem does not
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introduce harmful chemicals into the water, making it safe for drinking and irrigation
(Haque 2019).

Sultana (2018) observed the role of Azadirachta indica (Neem) dried bark powder
for elimination of heavy metal ions from synthetic wastewater. This biosorbent have
drawn much attention due to its low cost and also due to its availability all over the
world. According to Adeyinka et al. (2007) neem leaves were dried 3 days, cleansed
with distilled water, then neem leaves were allowed to air dry. The grinding mill was
used to grind the leaves. The sieved powdered neem leaves included particles that
ranged in size from 0.25 to 0.5 mm. The purpose of doing this was to enable a shorter
diffusion path, allowing the adsorbate (Neem leaves) to enter the effluent deeper and
more quickly, increasing the rate of adsorption. Ni** ions were effectively removed
from the synthetic waste water by the grounded neem leaves. The biomaterial neem
leaves is effective at removing some heavy metals from industrial wastewater. An
effective dose of 1.0 g of bio-adsorbent (Neem leaves) resulted in a removal of Ni**
ions of 68.75%. This method can be used successfully to remove heavy metals from
industrial wastewater. Carbonyl, hydroxyl, and amino groups in neem leaveswhich
contain lone pairs of electrons may be useful for binding heavy metal ions and
therefore, are necessary for the biosorption of cationic contaminants in solution.
On the basis of this, the potential of this widely accessible agricultural leaf to treat
industrial effluents containing these metal ions was examined (Babarinde 2011).

Furthermore, Neem biomass, a blend of neem leaves and bark, was chosen as a
bio-adsorbent to remove the lead metal ion (Pb?*) from aqueous solutions because
it is inexpensive and environmentally acceptable. A relatively simple method was
used to create a neem biomass-based bio-adsorbent with a carboxylic group through
activation employing chemical modification with citric acid and NaOH. At 0.9 g/L.
bio-adsorbent dosage, 50 min of contact duration, pH 6, and initial metal ion concen-
tration of 100 mg/L, the maximum removal of Pb>* ion (97.29%) was observed. The
conclusion is that the neem bio-adsorbent can be used as a reliable and affordable
substitute for treating wastewater that contains lead(Il) ions in water (Hatiya et al.
2022). Moreover, Neem is useful in water purification since it kills harmful germs
and makes water safe to drink for aquatic animals and humans.

13.5 Advantages of Using the Neem Tree
as a Bio-adsorbent of Arsenic

Arsenic is a highly toxic element that can cause serious health problems if ingested
or inhaled. One way to reduce people’s exposure to arsenic is to use the Neem tree
as a bio-adsorbent to remove it from contaminated soil or water. Here are the main
advantages of using a bio-adsorbent like the Neem tree for removing arsenic from
contaminated water and soil:

e Neem is effective against a wide range of heavy metals, including arsenic.
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e Removing arsenic from the environment using Neem will not produce any harmful
waste in the process.

e Neem has a long shelf life and does not easily degrade when exposed to light and
heat. This greatly increases the lifespan of the product and reduces production
costs.

e Neem can absorb heavy metals from water or soil without breaking down. This
makes it a highly sustainable product that can remove heavy metals from many
different sources. A study found that Neem could remove more than 90% of the
arsenic from a water sample contaminated with the metal. This means it is very
efficient at absorbing and removing metal from water and soil.

e Neem is a cost-effective solution for removing arsenic from contaminated soil or
water. It is areadily available plant that can be easily grown and harvested, making
it a cost-effective solution compared to other methods of removing arsenic.

e Neem can also be used in phytoremediation projects to remove environmental
pollutants. This means that people can use it to remove arsenic from contaminated
areas, making it a sustainable and natural method of removing environmental
pollutants.

e Neem also has medicinal properties, making it a valuable plant for multiple
uses. Medical practitioners can use it for medicinal purposes and for removing
pollutants from the environment at the same time.

e Using Neem as a bio-adsorbent can significantly impact human health by reducing
the presence of this toxic element in soil and water. This can help to prevent
exposure to arsenic, which can cause serious health problems such as cancer, skin
lesions, and neurological damage.

13.6 Limitations of the Neem Tree as a Bio-adsorbent

Despite the promising results of using Neem as a bio-adsorbent for cleaning arsenic
from groundwater, there are still some limitations to the technology. The efficiency
of the Neem tree as a bio-adsorbent for arsenic can vary depending on the specific
conditions of the water source. For example, the presence of other contaminants
in the water can negatively impact the effectiveness of the Neem tree in removing
arsenic. Additionally, the pH level and temperature of the water can also affect the
bio-adsorption process.

Another limitation of using the Neem tree as a bio-adsorbent is the cost of
obtaining and preparing the Neem tree biomass. Harvesting, drying and grinding
the Neem leaves can be time-consuming, making it less practical as a widespread
solution for arsenic contamination.

Another limitation of the Neem tree is the availability of the tree in the area where
it is needed. The Neem tree is native to the Indian subcontinent and is not found
in other areas of the world, so it is not always an option for cleaning arsenic from
groundwater in other regions.
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Furthermore, the efficiency of the Neem tree as a bio-adsorbent for arsenic also
depends on the tree’s specific strain. Different strains of the Neem tree can have
varying levels of effectiveness in removing arsenic from water, making it difficult to
predict the outcome of using the tree as a bio-adsorbent.

In addition, there is a limit to the amount of arsenic the Neem tree can remove.
After a certain point, the tree becomes saturated with the contaminant and can no
longer effectively remove it from the water. This means the tree needs to be replaced
or regenerated before it can be used again, adding to the cost and effort required.

Finally, it is important to note that while the Neem tree can effectively remove
arsenic from water, there are more solutions for addressing arsenic contamination
in groundwater. The tree can only remove a certain amount of the contaminant, and
additional methods, such as filtration and reverse osmosis, may be necessary to clean
the water fully.

13.7 Technological Replication of the Chemical
Components of the Neem Tree

There are several ways in which scientists can replicate the properties of the Neem
tree to remove arsenic from groundwater. One of the most promising methods is to use
biochar, which is a type of charcoal that is produced from biomass. Biochar is known
to have chelating properties similar to those of the Neem tree, and people can use it to
remove heavy metals and other toxins from water. Scientists can make biochar from
various types of biomass, including wood, straw, and other plant materials. Once the
biochar is made, people can add it to groundwater to remove the arsenic.

Another method that scientists can use to replicate the Neem tree’s properties is
nanotechnology. Nanotechnology is the study of materials at the nanoscale, and it
can be used to create materials that have properties similar to those of the Neem tree.
For example, researchers have been working on developing nanoparticles that can
be used to remove heavy metals and other toxins from water. These nanoparticles
can be made from various materials, including metal oxides and other compounds.
Once added to the water, they can bind to the arsenic and remove it from the water
(Sahu and Saha 2019).

In addition to biochar and nanotechnology, other methods that can be used to repli-
cate the properties of the Neem tree include using absorbents and ion exchange resins.
Absorbents are materials that can be used to remove pollutants from water by binding
to them. They can be made from various materials, including clay, zeolites, and acti-
vated carbon. Ion exchange resins are also used to remove pollutants from water by
binding them. They can be made from various materials, including polystyrene and
polystyrene crosslinked with divinylbenzene.
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13.8 Conclusion

Natural adsorbents are effective because they are inexpensive and have good adsorp-
tion and desorption properties. Due to their natural ability to accumulate heavy metals
and breakdown organic molecules, plants are increasingly being used for environ-
mental remediation. As an adsorbent, they assist in developing technology that is
efficient for all types of water polluted from arsenic. Additionally, more studies
should be carried out utilizing actual polluted natural water to assess the effective-
ness of natural adsorbent in actual circumstances. In the conclusion, neem adsorbents
appear to offer a highly affordable and practical solution for the efficient removal of
arsenic from groundwater.
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Chapter 14 ®)
Utilizing Various Potentials e
for Phytoremediation of Arsenic
Contamination—A Feasible Perspective

Rahul Kumar Gupta@®, Ruchi Bharti®, Biswajit Pramanik ®,
Buddhadeb Duary®, Kalipada Pramanik @, and Sandip Debnath

Abstract Arsenic (As) is a heavy metal having atomic number 33 with both metallic
and nonmetallic properties. Typically, the range of its concentrations in unpolluted
soil is between 0.2 and 40 ppm, however they have been shown to go as high
as 2500 ppm in contaminated soils. Being a poisonous heavy metal, arsenic has
contaminated the groundwater in over 75 nations, exposing more than 160 million
people, particularly those living in rural areas, to it. This element can be found in
the ecosystem having a range of oxidation states, with Arsenic III being much more
dangerous than Arsenic V. As a byproduct of agricultural and industrial activities,
it is a contaminant found in drinking water, natural soil, and other environmental
sources. The buildup of arsenic in the soil is a severe concern to human health
since it does not degrade like organic compounds. Most traditional restorative proce-
dures are costlier and damage soil’s natural characteristics, making them unsuitable
for plant growth. One of the most efficient and affordable cleanup methods ever
devised is phytoremediation. In order to characterise phytoremediation systems and
address performance issues, many mathematical techniques have been used. Arsenic
contamination was much reduced because to the carefully considered and organised
application of numerous naturally occurring microphytes, macrophytes, blooming
plants, and other well-known plants The ability and methods of the arsenic uptake
by duckweeds, hydrilla; water spinach, ferns, cabbage, hyacinth and watercress have
been examined in order to assess their potential in phytoremediation technology. In
total, 54 cultivable rhizobacteria and 41 root endophytes, mostly belonging to the
phylum of Actinobacteria, Bacteroidetes, Proteobacteria and Firmicutes were iden-
tified and characterized in order to assess their potential for accumulating metals in

R. K. Gupta - R. Bharti (<) - B. Duary - K. Pramanik

Department of Agronomy, Palli Siksha Bhavana (Institute of Agriculture), Visva-Bharati
Sriniketan, Bolpur, West Bengal 731236, India

e-mail: ruchibharti73 @gmail.com

B. Pramanik - S. Debnath (<)

Department of Genetics and Plant Breeding, Palli Siksha Bhavana (Institute of Agriculture),
Visva-Bharati Sriniketan, Bolpur, West Bengal 731236, India

e-mail: sandip.debnath@visva-bharati.ac.in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 277
N. Kumar and S. Kumar (eds.), Arsenic Toxicity Remediation: Biotechnological

Approaches, Environmental Science and Engineering,
https://doi.org/10.1007/978-3-031-37561-3_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37561-3_14&domain=pdf
https://orcid.org/0000-0003-0951-4158
http://orcid.org/0000-0002-9762-8173
http://orcid.org/0000-0002-6016-8935
http://orcid.org/0000-0003-1362-4579
http://orcid.org/0000-0002-1894-171X
http://orcid.org/0000-0002-0234-6633
mailto:ruchibharti73@gmail.com
mailto:sandip.debnath@visva-bharati.ac.in
https://doi.org/10.1007/978-3-031-37561-3_14

278 R. K. Gupta et al.

plants. These traits included the ability to promote plant growth, metal chelation,
and/or reduce heavy metal stress. The rate along with depth of contaminant uptake
from the soil, concentration in the plant cell, and the extent of contaminant transfor-
mation to ordinary cell metabolites can all be used to estimate the plant’s capacity
for detoxification.

Keywords Arsenic * Bacteria - Contaminated + Heavy metal - Phytoremediation

14.1 Introduction

Large-scale land contamination has resulted from rising industrialization and rapid
urbanization. In terms of pollutants, heavy metals are viewed as posing the greatest
menace to the environment and human health (Rajoo et al. 2013). Due to human
activities, heavy metals can contaminate the ecosystem. Heavy metal contamination
is frequently caused by mining, the manufacturing of fuel, fertilizers used in agricul-
ture, and vehicle emissions (Amin et al. 2013). Heavy metal emissions have peaked
at 22,000 metric tonnes per year for Cd, 939,000 for Cu, 135,000 for Zn, and 738,000
for Pb over the past few decennium (Ahmadpour et al. 2012). Arsenic has an atomic
weight of 74.9216, specific gravity of 5.73, melting point of 817 °C (28 atm), and
sublimes at 613 °C, having a silver-grey colour, brittle and crystalline solid that is
denoted by the symbol As. It is the 20th most common element in the crust of the
earth and a notoriously hazardous metalloid that may be found in different allotropic
colours like yellow, black, and grey. It is a pervasive metalloid with an acceptable
standard content of 2 mg kg~! that can be found in all natural media in very low
concentrations. It has been introduced to soils in a variety of manner, including about
41% from commercialized refuses, 23% from residues of coal combustion, 14% from
atmospheric pollution, 10% from minings, 7% from refineries, 3% from agricultural
activities, and 2% from constructions, urbanization and forestland wastes. These
collectively discharge beyond a range of 82 x 10° kg of arsenic into soil each year
(Matera and Le Hecho 2001).

Arsenic is the deadliest substance that has had a greater impact on human history
than any other, earning it the label of “the king of poison”. This metal exists in both
organic and inorganic forms having four different oxidation states (— 3, 0, + 3, and
+ 5). In contrast to the inorganic form of arsenic, which often takes the form of
unadulterated metallic forms that are typically linked with non-carbon elements, the
organic form of arsenic relates to carbon bases and primarily contains covalently
bound arsenic atoms. Arsenic’s toxicity is greatly dependent on the chemical state to
which the organism is subjected; therefore, its speciation is of great interest. When
compared to organic arsenic (Arsenate + 5), inorganic arsenic (Arsenite + 3) is
more toxic (Chatterjee et al. 2011). This is mostly because the latter is more soluble.
Dimethylarsinic acid (DMAA) and monomethylarsonic acid (MMAA) derivative
forms are toxic to a greater degree than their parent compounds (Petrick et al. 2000).
Being a poisonous heavy metal, arsenic has contaminated the groundwater in over
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75 nations, exposing more than 160 million people, particularly those living in rural
areas, to it (Debnath et al. 2016; Seth et al. 2020). Metal-contaminated soil, especially
arsenic, is a concern to global environmental ecosystems and human health (Debnath
et al. 2017). The WHO’s interim recommended limit of 10 g L™! for arsenic was
reportedly exceeded by at least 140 million people in 50 different nations. (Raven-
scroft et al. 2009). Up to 3 million contaminated sites, many of which contain As,
may exist in the European Union, with 250,000 of those in need of immediate remedi-
ation (EEA 2007).There are several health risks associated with arsenic exposure for
humans. Long-term exposure to skin lesions caused by low concentrations of chem-
icals, bladder, prostrate and lung cancer, as well as neurological and cardiovascular
conditions. Arsenic affects negatively at large concentrations by inhibiting critical
functional groups, detaching other metallic ions, or altering biological molecules
(Mahimairaja et al. 2005). According to results from the motor-free visual percep-
tion test (MVPT) (Siripitayakunkit et al. 2001) and the visual-motor integration test
(VMIT), children who drank water with high arsenic levels experienced changes in
their visual perception but not in their ability to integrate their visual-motor skills.
Melanoma, keratosis, basal cell cancer, and squamous cell carcinoma are all symp-
toms of long-term arsenic consumption. Melanosis and keratosis are both structural
indicators of chronic arsenic exposure. Workers in industrial facilities and those
connected to the industries associated with arsenic-containing insecticides, chem-
icals, and metal smelting, researchers have reported an association between lung
cancer and arsenic. Carcinogenesis has been demonstrated in the trivalent (As 111)
form of inorganic arsenic (Arsenic WHO 1981).

The term “phytoremediation” is a mixture of Greek words: “Phyto,” that refers
to a plant, and “remedium,” means to remove or correct. Phytoremediation of heavy
metals refers to the process of removing heavy metals using microorganisms or
plants. It can also be used to remove organic contaminants. Chany first proposed the
concept of phytoremediation in 1983, and study on the topic persisted beyond 1990.
By adding necessary organic matter and absorbing metal contaminants from the soil,
plants naturally improve the fertility of the soil. The planting also prevents erosion and
metal leaching. There are several ways to remove metal, however phytoremediation
is the most affordable method ever used. Large agricultural areas can be covered
with little investment and operating expense. Phytoremediation is sometimes known
as “green clean” among the public because it is less dangerous than using other
chemicals (Badr et al. 2012). The usage of plants species for decontamination and
resulting improvement in quality of soil is known as phytoremediation. It is currently
a promising approach. Hyperaccumulator plants are those that take many harmful
metals from the soil topography and conserve them in various tissues. As a non-toxic
substitute for the currently used physical and chemical remediation techniques, this
method continues to receive critical acclaims.
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14.2 Phytoremediation of Arsenic in Contaminated Soil

Metal phytoremediation, commonly cited as “phytoextraction,” includes a range of
procedures by which plants can remove, retain, and transfer the contaminants from
the soil and water. There are already more than 450 known metallophytes, and most of
them exclusively acquire one particular metal (Shah and Nongkynrih 2007). These
plants have created methods by which such metals are combined into complexes,
then transported into and stored in the vacuole in order to ascertain the concentration
of potentially hazardous metals (Shah and Nongkynrih 2007).
The following summarizes the main phytoremediation techniques:

14.2.1 Phyto-Desalination

Halophytic plants are used in inland areas with high salt concentrations in this method
of phyto-desalination. These plants are efficient in removing salts from soil. When
used on 1 ha of saline soil Suaeda maritima and Sesuvium portulacastrum can extract
504 and 474 kg of sodium chloride (NaCl) respectively, in a span of four months
(Kuang et al. 2004).

14.2.2 Rhizo-Degradation

Rhizo-degradation is the term for the decomposition of organic additives by microbes
in the root zone region. Rhizosphere region refers to the I mm region surrounding a
plant’s roots. Plants secrete substances including flavonoids, sugars, and amino acids
that promotes micro-organisms activity for the breakdown of organic contaminants.
Plants themselves also release enzymes that degrade organic contaminants found in
the soil, which helps to increase microbial activity against them.

14.2.3 Phytodegradation

The enzymes that plants produce to decompose the organic materials in the soil
include oxygenase and dehalogenase. This process is known as phytodegradation.
Plants are sometimes referred to as the “green liver” of the environment. Because
heavy metals are not biodegradable, they are excluded in this section and contains
the majority of insecticides.
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14.2.4 Phytovolatilization

Itis a process by which pollutants are lifted up by plants from the soil, converted into
vapour, and then disseminated into the atmosphere. This approach primarily removes
volatile organic pollutants and volatile heavy metal pollutants such as Mercury
and Selenium. However, because pollutants are not totally eliminated (transform
completely into benign compounds), they are redeposited from the atmosphere to
the soil, making it the most contentious phytoremediation technology (Sakakibara
et al. 2010). This process involves compounds of arsenic which are methylated and
volatile (Frankenberger and Arshad 2002; US EPA 2002).

14.2.5 Phyto-Stabilization

Phytostabilization refers to the suppression of certain contaminants’ bioavailability
or mobility by plants. It is a very efficient technology because it prevents heavy
metal ions or other organic contaminants from entering the food web or ground water.
Through root absorption, accumulation, or precipitation inside the rhizosphere, plants
are utilised to immobilise and physically stabilise pollutants inside the groundwater
and soil during the phytostabilization process. Through this procedure, the contam-
inant’s mobility is decreased and considerable erosion or movement of toxins in the
water table and atmosphere is prevented. The main drawback of this method is that
heavy metals cannot be stopped from moving from one level (biological to abiotic)
to the other because they are still in the biota stage, even though it is preferable to
prevent their migration (Sakakibara et al. 2010). Bottle sedge (C. rostrata), common
reed (P. australis), Salix and Cottongrass (Eriophorum) were all cited by Stoltz and
Greger (2006) as being ideal for stabilising and immobilising contaminants in mine
tailings.

14.2.6 Phyto-Filtration

Phyto-filtration is the process of employing plants to filter harmful contaminants out
of surface or groundwater. Caulo-filtration, blasto-filtration, or rhizo-filtration are
three main techniques that use, respectively, plant shoots, seedlings, and roots. As
pollutants are absorbed by the plants during phyto-filtration, the movement of the
pollutants is limited (Sakakibara et al. 2010).



282 R. K. Gupta et al.

14.2.7 Phytoextraction

The methods used by hyperaccumulators plants to transfer metal pollutants from
soil to the plant biomass are also referred as phytoaccumulation or phytomining.
The biomass lying aboveground is subsequently reaped to remove contaminants.
Bioconcentration is the primary method employed in procedures of phytoextraction.
Pollutants are transported from lower to higher biomass through a very efficient
metabolic process (Ali et al. 2012) Plants called accumulators and hyperaccumula-
tors are employed in this method. Plants known, as “shot accumulators” are those that
have higher shoot arsenic concentrations than the removable portion of arsenic, which
is water-solublized, in an arsenic-contaminated media (e.g., Eriophorum angusti-
folium). C. rostrata, Salix phylicifolia, P. australis and Salix borealis are instances
of root-accumulator plants that have higher content in the root tissues. They also
mentioned a plant species, which is a “low-accumulator” and has an intermediate
concentration of contaminants in its tissues. P. vittata and P. calomelanos are two
arsenic hyperaccumulators that may absorb in excess of 2000 mg kg~! DM (Gonzaga
et al. 20006).

14.3 Mechanism of Phytoremediation

Organic carbon-based contaminants that are prevalent in the soil can be released
through a variety of processes. It is necessary to degrade the chemical into a non-
toxic component in order to remove such contaminants (Meagher 2000). Active
transport, which involves particular transporters such carrier proteins, is how the
plants absorb the chemicals into their roots (Mokgalaka-Matlala et al. 2008). The
“xenobiotic” organic pollutants evolved are human-made with no transportation for
their uptake in the biological system are absorbed via diffusion to the extent that their
hydrophilic or hydrophobic nature permits (Tu and Ma 2002). There are considerable
variances in the uptake by plant species in both shoots and roots according to the type
of substances that organic pollutants take up in plant tissues. In contrast to organic
pollutants, inorganic contaminants are mineral-based (Bolan et al. 2014). Inorganic
pollutants can be totally separated from the ecosystem and transferred, changed into
form that is less hazardous, or “stabilized” but are typically not broken down into
basic forms. The capability of plants to withstand and accumulate large amount
of these toxins is crucial in the phytoremediation process, where they can be used
to acquire inorganic chemicals from the soil. Arsenic and other heavy metals can
only be converted from one oxidized form to another (Garbisu and Alkorta 2001).
Researchers have evaluated bacteria that metabolize As and found that As (IIT) can be
remedied by being oxidized as a contaminant. The most efficient tool for recovering
soil poisoned with arsenic may be phytoremediation (Oremland and Stolz 2003).
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14.3.1 Plants’ Defence Mechanisms Against the Soil’s
Metallic Environment

Sites that have been polluted by heavy metals can be cleaned up using phytoreme-
diation, which makes use of plants’ abilities to absorb and reject metals (Schnoor
2002). According to the methods that plants used to grow on metal-contaminated
soils. Baker and Walker (1990) divided plants into three basic groups, according
to their ability to grow in contaminated soil: indicators, excluders and accumula-
tors (Prasad 2008). These groups have also demonstrated four distinct conceptual
approaches to the relationship between the accumulation of trace elements in plant
crops and the escalating levels of total metalloids in the soil.

14.3.1.1 Excluders

Arsenic uptake and transport to the shoots are restricted by arsenic excluders. In
contrast to a variable content of arsenic in the soil solution, they may arrest or main-
tain a lesser, static arsenic content in shoots. They either change arsenic category
by repositing metals in plant sections that are non-sensitive, as in the case of Bidens
pilosa, or they produce intracellular metal binding molecules to withstand the level
of metals present (chelators) (Sun et al. 2009). These plants keep significant concen-
tration of heavy metals in the root zone and stop it from moving to the aboveground
sections. Therefore, these plants’ shoots have a relatively low metal concentration.
Their capacity for metal extraction is constrained.

14.3.1.2 Indicators

Metal accumulation in plants is inversely correlated with soil metal concentration. If
these plants keep absorbing heavy metals, they will eventually die. They are conse-
quently regarded as metal indicators and play a crucial role in ecology by serving
as a reflection of pollution. Due to this, they are also utilised in mining. Indicator
plants often reflect metal levels in the soil and can actively absorb trace metals in
their aerial tissues. The concentrations of elements in indicators reflect the concen-
trations externally. Azolla caroliniana, Lemna minor, Ranunculus trichophyllus, and
Ranunculus peltatus are examples of species that could be used as arsenic indicators
(Baker 1981).

14.3.1.3 Accumulators

According to Prasad (2008), accumulation plants take up and move arsenic to the
shoots without displaying poisonous symptoms. These plants have enormous poten-
tial for metal extraction. In actuality, they store more metal ions in their aerial tissues
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than are found in the soil. Bioaccumulation is a term that describes the accumulation.
There have been references to “root accumulators,” such as Carex rostrata, Erio-
phorum angustifolium, and Salix sp., which have roots with higher concentrations
of arsenic than shoots (Stoltz and Greger 2006). An extreme kind of accumulators
are hyperaccumulator plants (Brooks et al. 1977). Chinese brake fern plant (Pteris
vittata), is among one of the example of how they may absorb and concentrate toxic
arsenic up to a level of 1000 mg kg~! DM and accumulate an excess of 2.3% arsenic
in above-ground biomass.

14.3.2 Arsenic Hyper-Accumulators

According to reports, a few of plants hyper-accumulate arsenic, causing their shoots
to have an exceptionally high content of 23,000 g arsenic g~'. Pteris vittala L., a
Chinese brake fern, is the first ever known arsenic hyper-accumulator (Ma et al.
2001). The process aggregation of arsenic in brake fern was studied, and the results
were helpful in advancing phytoremediation efforts. This paper spurred a surge in
similar studies. A distinct method is used by P. viftata to absorb arsenate and arsenite
(Wang et al. 2010). Arsenic phytoremediation can also be done using a variety of
plants, including Mimosa pudica, Pityrogramma calomelanos, and many others. P.
calomelanos accumulates a significant amount of the metal in the foliage but very
little in the roots (Visoottiviseth et al. 2002). Indian mustard (Brassica juncea), and
Sunflower (Helianthus annuus) are utilized as hyper-accumulators due to their more
biomass and endurance to metals and other inorganic substances (Ebbs et al. 2009).

14.3.3 Hpyperaccumulation (Phytoextraction): The Basis
of Most Effective Phytoremediation Technology

Hyperaccumulators are plants species that display an exceptional potential to accu-
mulate metals or that accumulate metals in high concentrations in their aerial parts.
They demonstrate a metal tolerance trait. A more accurate definition would be that
they are plants that accumulate metals at a level that is 100 times more than that
of common plants or non-accumulators (Lasat 2000). The term “hyperaccumulator”
refers to a group of about 500 species of plants from 45 plant families that have
varying levels of bioaccumulation potential. Various elements, including species,
the type of heavy metal, the quantity of organic matter in the soil, the pH, the cation
exchange capacity, etc., may affect the hyperaccumulation in plants. One metal can be
hyperaccumulated by some species, while multiple metals can be hyperaccumulated
by others (Lasat 2000).
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The finest phytoremediation technology, phytoextraction, has been studied in a
large body of literature, but there are still many unanswered concerns that keep ecol-
ogists from feeling satisfied. At the completion of the procedure, a heavy biomass
high in toxic wastes is created; however, since it is a hazardous waste, it cannot be
disposed of in this manner. It becomes imperative to process it further using tech-
niques like pyrolysis, compaction, composting, and then incineration, direct disposal,
ashing, and liquid extraction, among other things (Sas-Nowosielska et al. 2004). To
maximise the value of the input cost, this stage is essential.

14.3.4 Assessment of a Plant’s Phytoextraction Capacity

Four indicators can be used primarily to identify a plant’s phytoextraction capacity
(Masarovicova and Kraova 2012):

Accumulating capacity: Critical threshold estimates of metal concentrations, such
as 10 mg g~! (DW) in shoots for Zn, have been used to identify plants as
hyperaccumulators (Salt et al. 1995).

BF Index or the bioaccumulation factor: It can be described as the proportion
of soil to shoot tissue metal concentration. Metal bioconcentration values in non-
accumulator plants are frequently < 1 (Masarovicova and Kraova 2012).

Translocation factor (TF index): It refers to proportion between the heavy metal
content in shoots and roots. In order for a phytoextraction to be successful, it must
be higher than 1.0 (Mikus et al. 2005).

Tolerance capability: Under certain toxic concentrations, hyperaccumulators have
such high tolerance to heavy metals that they do not even exhibit apparent indications
(Sun et al. 2009).

In comparison to plants that produce less biomass, a high biomass generating plant
is anticipated to agglomerate more metals. Therefore, if a crop has a bioaccumulation
factor value of 10, it is recommended to utilize a plant with a biomass of 20 t ha=!.
Even if it produces 10 t of biomass ha~!, a plant species with a value of 20 of the
same may be produced for clean-up (Peuke and Rennenberg 2005).

14.3.5 Metal Detoxifying Mechanisms in Hyperaccumulators

Plant species that agglomerate hazardous metals at increasing concentrations go
through two key processes to mitigate their effects: first, the toxic metals are
complexed with organic substances, or bound to them, and second, they are
compartmentalized within in the cellular vacuoles.

The various mechanisms of complexation with several elements and groups are
provided below:
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1. Complexation with amino acids having SH groups: Some amino acids,
including glutathione and histidine, have functional SH groups that bind to heavy
metals in the cytoplasm when they are free and render them inert. Particular
examples of this kind of mechanism are Nickel-binding (Kramer 2010).

2. Complexation with Organic acids: In the soil, the roots of some plant species
release carboxylic acids including citrate, oxaloacetate and malate that have a
propensity to attach to heavy metals owing to their carboxylic acid groups and
render them non-functional. To stop subsequent metal uptake by plants, heavy
metal ions can also be attached to them through the apoplasm of roots. The pH
of soils is thought to be altered by organic acid exudation, which has an impact
on how readily plants may absorb heavy metals (Alford et al. 2010).

3. Binding with Phytic acid: Zinc’s proposed/cited method of action involves
binding with, a molecule that stores phosphate in 7. caerulescens i.e. phytic
acid (Jain 2007).

4. Metallothioneins: These are recently discovered cysteine-rich tiny proteins
found in plants. The thiol group (SH-groups) from residues of cysteine, which
make up almost 30% of its constituent amino acid residues, allows them to bind
heavy metals (Sigel and Sigel 2009).

5. Binding to phytochelatins: A class of thiol-SH rich peptides known as
phytochelatins is thought to transport hazardous metallic ion from the cytoplasm
to the cellular vacuole (Hall 2002). It is acclaimed that phytochelatins chelate
Cd for further decontamination (Cobbett 2000).

14.3.6 Criteria for Choosing Plants for a Phytoremediation
Strategy

It is crucial to make the appropriate choice when choosing plants in order to use
the phytoremediation technology to achieve the intended purposes and goals. Many
more qualities should be taken into consideration in addition to the plants’ excellent
capacity for extracting metal from soil. Firstly, of all the species chosen should
have an extreme tolerance for the metal(s) occurring in the contaminated site. The
species ought to have a high biomass yield and the ability to expand quickly. For
increased accumulation of metals from the soil, plant roots should have a larger
surface area. Additionally, it’s critical to determine how well-adapted these species
are to environmental stresses like salinity, drought, and waterlogging that could harm
their capacity to absorb metals, produce biomass, and develop at a faster rate (Sarma
2011).
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14.4 Phytoremediation of Aquatic Arsenic

Diverse hazardous substances are contaminating freshwater and marine resources
because of human activity and natural sources. Therefore, much like with the
terrestrial ecosystem, aquatic environment remediation is crucial. Aquatic macro-
phytes species and other floating plants can easily achieve phytoremediation of the
hazardous compounds because the procedure takes biosorption, biomagnification of
the dissolved, and bioavailable toxins from waters (Brooks and Robinson 1998).
Aquatic plants species, which can be submerged in the water or float on the water’s
surface, are employed in aquatic phytoremediation systems. While submerged plants
gather metals throughout their entire body, buoyant aquatic hyperaccumulative plants
absorb or accumulate pollutants through their roots.

According to Hutchinson (1975), who assessed the capacity of aquatic macro-
phytes species to gather elements or ions from the aquatic environments, proposed
the limits of potentially dangerous components within the plants were at least a
magnitude more than in the aqueous phase that was supporting them. The implica-
tions of trace metal uptake for the disciplines of sewage disposal and bioremediation
of contaminants was underlined by Outridge and Noller (1991) along with the tract
and rates, absorption and excretion, and environment factors that affect uptake. For
the bioremediation of aquatic systems, this is very important. They also examined
the aquatic vascular plants’ hyperaccumulation of dangerous pollutants. Many liter-
atures have already been generated that discusses numerous biogeochemical factors,
procedures, and the absorption of toxic components by a wide range of aquatic
macrophytes species in order to evolve an efficient phytoremediation approach.

Aquatic macrophytes species and other microscopic aquatic floating plants have
been employed for study on the remediation of natural and sewage that has Cu (1),
Cd (II) and Hg (II) contamination (Alam et al. 1995). The aquatic plant Myrio-
phyllum spicatum L. is a submerged species that is useful for detoxifying industrial
effluent that contains metals (Lesage et al. 2007). Aquatic plants that absorb arsenic
from polluted freshwater include Mentha spp. and Rorippa nasturtium-aquaticum
(L.) (Robinson et al. 2006). Because of the promising findings of prior studies on
phytoremediation involving usage of aquatic plants, scientists and researchers are
keen to carry out more research in this field.

14.4.1 Phytoremediation of Arsenic Using Aquatic
Macrophytes

In oxic water, As (V) prevails, and both As (V) and As (III) are forms available for
aquatic species (Sizova et al. 2002). Although the kinetics of phosphate interchange
among aqueous and adsorbing colloids are similar to those of As (V), phosphate
outcompetes As (V) in the competition for exchangeable sites (Mkandawire et al.
2004). Aquatic macrophytes species can therefore be a useful tool for cleaning up
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arsenic-affected aquatic environment, and certain species have even been shown to
acquire a significant quantity of arsenic from wastewater (Mirza et al. 2010). Among
species of Lemnaceae family’s the most extensively researched species in bioreme-
diation and ecotoxicology are Lemna gibba L. and Lemna minor L. (Mkandawire

and Dudel 2005).

Table 14.1 lists several illustrations of aquatic hyperaccumulator species.

Table 14.1 Table summarizes the aquatic plants, which have been studied for phytoremediation

of trace elements

Common name Scientific name Trace elements References

Duckweed Lemna gibba L As, U, Zn Mkandawire and Dudel
(2005)

Lesser duckweed Lemna minor L As, Zn, Cu, Hg Robinson et al. (2005),

Mishra et al. (2008)

Water hyacinth Eichhornia As, Fe, Cu, Zn, Pb, Mishra et al. (2008),
crassipes Cd, Cr, Ni, Hg Dixit and Dhote (2010)

Petries starwort Callitriche petriei | As Robinson et al. (2005)

Butterfly fern Salvinia natans As, Ni, Cu, Hg(1I) Rahman et al. (2008c¢),
Salvinia minima | As, Pb, Cd, Cr Sanchez-Galvan et al.

(2008)

Greater duckweed Spirodela As, Hg Mishra et al. (2008),

polyrhiza L Rahman et al. (2008b)

Water spinach

Ipomoea aquatica

As, Cd, Pb, Hg, Cu,
Zn

Lee et al. (1991), Wang
et al. (2008)

Esthwaite waterweed Hydrilla As, Pb, Zn, Cr Lee et al. (1991), Dixit
verticillata and Dhote (2010)

Mosquito fern Azolla As Zhang et al. (2008)
caroliniana

‘Water fern Azolla filiculoides | As, Hg, Cd Rahman et al. (2008a),
Azolla pinnata Zhang et al. (2008)

Miriophyllum Myriophyllum As Robinson et al. (2005)
propinquum

Water pepper Polygonum As Robinson et al. (2005)
hydropiper

Alligator weed Althernanthera As, Pb Elayan (1999)

philoxeroides

Water lettuce

Pistia stratiotes

As, Cr, Pb, Ag, Cd,
Cu, Hg, Ni, Zn

Lee et al. (1991)

Abbreviations As arsenic, U uranium, Zn zinc, Cu copper, Hg mercury, Fe iron, Pb lead, Cd
cadmium, Cr chromium, NVi nickel, Ag silver
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14.4.2 Mechanisms of Uptake of as in Aquatic Macrophytes

The predominant forms of arsenic in natural water its inorganic forms existing as As
(V) and As (III) and the methylated forms (MMAA(V) and DMAA(V)) (Cullen and
Reimer 1989). Natural water contains thermodynamically unstable methylarsenic
and As (IIT) chemicals because aquatic organisms like algae convert As (V) to As(III)
and then bio transform it into methylated arsenicals (Hellweger and Lall 2004). In
freshwater (Kuhn and Sigg 1993) and seawater (Peterson and Carpenter 1983), inor-
ganic arsenic constitutes the majority of the dissolved inorganic arsenic. For the
process of uptake of arsenic species in aquatic macrophytes, three different proce-
dures have been proposed: (a) active uptake through PO, transporters, (b) passive
uptake through aquaglyceroporins channels, and (c) BY physicochemical adsorp-
tion on root surfaces. However, the physicochemical process of adsorption on root
surfaces has also been proposed as a potential alternate uptake method for this arsenic
species. Plants primarily acquire As (V) through active phosphate uptake transporters
(Zhao et al. 2009; Robinson et al. 2006). Through the aquaglyceroporin channels,
As (IIT), DMAA, and MMAA enter the plants passively (Rahman et al. 2011).

1. Active uptake through phosphate uptake transporters In the plasmalemma,
chemical analogues of phosphate and As (V) fight for uptake carriers (Mkan-
dawire et al. 2004; Debnath et al. 2016). So, it is anticipated that when the phos-
phate concentration increases, more As (V) will desorbate in the solution (Smith
and Read 2008). According to Zhao et al. (2009), plants absorb As (V) using
phosphate transporters. For the absorption of As species, aquatic plants likewise
employ the same methods. As (V) uptake by L. gibba L. and S. polyrhiza L.
occurs via the phosphate uptake pathway, as demonstrated by Rahman et al.
(2007).

2. Passive uptake through aquaporins/aquaglyceroporins Physiological studies
show that these arsenic compounds are transported in rice by passive uptake
processes, even if the exact absorption mechanisms is not yet fully understood
for As (IIT) and methylated arsenicals (DMAA and MMAA) in plant species have
not yet been established (Rahman et al. 2011). Two among the three subclasses of
water channel proteins (WCPs)—aquaporins and aquaglyceroporins—are trans-
membrane proteins with particular three-dimensional configurations and pores
that allow water, glycerol, other tiny as well as neutral molecules to pass through
them (Benga 2009). The glycerol and As (IIT) molecule competing for uptake in
rice (Oryza sativa L.) reveals that these arsenic species are transported through
the semi- permeable plasma membrane via aquaporins and aquaglyceroporins
(Meharg and Jardine 2003).

3. Physicochemical adsorption on root surfaces Robinson et al. (2006) have
suggested physical and chemical adsorption as a substitute mechanism for As (V)
buildup in aquatic plants. This method involves the adsorption and accumulation
of arsenic by precipitated Fe oxides/ Fe-plaque on the surfaces of aquatic plants.
As and Fe concentrations in aquatic species were found to be positively correlated
by Robinson et al. (2006), which is thought to be due to adsorption of arsenic on
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iron oxides on plant surfaces. Rahman et al. (2008c) investigated the adsorption
of arsenic species on suspended iron Fe,03/Fe,O4 on Spirodela polyrhiza L.
roots as well as fronds and discovered a inviolable association between As and
Fe concentrations in tissues when the species was subjected to As (V). Spirodela
polyrhiza L. treated to As (III), DMAA, and MMAA did not show any association
between As and Fe in plant tissue.

14.5 Potential of Mycorrhizal Fungi in Arsenic
Phytoremediation

Since physiochemical remediation solutions are highly extravagant and only suitable
for applications on-site, phytoremediation is a feasible substitute for As remediation
from affected soils and water (Garg and Singla 2011). Even though the attributes and
genes are mainly unrevealed to date, genetically manipulating As hyperaccumulating
qualities may aid our attempt in As phytoremediation (Zhu and Rosen 2009). Most
focus has been paid to identifying high As shoot accumulators for phytoremediation
by above ground harvesting since it is simpler to do so than to do so for high root As
accumulators by underground plant harvesting. This is because terrestrial plant parts
are easier to collect. Though they might not survive in other locations, all As hyper-
accumulating plants shoot require a tropical to subtropical climate to grow. Instead,
hyperaccumulators through root could be employed for phytoremediation, particu-
larly in vegetative plants with extensive root parameters in soil surface profiles, even
though a procedure for removing the roots is either not yet accessible or unfeasible.

Plant-associated bacteria and AM fungus have each been suggested as having
possible roles in the remediation of heavy metals (Garg and Singla 2011; Weyens
et al. 2009). But lesser is yet known about the potential role of AM fungus in the
tolerating capacity and hyperaccumulation of As (a semimetal element) in their host
plants, especially in field settings. Increased As transport through roots to shoots or
As buildup in host plant tissues, especially when caused by indigenous isolations
(Orlowska et al. 2012). This suggests that mycorrhizal fungus might give their host
plants the ability to accumulate As and to tolerate it. Choosing associations of plant
with associated fungal species having high As tolerating and accumulation capacity
would maximise their prospective for As remediation, especially for phytoextraction
and phytostabilization, if these phenomena are generally true (Mendez and Maier
2008). Neither a woody As phytoremediation plant nor another one with high shoot-
root As accumulation capability have been discovered as of yet. Therefore, herba-
ceous shoot hyperaccumulators are the focus of current phytoremediation efforts,
while herbaceous root hyperaccumulators are the focus of current phytostabilization
strategies.

Even on As-contaminated field locations, diversity of mycorrhiza is strong and
mycorrhizal association with shoot for As hyperaccumulation ferns thrives. A
research conducted on both As-contaminated and As-uncontaminated areas in China
revealed that the prevalent species of Glomus mosseae, G. geosporum, G. brohultii
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and G. microaggregatum were connected with the As hyperaccumulator P. vittata
(Wuetal. 2009). In contaminated environments, the high mycorrhizal fungus diversi-
fication may have a substantial physiological and ecological impact on the host plants
species. Its known root because the aforementioned hyperaccumulative annuals and
perennials are mycorrhizae (Brundrett 2009). With the establishment of the mycor-
rhizal association between plants and fungus species, the insertion of arsenic tolerant
mycorrhizae to locations having no, few, or unsuited mycorrhizal fungal association
could hasten not just remediation of arsenic but also reclaim soil and restorate vegeta-
tion. A shoot/ root hyperaccumulative plant species has a lot of potential for screening
and integrating isolates of fungus that improve As tolerance as well as hyperaccumu-
lation. This is because mycorrhizal associations between plants and fungi are formed.
There is a lot of potential for screening and combining fungal isolates to intensify
As tolerance as well as hyperaccumulation in a shoot or root of plant species. As
transfer among mycorrhizal plants species via CMN may offer another flora-based
phytoremediation technique by co-growing plants with low As absorption capacity
but high biomass output with those with high As uptake capacity but poor biomass
production to harvest.

14.6 Biotechnological Interventions for Phytoremediation

Although phytotoxicity of heavy metal to plants has slowed down and largely
made futile the phytoremediation of hazardous metals and metalloids using plants
(Dhankher et al. 2012). There are also naturally occurring heavy metal hyperaccu-
mulators; however, their applicability is constricted to a limited range of geoclimatic
conditions, and they lack the essential biomass needed for effective phytoremedia-
tion. To increase tolerance of plants and heavy metal buildup through phytoreme-
diation, there are several technological possibilities. Engineering plants for heavy
metal and metalloid phytoremediation currently uses three basic biotechnological
approaches:

1. Manipulating the genes and uptake mechanism for metal/metalloid trans-
porters Through genetic transformation of metal transporter genes, improved
tolerances and bioaccumulation of have been achieved in various plant species.
Arsenite is transported in plants by the use of proteins known aquaporins,
according to recent research findings (Mosa et al. 2012). It has been noted that
effective arsenic hyperaccumulators like Pteris vittata have an incredibly regu-
larized system for moving arsenic via root to shoot tissues (Xu et al. 2007).
The majority of non-hyperaccumulators, in contrast to P. vittata, exhibit lower
mobility rates, and various plant species exhibit varying mobility rates for arsenic,
showing that this is a gene-controlled trait. Despite being a crucial step in the
transfer of arsenic from the root to the shoot, its transfer to the vascular tissue is
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a poorly understood mechanism. The Lsi2 gene, which encodes an efflux/ trans-
port protein, is crucial for transporting arsenite into the xylem vessels, according
to Ma et al. (2006).

2. Increasing the synthesis of metals and metalloid ligands-Arsenic (IIT) can be
effectively detoxified by complexing with glutathione (GSH), metallothionein
(MTs), or phytochelatins (PCs) which are retained in the vacuoles (Chatterjee
et al. 2013). Multidrug resistance protein (MRP) homologs facilitate this process
(Lu et al. 1997). One method to boost arsenic phytoremediation may be to
increase the deposition or synthesis of PCs, GSH, and/or MTs. Brassica juncea
tolerance to arsenic was increased by overexpressing PCS, but no discernible
increase in arsenic buildup was seen; this may be because the synthesis of PC
is simultaneously constrained through the synthesis of GSH (Gasic and Korban
2007).

3. Transformation of metals and metalloids into a form less hazardous and
volatile There have been various studies on the development of phytoreme-
diation techniques for heavy metals using biotechnological interventions that
transform these metals into less harmful and volatile forms. Numerous species,
including fungus, bacteria, and mammals, have been found to methylate arsenic.
The discovery of methylated arsenic in a diverse domain of plant species, which
includes rice grains (Zhu et al. 2008), indicates that the process is the product of
endogenous methylation by the flora themselves. The gas trimethylarsine (TMAs
(IIT)), which can be volatilized from the plant, is the last byproduct of this route.

14.7 Advantages of Phytoremediation

Being solar-powered, it is a low-cost strategy. The site’s vegetation cover makes it
easier to minimize erosion of soil and boost soil nourishment (Wei et al. 2005). Along
with removing inorganic contaminants, this method can also be employed to remove
organic pollutants. Metals collected from plant tissues can be used in biofortification
to increase the nutritional content of crops because some heavy metals are essential
minerals that may be inadequate in staple food crops. Not to mention that adding
greenery to the area would improve its aesthetic appeal (Mayer et al. 2008).

Some naturally existing arsenic hyperaccumulating plants identified with As
concentrations in different parts of plant are listed in Table 14.2.

14.8 Limitations of Phytoremediation

Because heavy metal poisoning has changed the physicochemical characteristics of
these places, the colonisation of many species there becomes slow and challenging.
Therefore, care should be used when choosing species that could flourish quickly
and effortlessly (Wei et al. 2005). This technique is also time-consuming. The proper
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Table 14.2 Naturally grown arsenic hyperaccumulating plants with arsenic concentrations in
different plant parts

Plant species Organs Quantity of As (mg kg~ 1) References

Eichhornia crassipes Shoot 909.58 Delgado et al. (1993)
Pteris vittata Frond 27,000 Wang et al. (2002)
Lemna gibba Shoot 1021 Mkandawire and Dudel

(2005)

Brassica rapa L. var. Shoot 90.3 Shaibur and Kawai (2009)
pervirdis S

Brassica rapa L. var. Root 4840 Shaibur and Kawai (2009)
pervirdis S

Brassica juncea Shoot 322.1 Khan et al. (2009)
Brassica juncea Root 210.7 Khan et al. (2009)
Jussieua repens Shoot 46.50 Gani molla et al. (2010)
Echinochloa cruss-galli | Shoot 67.82 Gani molla et al. (2010)
Echinochloa cruss-galli | Root 61.25 Gani molla et al. (2010)
Azolla sp. Shoot 27.65 Gani molla et al. (2010)
Orzya sativa Shoot 9.43 Gani molla et al. (2010)
Orzya sativa Root 12.10 Gani molla et al. (2010)
Alternanthera Shoot 67.30 Gani molla et al. (2010)
philoxeroides

Cyperus rotundus Shoot 11.14 Gani molla et al. (2010)
Monochoria hastata Root 40.78 Gani molla et al. (2010)
Abbreviations mg kg~ mg per kilogram

disposal of trash from polluted plants is very important. The number of species of
plants that can rehabilitate the soil is insufficient. The contamination might not exist
in a physiologically usable form (Lasat 2000).

The inorganic form of arsenic is more difficult to phytoremediate than its organic
form. Despite the success of the findings in the pot trials, the removal success in field
trials is less effective than anticipated, mostly because of the complications of the soil
and the limited acessibility of the contaminants. The interaction of the substances at
the sites where both organic as well as inorganic pollutants are present has an effect
on the availability of the contaminants. The selection of a suitable combination of
flora species that could decompose the organics or stabilise the inorganics while
being able to withstand the existence of diversified form of pollutants is crucial to
successful on-site rectification when dealing with mixture of impurities (organics
and inorganics). To rehabilitate such a site with an aggregation of pollutants, species
of plants like Brassica juncea and Helianthus annuus can be employed. Plant roots
have the ability to indirectly break down organic material by exuding root exudates
that encourage microbial activity nearby. Additionally, there have been attempts to
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directly release catabolic enzymes competent of biotransforming organic compounds
(Siciliano et al. 1998).

The proper disposal of the P. Vittata biomass gathered during the phytoremedia-
tion process is a serious challenge. In order to dispose of contaminated biomass in
an appropriate manner and economically viable way, public assistance is essential
(Mench et al. 2010). There are several options for the secure disposal of contaminated
harvest, including liquid disposal, direct disposal, washing, compaction, pyrolysis,
composting, incineration, and washing again (Van Ginneken et al. 2007). However,
the residual arsenic in plant biomass that is being thermally processed can release
arsenic into the environment directly (Yan et al. 2008) making it dangerous to practise.
Sub as well as super-critical water purification procedures, where the accumulation
of the arsenic-infected fern fronds was decreased by a percentage of 70-77, may be
safer alternatives for the eradication of contaminated biomass (Carrier et al. 2011).
The excess amount arsenic is further minimized by sorption on hydrous iron oxides.
Once commercialized, these techniques the waste products can be employed as ingre-
dients for antiseptics, herbicide precursors and fragrance which can help make the
process profitable.

Due to the steadily expanding anthropogenic activities, heavy metal contamina-
tion is becoming a serious issue. The goal of the current analysis is to highlight
environmental friendly technology for improving the information and understanding
that is related and may be applied to future research. Having an understanding of
biochemical and physiological responses facilitates the use of various tactics. One
of the excellent prospects for addressing the issue of soil heavy metal contamination
stress without causing environmental damage is phytoremediation.

From a scientific perspective, there are still varieties of factors because of its flaws
that prevent it from being a huge success. The low productivity of crops provides
biotechnology with a chance to use the method of gene engineering to get around the
problem. To maximise the process of phytoremediation, special consideration must
be given to the usage of biotechnological tools to introduce certain specific genes
to promising species with high biomass. From a scientific perspective, there are still
varieties of factors because of its flaws that prevent it from being a huge success.
Crop production is low, offering gene engineering in biotechnology a possibility to
apply the technique to circumvent the issue. The application of biotechnology to
incorporate particular genes to potential species with high biomass must be carefully
considered in order to maximise the phytoremediation process.
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Chapter 15 ®)
Mycoremediation of Arsenic: e
An Overview

Shraddha Rai and Vivek Kumar Singh

Abstract Arsenic (As) removal from polluted environment (soil or water) seems
essential as As has been proved as a potential toxic pollutant that poses health risk
and environmental contamination. Many forms of As are available in the environment
which are based on the p™! and redox potential. Two oxidation states of inorganic As
i.e. As** and As>* exist at normal p™. Transformation of As** oxidation form to a less
toxic form As>* is the basis for As remediation from a particular source. A range of
simple to sophisticated remediation technologies are available for As removal from
the polluted environment. Implementation of the suitable As remediation technology
depends on its source, distribution and chemical forms. There are several strategies
for As removal from the contaminated soil and water among which microfungi have
been proved as appropriate low-cost adsorbents for remediation of heavy metal ion.
The sorption capacity of cationic heavy metal of microfungi has been found to be
promising. The study of interaction between hazardous heavy metals such as As,
Cd, Cu, Hg, Pb and Zn and soil fungi has been of biological interest for a long time.
Soil fungi play significant part in the removal of As through its interchange between
various forms. The present review portrays an overview about remediation potential
of fungi with constraints and future perspectives.
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15.1 Introduction

Metal pollutants have been a place in the human life since the evolution of modern
civilization. However, global metal pollution has increased fast since the starting
of the industrialization resulting main health and environmental issues (Fig. 15.1)
(Kabata-Pendias and Pendias 2001; Azevedo et al. 2005; Sharma et al. 2007; Hughes
et al. 2011; Saha and Rahman 2020). Among the several metal pollutants, arsenic
(As) is assessed as a major environmental contaminant. Because of its chronic
and epidemic effects on humans, As toxicity has attracted increased attention of
researchers (Abernathy et al. 1999; Nassar 2020). As present in various chemical
forms and contaminates terrestrial, marine and freshwater environments (National
Research Council 2001). As has been proved as a significant soil contaminant due to
the application of As-based fertilizers and pesticides, geological functioning, anthro-
pogenic activities, improper management of industrial and municipal wastes, and
irrigation with As-polluted water (Breckle 1991; Abedin et al. 2002; Requejo and
Tena 2005; Hughes et al. 2011; Roy et al. 2014). Widespread ground water contam-
ination by As has become a serious global problem (Abedin et al. 2002; Ahsan et al.
2010; Abbas and Cheema 2014; Dey et al. 2014).

In the environment, As is available in both forms (inorganic and organic) and in
various valence or oxidation states. Organic As is less toxic than inorganic form for
plants, animals and humans (Meharg and Hartley-Whitaker 2002). It was studied that
the reason behind As pollution in the groundwater of South and South-East Asia was
the leakage of As from solid phases in anaerobic environment (Polizzotto et al. 2008).
Arsenate (As*™) and Arsenite (As*?) are the two main inorganic forms of As present
in the soil which are interchangeable according to the redox condition of the soil
(Tripathi et al. 2007; Beiyuan et al. 2017). Arsenate (As*>) is the predominant inor-
ganic form in the aerated soils, hence most of the phytotoxic studies are concerned
with it (Gunes et al. 2008). However, Arsenite (As*?) is prevalent in reducing envi-
ronmental conditions like paddy soils in flooded condition (Xu et al. 2008). In the
plants, As* is absorbrd by plants through aquaporins while As*> through carrier-
mediated phosphate translocation mechanism (Tripathi et al. 2007). Phytotoxicity
mechanisms and expression of cocerned genes and enzymes of two As species vary
in plants (Ahsan et al. 2010). As*> causes root membrane damage, inhibition of
cellular activities, oxidative stress, and ultimately cell death, while As*? which is
more phytotoxic than As*> causes retardation in root and shoot length, fresh weight,
dry weight etc. (Gunes et al. 2008; Sahu et al. 2012).

Based on the redox potential and pt, different forms of As is present in the
environment such as As* and As>* oxidation states are prevalent at normal p'!
values (Ng et al., 2004). Transformation from As** to less toxic form As’* is the
basis for removal of arsenic from a particular area. A range of simple to sophisticated
technologies are available for the remediation of As from contaminated environments
(soil and water). Implementation of any suitable remediation technology is based on
the source and level, rout and distribution, and chemical forms of As (Ferguson
1990; Bhattacharya et al. 2002; Ng et al. 2004; Srivastava et al. 2011). There are
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Fig. 15.1 Toxic effects of arsenic on humans and crop plants

several strategies for the removal of As from the contaminated environments which
could be arranged in three groups like physical, chemical and biological (Mahimairaja
et al. 2005).

Among various techniques, bioremediation is a natural method to remove As
contamination from the soil and make it suitable for plants and animals. Biore-
mediation technology depends on the stabilization, degradation or volatilization of
contaminats from the environment by applying microorganism (Andrews et al. 2000;
Bhattacharya et al. 2002). Different As forms can be removed through several micro-
bial processes such as As mobilization and immobilization by sorption, As oxidation
and reduction, biomethylation and complexation, among which microbial oxida-
tion of As is supposed to be the most suitable process to immobilize the dissolved
As (Bundschuh and Hollander 2014; Ghosh et al.2014). In addition, phytoremedia-
tion (plant-based ecofriendly technology) performs well for the removal of As from
contaminated environments by using plants and microorganisms (Rocovich and West
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1975; Salt et al. 1995; Pickering et al. 2000; Raskin and Ensley 2000; Lasat 2002;
Cherian and Oliveira 2005; Peuke and Rennenberg 2005; Dickinson et al. 2009;
Mishra et al. 2011; Behera 2014).

Microfungi have been studied as promising less costlier ecofriendly adsorbents
for the removal of heavy metal ions from the environment (Kapoor and Viraraghavan
1995). At pH range of 3—10, negative surface charge of fungi exists normally (Huang
et al. 1988). Fungi show a great sorption potential for cationic heavy metal (Akthar
et al. 1996; Kapoor et al. 1999; Sag 2001). The remediation of toxic heavy metals
by using fungi has been of environmental and scientific interests. The presence of
fungi in soils and toxic heavy metal polluted sediments with As, Cd, Cu, Hg, Pb and
Zn have been studied extensively. About 33 genera of soil fungi were isolated and
identified through routine culture methods from polluted soils (Simonovicova and
Frankova 2001).

15.2 Possible Remedial Technologies for Arsenic Removal

Remediation of As from the soil or water can be done by applying a range of
appropiate methods. Implementation of any suitable remedial technology solely
depends on the source of contamination, level of contaminant, rout and distribu-
tion of contaminant, and chemical forms and oxidation states of contaminant like
As for possible removal and sustainable development (Bhattacharya et al. 2002; Ng
et al. 2004; Srivastava et al. 2011).

15.2.1 Soil Remediation Techniques

Presence of As in soil is because of natural or anthropogenic activities. There are
various methods for remediation As from the contaminated which could be grouped
into three approaches i.e. physical, chemical and biological (Mahimairaja et al. 2005).
In the physical methods, the concentration of As in the soil could be minimized by
combination of both contaminated and uncontaminated soil together resulting in an
acceptable level of As dilution (Mahimairaja et al. 2005). Soil washing is another
technique which is included in physical methods whereby As polluted soil will be
washed by using various concentrations of sulphuric acid, nitric acid, phosphoric
acid, hydrogen bromide, some chelating agents and humic substances (Mahimairaja
etal. 2005; Tsang and Hartley 2014). The efficiency of the washing solution depends
on soil characteristics, the concentration and chemical forms of As present in the soil
and washing conditions (Im et al. 2014). Meanwhile, element can immobilise soluble
arsenites in sludges and has been successfully applied to stabilize As-rich sludges
which may be appropriate method for treating sludges produced from precipitative
As removal units (Sullivan et al. 2010). Remediation of As from soil can also be
done by chemical fixation method. Chemical fixation is considered as one of the best
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removal techniques, as it suspends and mobilizes As in the soil. Chemical fixation
of As in soil can be carried out by adding some chemical additives such as lime,
ferric hydroxide and ferrous sulphate. In chemical fixation, As in soil binds well
with ferrous compounds and is converted into ferric arsenate. The conversion into
stable phases is beneficial for the stabilization process. Electroremediation is another
As removal technique by applying direct current (DC) through electromigration,
electroosmosis or electrophoresis.

15.2.2 Water Remediation Techniques

There are various As removal techniques from water which help in minimizing
high As level to minimum detection level of 1-2 g/l As. Now a days sustainable,
eco-friendly, cost effective and efficient remedial technologies are promising for
As removal (Ng et al. 2004). There are some common As removal methods from
contaminated water such as adsorption, oxidation, ion exchange, lime treatment,
chemical precipitation, chemical coagulation, bioremediation, phytoremediation and
hybrid membrane technique (Bhattacharya et al. 2002; Ng et al. 2004).

15.3 Biological Remediation

Plants and microbes have potential for As removal in soil (Valls and Lorenzo 2002;
Ahmed et al. 2005, 2006; Arenas-Lago et al. 2019). Bioremediation is a microbe-
based process which is basically used to treat the polluted soil and degrade the
pollutants through the changing of physical and biological environmental condi-
tions to stimulate the microbial growth. Bioconversion of inorganic As to organic As
compounds through microbial process is the simplest and ecofriendly As removal
method (Bhattacharya et al. 2002). Bioremediation technology process includes
degradation, stabilization or volatilization of pollutants from contaminated sites by
the application of microorganisms (fungi and bacteria) (Andrews et al. 2000; Bhat-
tacharya et al. 2002; Dhuldhaj et al. 2013; Alcdntara-Martinez et al. 2018; Awasthi
et al. 2018). As can be removed from contaminated sites by various microbial
processes like oxidation, reduction, mobilization and immobilization, sorption,
complexation and biomethylation (Das et al. 2016). Oxidation of arsenite As (III) to
arsenate As (V) by the application of microorganisms is assessed as one of the most
effective methods to immobilize As from dissolved state (Oremland and Stolz 2005;
Bundschuh and Hollander 2014; Ghosh et al. 2014; Tiwari et al. 2016). Oxidation
and biomethylation by microbes are the important processes for As removal. Oxida-
tion has been assessed effective in As-polluted aerated water (Osborne and Ehrlich
1976; Ahmann et al. 1997). Remediation of As through biomethylation by fungi
was assessed both in both aerobic and anaerobic environments (Cox and Alexander
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1973a, b, ¢; Andrews et al. 2000). Biomethylation rate is based on certain envi-
ronmental conditions like p*, temperature and redox potential (Fergussan 1990;
Wallschlager and London 2008). Generally, methylation of As is occured under
nitrogen or phosphate-deficient condition, however, nitrate and sulphate concen-
trations can be minimized by some bacterial metabolic processes (Bhattacharya
et al. 2002; Luongo and Ma 2005). Biomethylation through filamentous fungi has
been studied extensively (Huysmans and Frankenberger 1991; Andrews et al. 2000).
Several bioremediators like Candida humicola, Gliocladium roseum, Scopuariopsis
brevicaulis, Penicillium spp., Aspergillus niger, Bacillus arsenoxydans and Pseu-
domonas putida are known for their remediation potential (Ferguson and Gavis
1972; Dhuldhaj et al. 2013). Glomus mosseae and Glomus caldonium isolated from
As-contaminated mine-spent soil are highly resistant to As pollution. Different As-
resistant fungi like Penicillium janthinellum, Fusarium oxysporium and Trichoderma
asperellum were frequently used for As remediation (Su et al. 2011).

15.4 Remediation Potential of Fungi (Mycoremediation)

Microfungi have been proved as effective ecofriendly and low-cost adsorbents for
the removal of heavy metals from the contaminated environment (Kapoor and
Viraraghavan 1995). At pH range of 3-10, fungi possess negative charge at the
surface normally (Huang et al. 1988). Researches have proved that microfungi have
excellent remediation potential (Akthar et al. 1996; Kapoor et al. 1999; Sag 2001).
Soil fungi are normally available in the environments contaminated with toxic heavy
metals such as As, Cd, Cu, Hg, Pb and Zn have been broadly studied. About 33
genera of soil fungi were isolated and identified from these contaminated soils by
using routine culturing methods (Simonovicova and Frankova 2001). Penicillium
and Aspergillus spp. were realized as very efficient metal tolerant species showing
increased growth even at high heavy metal concentrations (2000 mg 1=!) (Valix et al.
2001). Solubilization, transformation, and uptake of metal species are important char-
acteristics of soil fungi as potential bioremediators. These capabilities of soil fungi
are important portion of their metabolism in natural and artificial (laboratory and
industrial) conditions (Visoottiviseth and Panviroj 2001). It has been observed that
fungi can tolerate, biosorb and detoxify toxic metals through various mechanisms
like active uptake, valence transformation and intra and extracellular precipitation
(Zafar et al. 2007). Wastewaters polluted with metal(loid)s can be effectively reme-
diated through fungal biosorption (Pumpel and Schinner 1993; Volesky et al. 1993;
Ceribasi and Yetis 2001; Cernansky et al. 2007a, b).

As pollution of soil can be remediated through interchange between toxic and
non-toxic forms, and soluble and insoluble forms by soil fungi which shows their
remediation potential. As is biomethylated to mono methylarsonic acid (MMAA),
dimethylarsinic acid (DMAA) and trimethylarsine oxide (TMAO) by fungi (Gadd
1993, 2004; Turpeinen et al. 2002). Qin et al. (2006) have also observed that As
can be volatilized into gaseous arsines through several microbial activities. It was
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also observed that as much as 2.1 x 107 kg of As could be removed from land
to the atmosphere through microbial volatilization process annually. Various fungal
species like Aspergillus glaucum, Candida humicola, Gliocladium roseum, Peni-
cillium gladioli, Fusarium spp. and Scopulariopsis brevicaulis were found potential
bioremediators to transform As into volatile trimethylarsine through reductive methy-
lation process from the environments contaminated with inorganic and methylated
As species (Cullen and Reimer 1989; Su et al. 2011) (Table 15.1).

In nineteenth century, there were several poisoning incidents in England and
Germany ocurred by a volatile and toxic methylarsine gas which promoted the
importance of fungal metabolism towards As remediation. The toxic trimethylarsine
gas was assessed with a characteristic garlic-like odour where victims lived (Chal-
lenger 1945). Production of toxic trimethylarsine gas was noticed by the activity
of fungi developing on wallpaper containing arsenical pigments such as Scheele’s
green and Schweinfiirter green. After that, several fungal species have been isolated
and identified as potential agents for As volatilization (Cox and Alexander 1973a).
Trimethylarsine can be produced by Penicillium brevicaule (Scopulariopsis brevi-
caulis) fungus when cultured on bread crumbs having either methylarsonic acid
(MAA) or dimethylarsinic acid (DMA). Challenger (1945) proposed a biochemical

Table 15.1 Reported soil fungi in arsenic bioremediation

Fungi

Mechanism

References

Penicillium sp.

Methylarsonic and
dimethylarsinic acid methylation
to trimethylarsine

Huysmans and Frankenberger
(1991)

Aspergillus sp.

As biosorption

Pokhrel and Viraraghavan
(2006)

Fusarium oxysporum

As(V) accumulation and
methylation into dimethylarsine

Granchinho et al. (2002)

Saccharomyces cerevisiae

As biosorption

Volesky et al. (1993)

Zygosaccharomyces sp.

As biosorption

Murugesan et al. (2006)

Trichoderma viride

As biosorption

Mukherjee and Gopal (1996)

Scopulariopsis brevicalue

As(V) methylation to arsine

Andrews et al. (2000)

Ulocladium sp.

As(V) methylation to arsine

Edvantoro et al. (2004)

Sphaerotilus sp.

Iron oxidization and thus arsenic
precipitation

Pellegrin et al. (1999)

Pichia sp.

As biosorption

Murugesan et al. (2006)

Ralstonia eutropha

As biosorption

Mondal et al. (2008)

Mucor rouxii

As biosorption

Satari and Keikhosro (2018)

Candida humicola

Monomethylarsenic acid to
trimethylarsine

Huysmans and Frankenberger
(1991)

Gliocladium roseum

Monomethylarsenic acid to
trimethylarsine

Tamaki and Frankenberger
(1992)

Rhizopus arrhizus

As biosorption

Gadd (2004)
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assay for trimethylarsine production. Three different fungal species such as Candida
humicola, Gliocladium roseum and Penicillium sp., have been proved capable for
transforming MAA and DMA into trimethylarsine (Cox and Alexander 1973a, b).

The following equation shows trimethylarsine formation through fungal methy-
lation:

MAA ~ DMA — trimethylarsine oxide ~ trimethylarsine

As-methylating fungi such as Penicillium janthinellum, Fusarium oxysporum,
and Trichoderma asperellum can transform dimethylarsinic acid [DMA(V)] into
As(V) and As(III) through methylation. As methylation involves the transformation
of aqueous or solid inorganic As into gaseous arsines. Obviously, gaseous arsines are
more mobile than aqueous As form. It was studied that aqueous forms of trivalent
and pentavalent methyl As have less mobilization capacity due to their lower adsorp-
tion affinity (Mukai et al. 1986; Lafferty and Loeppert 2005; Huang and Matzner
2006). Intracellular methylation occurs in Penicillium janthinellum, Fusarium oxys-
porum and Trichoderma asperellum (Su et al. 2012). Generally, As biomethylation
involves transformation of inorganic forms to organic forms such as MMA, DMA,
TMAO, MMA (I1I), DMA (III) or sometime arsines as gaseous forms (Sanders 1979;
Takamatsu et al. 1982; Oremland and Stolz 2003). Among different effective fungal
strains, Trichoderma is genetically very diverse having many capabilities with agri-
cultural as well as environmental significance. Researches shows that Trichoderma
is very tolerant to various recalcitrant pollutants like heavy metals, polyaromatic
hydrocarbons and pesticides (Azevedo et al. 2000; Harman et al. 2004a; Chulak-
sananukul 2008; Ahamed and Vermette 2009; Contrras-Carnejo et al. 2009; Lorito
et al. 2010). Genus Trichoderma is a soil inhabiting telomorphic filamentous fungus
which belongs to Hypocreales order of the Ascomycota division. Along with several
capabilities like plant growth promotion, soil fertilization, disease suppressiveness
and composting capacities, Trichoderma has been proved as a potential biocontrol
agent in agriculture (Chulalaksananukul 2008; Contreras-cornejo et al. 2009; Lorito
et al. 2010). Several strains of the genus Trichoderma show high biodegradation
capability and possess soil colonization and fertilization capacities (Harman et al.
2004a, b; Lorito et al. 2010). The strategies for remediation of heavy metals and
other inorganic contaminants adopted by Trichoderma can be grouped in following
four categories.

15.4.1 Biosorption

The capacity of organisms to uptake and accumulate heavy metals from contaminated
soil and wastewater by physico-chemical or metabolism-mediated processes is called
biosorption. Biosorption includes metabolism-independent association with nega-
tively charged free groups present in various biopolymers which finally integrated to
the cell wall of microorganisms (Volesky et al. 1993; Gomes et al. 1998; Errasquin
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and Vazquez 2003; Cernansky et al. 2007a, b; Ting and Choong 2009). Heavy metal
biosorption by fungi was proved as an another important removal option for heavy
metal-polluted wastewater (Kapoor and Viraraghavan 1995; Say et al. 2003).

15.4.2 Bioaccumulation

Bioaccumulation is an active and energy-dependent metal remediation process by
living cells (Benson et al. 1981; Alguacil and Merino 1998; Gomes et al. 1998;
Errasquin and Vazquez 2003; Ting and Choong 2009). Several heavy metals such
as As, Cd, Cu and Zn can be removed by certain species of Trichoderma in vitro
through bioaccumulation process (Errasquin and Vazquez 2003; Zeng et al. 2010).

15.4.3 Biovolatilization

Biovolatilization is an enzyme-dependent transformation of inorganic and organic
forms into volatile forms of metal(loid)s through intracellular biomethylation
(Mukhopadhyay et al. 2002). Tricoderma asperellum and Tricoderma viridae were
assessed as potential As remediator from contaminated liquid environment by
biovolatilization process (Urik et al. 2007; Zeng et al. 2010; Srivastava et al. 2011).

15.4.4 Phytobial Remediation

Phytobial remediation is also known as microbe-assisted phytoremediation which is
employed for bioremediation of pollutants by the application of plants and microbes
(Watanbe 1997; Wenzel et al. 1999; Schmoger et al. 2000; Loureiro et al. 2006;
Khan et al. 2009; Farnese et al. 2014). Trichoderma-plant association has the ability
to remove the polluted sites because such association possess metal detoxifying
abilities which combined with other physiological processes like capacity to degrade
inorganic environmental contaminants (Cao et al. 2004).

15.5 Future Prospects and Challenges

Recently the remediation potential of fungal strains to break down various toxic metal
contaminants present in soil and water have assessed very useful. It is not important
that fungal strains are native or externally introduced to the contaminated sites but
the process of remediation of environmental contaminants is significant and critical
for explaining mycoremediation. However, despite being the microbes dominating
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biomass in soil, fungi have not yet been significantly explored for remediation of
such environmental contaminants. Much critical studies need to be carried out on the
application of fungi in mycoremediation. Further, the use of mycoremediation tech-
nology at large level will certainly need more research works to set the methods for
future studies. Once the proper research and development gets established such tech-
nology will be fruitful at the local, state and federal levels but it requires appropiate
funding and also the time to do so. Extensive researches should be carried out to
prove such strategy for successful remediation of toxic heavy metals like As from
the environment. Scientists think that this technology is supposed to be easier, faster
and cheaper than other remediation technologies once it is established commercially.
The application of fungi for mycoremediation would allow industries to offer cost-
effective, safe products to As-affected population. If the remediation ability of fungal
strains is further used with modern thechnologies it will certainly be a great strategy
to get rid of As contamination from the polluted environments (soil and water).
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Chapter 16 ®)
Biomarker and Arsenic Check for

Geetika Saini, Sunil Kumar, and Ranjit Kumar

Abstract Arsenic exposure may lead to severe health problems for human beings. It
affects both males and females non-selectively. The primary signs of arsenic exposure
include nausea, abdominal pain, vomiting, and muscular discomfort while chronic
exposure may lead to raindrop pigmentation, keratosis, gastrointestinal imbalances,
neurological disorder, and cancer. Raindrop pigmentation is the first sign of arseni-
cosis followed by hyperkeratosis. At present, hairs, nails, and urine are effective
biomarkers of arsenic exposure detection while blood, hematological parameters,
hormones, tumour markers, and immunological parameters may act as a biomarker
for arsenic toxicity in the future. Since, the increase in level of arsenic is directly
correlated with an increase in different hormone levels including metabolic hormones
including T3, T4, TSH, and steroidal hormones including testosterone, estrogen, and
progesterone. The rise in the level of these hormones is directly correlated with the
dose and duration of arsenic exposure which showed that not only female hormone
estrogen and progesterone but male hormones testosterones are also increased by
an increase in arsenic levels. Arsenic is associated with RBCs and it may act as
an effective biomarker in finding arsenic load in an individual. Blood arsenic is
a very good biomarker to detect arsenic mobilization between different tissues.
Free oxygen radicals are showing overexpression due to arsenic exposure. Levels
of hydrogen peroxide, superoxide radicals, hydroxyl radicals, peroxyl radicals, and
glutathione peroxidase is showing high increase in people getting arsenic exposure.
The expression is directly proportional to concentration and duration of exposure
which indicate that it may also act as a biomarker for detecting arsenic toxicity.
Many tumour markers are increasing in arsenic-induced cancer which showed a
direct correlation of these tumour markers with carcinogenesis. The level of arsenic
determines the expression of these tumour markers. So, it is concluded that haema-
tological, biochemical, hormonal, and tumour markers may work as biomarkers for
future detection of arsenic among people residing in the arsenic hit areas.
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16.1 Arsenic Contamination Scenario

Groundwater is the valuable natural resource, with an enormous increase in extrac-
tion in past few decades. Hydrogeologists have referred this massive groundwater
utilization as the “silent revolution,” because it has taken place in many regions of the
world in completely uncontrolled and unplanned manner (Stone et al. 2019). Arsenic
(As)-mediated contamination of groundwater resources at alarming levels occurs as
aresult of natural or anthropogenic causes, affecting millions of people from several
nations (Ali et al. 2019). The principle source of As release and decrease in its
quality are rock-water interactions of aquifer systems (Fendorf et al. 2010). Natural
As contamination in groundwater has been observed worldwide, South Asian and
South American countries represents majority of its cases (Ravenscroft et al. 2011).
According to global data, 107 nations are impacted by As pollution in groundwater
beyond the WHO maximum allowed limit of 10 ppb, with Asian and European
regions reporting the most cases (Shaji et al. 2021). As contamination is mostly
reported from deltas and river basins around the world, such as the Paraiba do Sul
delta in Brazil, the Bengal Delta in India and Bangladesh, the Mekong Delta in
Cambodia, the Danube River Basin in Hungary, the Hetao River Basin in Mongolia,
the Duero Cenozoic Basin in Spain, and the Zenne River Basin in Belgium (Shankar
and Shanker 2014). Among the countries that produce As, China is the leading
producer of white As, accounting for about half of the global supply, followed by
Peru, Chile, and Morocco, and all provinces of China have naturally occurring As
concentrations of more than 10 pg/L (Sanjrani et al. 2019). Groundwater As pollution
in the Bengal Delta Plain, which includes Bangladesh and the Indian state of West
Bengal, has been deemed the world’s largest and most devastating ecological disaster
for more than three decades (Koley 2022). In Bangladesh, out of 64 districts, 61 had
As levels higher than the WHO limit of 10 pwg/L for drinkable water (Huq et al.
2020). Groundwater As pollution is currently threatening a population of over 50
million people in India (Chakraborti et al. 2018). In India, 20 states (including West
Bengal, Jharkhand, Bihar, Uttar Pradesh, Assam), and four Union territories (Delhi,
Puducherry, and Daman and Diu, are affected from groundwater As contamination
(Shaji et al. 2021). Around 19% of the Indian population, or almost 25.46 lakh indi-
viduals, while around 65% of the Assam population, 60% of the Bihar population,
and 44% of the West Bengal population are at high risk of As poisoning (Shukla et al.
2020). As in plain terrain including states like Bihar, Uttar Pradesh, West Bengal,
Haryana, and Punjab is primarily derived from alluvium, which rivers deposit over
millions of years. However, volcanic rocks in the plateaus including states of Chhattis-
garh and Karnataka are blamed for As contamination of groundwater (Ranjan 2019).
Aside from groundwater, As has been found in agricultural crops such as rice and
other vegetables grown in As-contaminated areas of the Bengal Basin. As in crops



16 Biomarker and Arsenic 319

and vegetables is thought to come from As-affected soil and polluted groundwater
collected from shallow bore wells for irrigation (Sarkar et al. 2022).

16.2 Biomarkers as a Tool for Toxicity Assessment

A biomarker is considered as “any substance, structure, or process that’s able to be
assessed in the body or its metabolites that regulates or indicates the occurrence
of consequence or disease, as well as the impact of therapies, interventions, and
sometimes even unintentional contact with chemicals or nutrients” (Strimbu and
Tavel 2010). Biomonitoring (or the repeated, regulated assessment of biomarkers in
secretions, tissues, or other subject-accessible substances who have been exposed
or will be subjected to physical, chemical or biological risk variables at work or
elsewhere in the environment) might be utilized to determine chemical doses that
may endanger human health (Manno et al. 2010). Biomarkers utilized in human
health investigations are often classified into three types. The first is biomarker of
effect which include cellular changes, such as changing expression of metabolic
enzymes, but they could also be markers for early pathogenic changes in complicated
disease development. Sometimes the categorization is ambiguous; for example, DNA
adducts might be employed as exposure biomarkers but could also indicate an effect,
and susceptibility biomarkers indicate an individual’s inherent responsiveness to
specific exposures (Watson and Mutti 2004). Heavy metals have long biological
half-lives and are hazardous at extremely low levels, the kidney is one of many
organs impacted by metals, and its capacity to reabsorb and store divalent metals
makes it an important target organ, exposure to metals including As, cadmium, and
lead caused increased urine porphyrins excretion, which has been proposed as an
useful biomarker for metal exposure, other include lungs, liver, blood, and nervous
system (Wang and Fowler 2008). Exhaled air, urine, and tissue samples and blood
can all be evaluated for biomarkers (Silins and Hogberg 2011). As biomarkers study
the impact of As-contaminated water on the health of population. Hair, nails, urine,
and blood are among the most often utilised biological samples in epidemiology
studies on As health risks (Marchiset-Ferlay et al. 2012).

16.3 Health Impacts of Arsenic

The degree of methylation and oxidation state of As can both be used to predict how
toxic it will be. A higher methylation state indicates lower toxicity, a lower oxida-
tion number indicates higher toxicity. Therefore, As in trivalent forms (MMAIII >
DMAIII > iAslII) are comparatively more cytotoxic than their pentavalent forms
(iAsV > MMAYV =~ DMAV) (El-Ghiaty and El-Kadi 2022). In general, the affinity of
trivalent species, both inorganic and organic, for biomolecules containing sulthydryl
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groups, particularly proteins and peptides, can be attributed to their toxic interac-
tions. Covalent interactions between free cysteine (Cys) thiols and neutral trivalent
arsenicals can result in structural and functional deviations in the target protein. As
has been linked to the inactivation of 200 enzymes because of this (Shen et al. 2013).
Hair and nail proteins contain cysteine and have an active -SH group. As accumu-
lates in these keratin tissues, including the hair, nails, sole, and palm (Chakraborti
et al. 2017). Additionally, unbound As produces intermediates of reactive oxygen
species during its metabolic activation and redox cycling processes, which lead to
DNA damage (Ratnaike 2003).

After entering the body, As is distributed throughout many organs, including
the skin, liver, lungs, and kidney. As a result, it can be challenging to detect early
arsenicosis symptoms as the same symptoms are also present in other chronic
conditions (Flora 2020). Epidemiological studies repeatedly confirmed As-related
diseases, including cancers, dermal effects, respiratory effects, gastrointestinal
effects, neurological effects, cardiovascular effects, and endocrinological effects
(diabetes mellitus) (Chakraborti et al. 2017). Symptoms of acute toxicity on the skin
include erythema, flushing, facial edema, urticaria, acrodynia, alopecia, nail loss,
and Mees lines apparent on nails about eight weeks after exposure and chronic skin
manifestations usually involve hyperpigmentation, hypopigmentation that is char-
acterized as “raindrops”, punctate hyperkeratosis on the soles and palms, Blackfoot
disease, Bowen’s disease (BD), squamous cell carcinoma (SCC), and basal cell carci-
noma (BCC) (Huntet al. 2015). Other health effects of As include the development of
other types of cancers like lung, bladder, liver, and kidney cancer. Consuming As can
also have hematological side effects like anaemia and leukopenia as well as general
gastrointestinal complaints like diarrhoea and cramping (Rahman et al. 2009). As
exposure over a long period through drinking water may have harmful effects on
pregnancy outcomes including stillbirths, preterm births, and spontaneous abortions
(Quansah et al. 2015). After exposure to As, adults and children with impaired
cognitive and motor abilities show significant neurological impairments (Gong et al.
2011). As causes an increase in mortality rate from pulmonary tuberculosis, and
bronchiectasis (Smith et al. 2011). The endocrine effects include altered hormone
regulation through thyroid hormone, estrogen, and RAR (retinoic acid receptors), and
an increased risk of developing diabetes, especially at higher doses and for exposure
periods of more than 10 years (Naujokas et al. 2013).

16.4 Biomarkers Showing Association with Arsenic
Toxicity

Biomarkers are required for appropriate analysis of As related health hazards and
to comprehend the mechanism of As toxicity (Hall et al. 2006). Early detection
of As exposure is essential for avoiding As poisoning because there is no cure for
endemic arsenicosis. For early diagnosis and prevention, it is possible to measure
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directly the As exposure levels and its detrimental consequences using highly sensi-
tive biomarkers. Currently, the main screening methods for As exposure are urine,
blood, hair, and nails, but in recent years, saliva samples have drawn attention from
researchers and sparked a lot of interest as a quick, non-invasive detection method
(Liu et al. 2017). The analytic assessment of total As (tAs) in urine serves as the
most prevalent As biomarker of exposure (Wang et al. 2002). Dermatologic lesions
formed after chronic consumption of iAs have been used as a biomarker of accu-
mulative As exposure (Chen et al. 2005). Blood As levels have been suggested as
a marker of chronic exposure, although As from acute exposure can be removed
off from the blood fairly quickly (McClintock et al. 2012). Some of the typical
biomarkers of As exposure are biological biomarkers, haematological biomarkers,
biochemical biomarkers, hormonal biomarkers, and tumour markers (Fig. 16.1).

16.4.1 Biological Biomarkers Expressed with Arsenic
Exposure

16.4.1.1 Dermatological Biomarkers

Skin is assumed to be highly susceptible and to show the initial signs of arsenicosis
(Rahman et al. 2009). A study conducted in Bangladesh found that those exposed to
water containing 50-100 pg/L of Ashad a 70% higher risk of developing skin lesions
than those exposed to water containing < 10 pg/L, and that this risk increased steadily
over time with higher concentration, with a risk that was more than three times higher
for those exposed to the highest concentration (> 200.1 pg/L) (Argos et al. 2011). A
study conducted in Chinarevealed a significantly higher risk of skin lesions beginning
at well water concentrations of 5.1 pg/L and continuing to rise as concentration
levels increased (Xia et al. 2009). Evidence from Taiwan, South Asia, Mexico, USA,
and Eastern Europe supports a similar dose-related pattern in As exposure and skin
cancers (Karagas et al. 2015). Abnormal skin manifestations were seen in a total of
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125 patients with chronic kidney disease including hyperpigmentation in 54.4% of
the palms and 39% of the soles, low keratosis in 23.2% of the palms and 17.6% of
the soles, and elevated urinary As levels (Jayasumana et al. 2013). In India, West
Bengal, water As concentrations above 50 pg/L also indicated an increase in the risk
of dermal manifestations (Haque et al. 2003).

Corns are also visible on the bellies and thorax region. Severe Keratosis was
observed in the palm and soles of people residing in West Bengal. Lamellar desqua-
mation and acral hyperkeratosis seen along with changes in nail like Beau’s line,
total leukonychia, Mees line, dystrophy, periungual pigmentation, and dystrophy are
common symptoms of acute exposure whereas spotted melanosis, leukomelanosis,
diffuse melanosis or raindrop pattern, mucosal pigmentation, and dyschromia, are
symptoms of chronic As toxicity (Figs. 16.2 and 16.3) (Rajiv et al. 2022). Diffused
hyperpigmentation is most frequently found over the body areas that are sun-
protected, such as palms and soles (Sarma 2015). Spotted melanosis typically mani-
fests as spotty hyperpigmentation that resembles “rain drops on a dusty road” on the
trunk back, chest, and limbs (Das et al. 2014). About one-third of patients have
leukomelanosis, which is characterized by depigmented macules that appear on
normal skin or a background of hyperpigmentation (Saha et al. 1999). When macules
are simultaneously hyper and hypopigmented, it is referred to as dyschromia (Sarma
2015) and the mucosal pigmentation develops on the underside of the tongue, gums,
or buccal mucosa as diffuse or blotchy pigmentation (Das et al. 2014). These lesions
are thought to increase an individual’s risk of developing cancer of skin and other
types (Ghosh et al. 2007), including skin epithelial cancers, such as intraepidermal
carcinomas (Bowen disease), SCC, BCC and there are other indications of negative
effects of As including hyperpigmentation, keratosis, and many cutaneous malig-
nancies. (Isokpehi et al. 2012). Bowen’s disease manifests as skin-colored scaly
macule, or plaque, erythematous, pigmented, can be multiple or solitary. As-induced
Bowen’s disease and SCC primarily affects skin protected from the sun, whereas
BCC primarily affects skin exposed to the sun and frequently comes in large groups,
but a greater metastatic potential is exhibited by SCC (Schwartz 1997).

16.4.1.2 Urine as Biomarker

Because urine is the primary method of excretion for the majority of As species, the
biomarker most frequently used is urinary As. With a half-life of about four days in
humans, absorbed As is excreted via urine primarily (Gomez-Caminero et al. 2001).
The body’s burden from heavy and prolonged As ingestion take a bit longer to excrete
after a stop of ingestion, but small amount remains after exposure has ended (Valen-
tine etal. 1979). The recent development of As-speciation techniques has contributed
to the establishment of As-speciation according to its oxidation states. Human urine
has been found to contain MMA as MMAIII and DMA as DMAIII and the urinary
analysis of MMALIII may be a useful tool for the assessment of health risks linked to
1As exposure due to the harmful biological effects of these metabolites (Marchiset-
Ferlay etal. 2012). Itis now possible to distinguish between exposure to inorganic and
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Fig. 16.2 Severe pigmentation in the back of people residing in the As-hit area

organic As through urine As speciation (Francesconi and Kuehnelt 2004). Urinary
As background concentrations range from 5 to 50 pg/L. The determinant value
suggested biologic exposure level for iAs exposure in the workplace is 35 pg/L
(Hughes 2006). Rasheed et al. (2019) found that males have significantly higher iAs,
MMA, and tAs concentrations in urine than females. In women of childbearing age,
choline is synthesized under the influence of estrogen; estrogen contributes to choline
synthesis by regulating the PMET (Phosphatidylethanolamine N-methyltransferase)
pathway which is responsible for this difference in concentrations in male and female.

16.4.1.3 Hairs and Nails as Biomarkers

Various studies have shown that As concentrations in toenails and hair are closely
related to those in drinking water and considered as biomarkers for As exposure
(Schmitt et al. 2005). Although fingernails and hairs are thought to be more prone to
contamination (such as from shampoos, dusts, and some cosmetic procedures), limit
their use as biomarkers of long-term As exposure. Fingernails and hairs, similar
to toenails having the slow growth rate, similar composition, and their ability of
As accumulation (Marchiset-Ferlay et al. 2012). Positive correlations were found
between groundwater and nail/hair As concentrations (Gault et al. 2008). As in hairs
and nails used to calculate the time length of As exposure. As has an affinity for the
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Fig. 16.3 Severe keratosis found on the palm and sole of people of the young age group (20-25
years) residing in As-hit areas of Bihar (district Begusari)

sulfhydryl groups in cysteine in keratin and therefore, easily accumulates in nails and
hairs (Hopps 1977). An increase in 1 mg/L As in drinking-water was predicted to
result in 2.7 ng As/g of the toenail (Slotnick and Nriagu 2006). Because toenails are
simple to collect and store and are thought to be less prone to external contamination
than hair, so are advantageous for large epidemiological studies (Marchiset-Ferlay
et al. 2012). Before 30 years ago, methods for determining the amount of As in hair
required large samples (1 g), so results had to be the average of many hairs. As levels
in individual hairs can now be measured using neutron activation techniques, but
efforts to link its toxic effects to As levels in hairs have led to a lot of confusion.
The Interpretation of the results are difficult from a single hair as the levels of As
within and between hairs differs greatly. Additionally, the avidity with which different
subjects’ hair samples adsorb As creates challenges in the interpretation of the results
(Hindmarsh 2002).

The Asian nations, particularly Bangladesh, China, and India, had the highest
concentrations of As in toenails. Toenail As concentrations may correlate with other
trace elements that can accumulate there, indicating common exposure sources. As
levels in toenails have been linked to cadmium, lead, and manganese concentrations
(Signes-Pastor et al. 2019). Male subjects had higher As levels in their toenails,
according to Hinwood et al. (2003), whereas female subjects had higher As levels in
their fingernails, according to Mandal et al. (2003). Lima (1968) discovered that hair
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growth had only increased by about 3.5 mm after start ingesting Fowler’s solution,
discovered the hair As location 10 days later in humans.

16.4.1.4 Breast Milk as Biomarkers

The reference food for an infant is breast milk because it contains the nutri-
ents required for healthy growth and development as well as biologically active
compounds that protect against infections. Breast milk, however, may contain high
concentrations of materials that the mother takes from her environment, which could
potentially be harmful. Due to the possibility that it serves as a pathway for maternal
excretion, heavy metals are regarded as significant hazardous pollutants in human
breast milk (Yurdakok 2015). In fact, breast milk regarded as a trustworthy environ-
mental biomarker (Bernasconi et al. 2022). The exposure to As that neonates and
infants receive may have negative consequences on their growth and development
(Raqib et al. 2009). Fangstrom et al. (2008) provided the first study that made it clear
that the major form of As excreted in breast milk is the arsenite, and that there exists
a substantial correlation between the levels of As in milk and maternal blood. Yet,
despite their significant As exposures, the rural Bangladeshi women in the study had
generally lower As levels in their breast milk (approximately 1 pg/kg. The highest
concentrations of As were discovered in cord blood (Medas 3.3 ng/g) and breast
milk (Med(a)0.8 ng/g) of Greek women (Miklav¢ic et al. 2013). The mean (SD)
levels of As were 1.23 (0.63) iwg/L, which may have been caused by metals absorbed
by the mother during pregnancy (Kelishadi et al. 2016). These values were greater
than those reported from the European countries (De Felip et al. 2014) but were
equivalent to the levels recorded from certain Asian nations (Giirbay et al. 2012).
According to a study, only 154 out of 187 samples of breast milk from nursing
mothers had any measurable levels of As. The study assessed the contamination of
the milk throughout the first three months of lactation. In another investigation, the
mean As concentration was 0.8 + 0.66 pg/L, with 3.73 pg/L and As intake for
infants per day ranged between 0.01 and 0.17 pg/kg of body weight, which is less
than the daily allowance for adults (Salmani et al. 2018). A study in Iran showed As
levels (mean £ SD) in breast milk to be 10.75 & 7.62 g/L, having the highest levels
at 30.10 pg/L in milk samples (Samiee et al. 2019).

16.4.2 Haematological Biomarkers Expressed with Arsenic
Exposure

As has an impact on hematological parameters, and changes to these parameters
used for assessing As exposure in the environment (Lavanya et al. 2011). Only a few
reports on the As speciation in plasma, blood serum, RBCs, or haemolyzed blood
have been reported (Marchiset-Ferlay et al. 2012). Blood is a challenging matrix to
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deal with in comparison to urine, and invasive sampling makes it more challenging
to collect blood samples for epidemiological research. Blood As analysis is more
appropriate for acute exposures and can also be used to demonstrate chronic As
exposure (Hall et al. 2006).

16.4.2.1 RBC as Biomarkers

After systemic absorption, RBCs are the first target of As compounds (Saha et al.
1999). Studies on the alterations in erythrocyte deformability brought on by As
exposure in in-vitro conditions are available. This could have an impact on micro-
circulation and help to cause circulatory problems (Winski et al. 1997). When
exposed to stress caused by As toxicity, RBCs lost their typical discoid shape and
began to take on the evaginated shape known as echinocytes, which had protruding
spicules. Echinocytes are the evaginated version of discocytes with protruding
spicules (Biswas et al. 2008). Erythrocytes’ adaptive compensatory technique aims
to expand surface area (SA) of membrane relative to their cell volume, which enables
the cell to store a significant amount of water (Zeni et al. 2002). The extracellular vesi-
cles that the spicules form after they have irreversibly budded off make RBCs more
or less spherical. This results in RBC’s decreased SA-to-volume ratio. Membrane
instability, hemoglobin release, and intravascular hemolysis are the results of these
events. Cell shrinking brought on by the formation of spherocytes results in eryp-
tosis and extracellular hemolysis. All these things affect erythrocyte survival, which
finally causes anemia (Biswas et al. 2008). AsV treatment causes degradation of
lipids of membrane and changes in internal microviscosity, which alters RBC rheo-
logic properties. These effects impair fluid behavior of blood, which contributes to
anemia, which is the clinical manifestations of As chronic intoxication.

16.4.2.2 WBC as Biomarkers

DNA damage in lymphocytes can be employed as a biomarker of As exposure,
perhaps indicating a greater sensitivity to As-induced carcinogenicity (Basu et al.
2005). After short-term and low-dose As exposure, leukocytes produced an excess
of ROS, causing an imbalance in the antioxidant response. As a result, oxidative
stress may be seen as an earlier indicator of cellular damage with potential biolog-
ical consequences (Reyes-Becerril et al. 2019). PMNs (polymorphonuclear cells) and
MNs (mononuclear cells) play a significant role in the immune system’s ability to
combat pathogens. PMNs phagocytose invading pathogens, which then are destroyed
by oxidative and nonoxidative mechanisms. By phagocytosing invading pathogens,
PMNs destroy them oxidatively and nonoxidatively (Bhatnagar et al. 2010). The
formation of ROS as a defense against xenobiotics is a function of active monocytes
(Bauer et al. 2011). In one study, oxidative DNA damage biomarker 8-OHdG was
abundantly expressed in peripheral blood PMNs but not in MNs in all individuals
studied. By assessing adverse health effects caused by chronic exposure to lower
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levels of As directly through peripheral blood PMNs, oxidative stress could serve as
a sensitive biomarker (Pei et al. 2013). Neutropenia and lymphocytosis have been
linked to persistent exposure to high levels of As in drinking water, which may
influence patients’ immunological responses (Islam et al. 2004). There have been
a number of studies in humans demonstrating a connection between As exposure
and changes in global and gene-specific DNA methylation in leukocytes, as well
as alterations in DNA methylation associated with health problems triggered by As
exposure (Niedzwiecki et al. 2015). The researchers examined the link between As
exposure and DNA methylation in maternal and umbilical cord leukocytes. As expo-
sure was also linked to increased methylation of certain of the CpG sites evaluated
in the p16 promoter region in the umbilical cord and maternal leukocytes (Kile et al.
2012). An association between chronic exposure to As and the length of leuko-
cyte telomeres (LTL), as well as common polymorphisms in genes involved in As
metabolism (GSTT1 and GSTM1) and DNA repair (hOGG1 and XRCC1) have been
reported by Borghini et al. (2016). Telomere shortening may contribute to As-related
illness. The interaction between hOGG1 and XRCC1 DNA repair polymorphisms
leads to increased damage to telomeric DNA. Prenatal As exposure affects specific
T-cell subsets and, to a lesser extent, B-cell subsets in cord blood, and As was found
to be significantly related to leukocyte subsets, specifically CD + 4 and CD + 8
populations (Kile et al. 2014).

16.4.3 Common Biochemical Biomarkers Expressed
with Arsenic Exposure

Certain metals are also redox active, which means they can cause oxidative stress in
addition to the biochemical response associated with metal poisoning (Correia et al.
2002).

16.4.3.1 Reactive Oxygen Species (ROS)

An imbalance seen between the generation of ROS and antioxidants in the cell
causing oxidative stress (Yaribeygi et al. 2020). ROS includes hydroxyl radicals
(OH"), hydrogen peroxide, peroxyl radicals (ROO"), and superoxide radicals (O,")
(Pham-Huy et al. 2008).

Asisresponsible for ROS generation, which causes an imbalance between endoge-
nous antioxidants and pro-oxidants, triggers signaling pathways, leads a cell towards
apoptosis (Flora 2011), and overall reduces the defence system mechanism of the
body (Manna et al. 2008). Methylated metabolites of iAs are responsible for inducing
oxidative stress which is considered as the mechanisms responsible for As-induced
carcinogenesis (Yamanaka et al. 1990). A study conducted by Pi et al. (2002) revealed
a relation between oxidative stress and As and showed that the high As exposure
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group had an elevated level of lipid peroxides (LPO) in serum and an increase in the
production of ROS can be the possible reason for this. Prakash et al. (2016) assessed
the preferred mechanism responsible for mitochondrial oxidative stress induced by
As by increasing generation of oxidative stress within the brain. Apoptosis and the
production of ROS through complexes I and III are caused by As’s alteration of
mitochondrial integrity and membrane potential, which also causes Cyt-c release
and apoptotic protein (Bax) activation, decreased Bcl2 expression, and loss of mito-
chondrial organization (Mishra et al. 2008). Glutathione (GSH) and other thiols are
required for the methylation of As, which alters the redox status by the depletion of
GSH and other thiols, resulting in As methylation metabolites that increase oxida-
tive stress (Dopp et al. 2010). A membrane-associated enzyme called [NAD(P)H]
oxidase (Nox) is implicated in the production of ROS in response to As (Ellinsworth
2015). Other sources of ROS that have been proposed include ER stress brought on
by iron released from ferritin and DMA III as a result of methylated As species (Hu
et al. 2020).

16.4.3.2 Liver Function Test (LFT)

LFT can assess liver functions, its disorders, and liver injury induced by drugs. Liver
is the important target affected by chronic As exposure in humans, with numerous
epidemiological studies demonstrating a link between As and liver diseases such
as liver fibrosis, hepatomegaly, hepatoportal sclerosis, and cirrhosis of the liver
(Mazumder 2005). Because of affinity of As** for vicinal dithiol in hepatic cytosolic
protein, the liver is regarded as the main target of inorganic As (Al-Forkan et al.
2016). Inorganic As metabolism takes place in the liver for As detoxification, and
its metabolites are eliminated via urine. Chronic As exposure, on the other hand,
can interfere with the liver’s detoxifying function, causing As bioaccumulation in
this organ (Souza et al. 2018). Chronic As exposure is also related to dysregulated
liver functions characterized by severe disturbances of gastrointestinal tract and clin-
ical increases of liver enzymes including alanine amino transferase (ALT), aspartate
amino transferase (AST), and alkaline phosphatase (ALP) (Guha 2001). The total
protein is a biomarker for the synthesizing capability of the liver (Thapa and Walia
2007). One study discovered that serum levels of ALT, AST, ALP, and bilirubin
were considerably higher in the As-exposed population than in the unexposed group
which clearly show that prolonged As exposure induces hepatocyte injury, including
cholestatic injury, and reduction of the its biosynthetic capacity (Das et al. 2012).
Liver enzyme activities found to be considerably greater in the As exposed group (>
50 pg/L), and enhanced enzyme activity were seen in the 10.1-50 pg/L exposure
group when compared to the group exposed with 10 pg/L (Islam et al. 2011). During
90-day sodium-arsenite exposure research, there was a considerable rise in blood
liver enzyme activity of As-intoxicated rats (Al-Forkan et al. 2016).
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16.4.3.3 Kidney Function Test (KFT)

Kidney is the primary organ of excretion of As, as well as renal damage caused by
As exposure (Nordberg 2010). Hong et al. (2004) verified dose—effect association
between As levels and urine indications of early kidney impairment, with albumin
having the highest sensitivity. Several effective biomarkers of As-induced kidney
injury include N-acetyl-beta-D-glucosaminidase (NAG), 2-microglobulin (2-MG),
microalbumin (mALB), and retinol-binding protein (RBP) (Feng et al. 2013). Urinary
a1-MG can serve as a potential biomarker of kidney damage caused by low levels
of As exposure, while MMA and t-As may represent As exposure biomarkers (Feng
et al. 2013). Urinary RBP and 1-MG were found to be significantly higher in the
medium and severe As toxicity groups than in the control group, and transferrin
(TRF) significantly increased in the severe toxicity group compared to the control
group, indicating that renal tubular impairment became more severe with increased
As poisoning (Zhang et al. 2006). Yang et al. (2000) observed that serum and urinary
2-MG levels in patients with chronic As poisoning induced by coal-burning were
considerably higher than controls, implying that As exposure from coal-burning
could disrupt renal tubular reabsorption performance. Chronic exposure to 100 ppb
sodium arsenite in drinking water caused a rise in the acute-phase protein C-reactive
protein (CRP) in the liver and kidney of mice (Druwe et al. 2012). As exposure
was linked to reduced plasma GSH (glutathione) and EhGSH (reduction potential of
the GSSG/2GSH pair) (GSSG glutathione disulfide), as well as an elevated risk of
As-induced inflammation (Peters et al. 2015).

16.4.4 Hormonal Biomarkers Expressed with Arsenic
Exposure

16.4.4.1 Effect on Estrogen Level

Ovaries produce estrogen hormone and inhibin that regulate the hypothalamic-
pituitary axis through a feedback mechanism and regulate levels of FSH and LH
(Nilsson and Gustafsson 2002). As is a potent endocrine disruptor that can mimic
estrogen and thereby activate estrogen receptors, stimulating its production (Xu et al.
2014). NaAsO; (Sodium arsenite) is responsible for a decrease in levels of estradiol
and disrupts the signaling pathway of estrogen either by decreasing the action of ER
and estrogen-responsive genes or generating ROS which is responsible for oxida-
tive disruption of proteins that are involved in the signaling pathway of estrogen
and regulate structure as well as the function of the uterus (Chatterjee and Chatterji
2010). As binds to Cys residues of ER (Estrogen receptors) and GR, blocks ligand
and receptor interaction, and suppresses functions of the target proteins (Stancato
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et al. 1993). When estrogen binds to ER, and ERg as well as to nuclear recep-
tors, its action is activated (Gangopadhyay et al. 2019). As may act as an environ-
mental estrogen substance by interacting with the ER receptor to generate the As-ER
complex, which can increase the expression of ER and disrupt the ER signal pathway,
thereby impacting the development of cancer (Che et al. 2019). As*? (arsenite) acts as
either a competitive antagonist or agonist depending on endogenous estrogen levels
and reactivates ER, via ER, promoter’s demethylation which is inactive due to the
process of hypermethylation (Du et al. 2012). A study conducted by Chatterjee and
Chatterji (2010) showed that As downregulates the estrogen receptor and estrogen-
responsive genes but Chen et al. (2022) discovered that exposure to As caused an
increase in estradiol levels. Zhang et al. (2022) found a positive association between
As exposure and estradiol. Davey et al. (2007) demonstrated the effect of As on ER
using human breast cancer MCF-7 cell lines. Cell treated with the non-cytotoxic
level of As (0.25-3 wM) inhibits genomic activation mediated by estradiol, whereas
no stimulatory effect at a low exposure level of As. As,O3 shows interaction with
the MAPK pathway and is responsible for the reduction in the level of ER, (Bae-
Jump et al. 2008) whereas does not affect ERg (Chen et al. 2002). As,O3 at low
concentration (0.25-1 uM) inhibits cell proliferation induced by estradiol and at
higher concentration (2 WM), apoptosis is stimulated in MCF-7 Breast cancer cell
lines (Chow et al. 2004). Cells treated with 1 WM arsenite have resulted in a 60%
reduction in the amount of ER-a and a 40% reduction in ER-amRNA in a parallel
way (Stoica et al. 2000).

16.4.4.2 Effect on Testosterone Level

Leydig cell maintains the structure and function of seminiferous tubules and is
responsible for the synthesis of testosterone which is required in post-meiotic sper-
matogenesis stage (Sharpe et al. 1990). As affects the production of testosterone. Mice
treated with As show degeneration of Leydig cells which in turn affects testosterone
production (Hazra et al. 2008). As exposure results in a reduction in morphometric
parameters of the testis, and testosterone levels, thereby As exposure caused repro-
ductive abnormalities (Souza et al. 2021). In healthy animals, As bioaccumulation
in testis and epididymis tissues disturbs antioxidant enzyme activities (Souza et al.
2019). NaAsO, treatment degraded testicular structure, decreased activity levels of
catalase and testicular superoxide dismutase, and increased levels of lipid peroxi-
dation are all connected with decreased levels of testicular steroidogenic enzymes
such as 3- and 17-hydroxysteroid dehydrogenases (Venkaiah et al. 2022). Chiou
et al. (2008) concluded that As treatment results in impairment in the reproductive
system of a male which in turn causes atrophy of seminiferous tubules, hampers
the testosterone pathway, and later disrupts spermatogenesis. Upon treatment of As
(3 mg/kg b.w) in mice, the level of testosterone decreases from 2.7 to 2.5 ng/ml
after 2 weeks which further decreases to 1.31 ng/ml after 8 weeks which demon-
strates that testosterone level gradually declines when the duration of As expo-
sure increase (Kumar et al. 2013). An in vitro research conducted by Tian et al.
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(2021) on Leydig cells demonstrated that low-dose As exposure has an endocrine-
disrupting effect by promoting Leydig cell steroidogenesis and increasing urinary
steroid excretion and that high-dose As exposure has an opposite relationship with
the production of sex steroid hormones. In Leydig and Sertoli cells, exposure to As
decreased cell viability and proliferation, increased lactate dehydrogenase, a cyto-
toxicity marker, and induced oxidative stress and apoptosis which also affects main-
tenance of spermatogenesis and testosterone production (Aydin and Orta-Yilmaz
2022).

16.4.4.3 Effect on Progesterone Level

As is considered a major hazard to the reproductive health of females, constrained
the functions and structure of the uterus, by changing the gonadotrophins and steroid
hormone levels (Akram et al. 2010). Arsenite being a potent environmental estrogen,
mimic the effects of estradiol hormone and results in an elevation in progesterone
receptors and pS2 levels (Stoica et al. 2000). The various effects of progesterone
are governed by Progesterone receptors (PR) and estrogen is responsible for the
induction of this PR in most of the target tissues (Graham and Clarke 1997). The PR
concentration increased 22 times upon treatment of MCF-7 cells with 1 nm arsenite
for a period of 24 h and this increase in the concentration of PR was similar to the
increase in PR upon MCF-7 CELLS treatment with 1 nm estradiol (Stoica et al.
2000). iAs concentrations of 7.7-77 ppb in drinking water cause enhancement in
gene transcription mediated by progesterone (Bodwell et al. 2006). As treatment at
a concentration of 10 mg/L in female rats for 7 days stimulates the production of
progesterone in a caspase-3-dependent manner and also influences estrogen (Yuan
et al. 2012). A study by (Guo et al. 2011) showed a drastic reduction in serum level
of progesterone after chronic exposure to As.

16.4.4.4 Effect on LH and FSH Level

Spermatogenesis is initiated and maintained by LH and FSH in rats (Russell et al.
1987). Mondal et al. (2022) investigated the amount of harm NaAsO, caused to the
rat’s female reproductive system. The lowering of serum LH, FSH, and extended
diestrus index were further effects of the toxin. At larger doses, sodium arsenite-
induced ROS production targets the female rats’ reproductive system. FSH and LH
levels were positively correlated with urinary As, and a possible link between As
exposure and primary ovarian insufficiency (POI) in females was discovered by
Pan et al. (2020). According to certain research, blood As levels above 5.8 pug L
are associated with an increased risk of a reduced LH level and reduced sperm
motility (Mahurpawar 2015). As mice were given 15 mg/L of As (III) at puberty,
their levels of the hormone LH dramatically rose when compared to the control
group, increasing female sexual precocity (Li et al. 2018). Adult rats when treated
with NaAsO; (0.4 ppm) for 28 days showed a reduction in levels of LH and FSH
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along with reduced uterine peroxidase activity (Chattopadhyay et al. 2003). Wistar
rats (4 months old) when treated with NaAsO,(5 and 6 mg/kg/day) intraperitoneally
for 26 days showed a decrease in sperm count and plasma level of testosterone,
LH, and FSH along with degeneration of stage VII germ cells (Sarkar et al. 2003).
Bombino (1989) demonstrates that Glucocorticoids decrease LH receptors in the
testis and are thereby responsible for the suppression of testosterone production and
its secretion and resulting in a decrease in spermatogenesis and sperm count (Sarkar
et al. 2003). In Male rats, when sodium arsenite is administered with or without hCG
and estradiol for 4 weeks (6 days a week), a significant change was noticed in levels
of corticosterone, LH, FSH, and testosterone depict that As cause degeneration of
germ cells and toxicity of testis, which inhibits the production of androgens in male
rats (Jana et al. 2006).

16.4.4.5 Effect on Prolactin Level

There exists an inverse association between As and prolactin levels in 219 male
volunteers (Meeker et al. 2009). Upon treatment with NaAsO, for 28 days, female
rats show altered mammary gland morphology, reducing lactiferous duct branching
and effects the concentration of prolactin and estradiol (Jahan et al. 2012). In vivo
As exposure to 25 and 100 ppm causes a reduction in prolactin levels, and induces
apoptosis by causing oxidative stress (Ronchetti et al. 2016). A micromolecular
dose of iAs is responsible for the inhibition of secretion of the anterior pituitary
via feedback mechanisms or directly affects cells of the anterior pituitary (Poliandri
etal. 2006). Demonstrate that exposure to iAS at a concentration level of 25-100 ppm
in vivo results in a reduction in serum levels of prolactin, where As directly inhibits
the release of prolactin, generates oxidative stress and thereby apoptosis (Ronchetti
et al. 2016).

16.4.5 Tumour Markers as Biomarkers of Arsenic Toxicity

A tumour marker is identified in urine, blood, or tissues, elevated due to the existence
of different forms of cancer (Kilpatrick and Lind 2009). CA-15-3 (Cancer antigen),
CEA (Carcinoembryonic antigen) (Donepudi et al. 2014), CA-19-9, and CA-125
(Magalhaes et al. 2021) that demonstrated clinical usefulness and were authorized
as potential biomarkers. CA-15-3 is the most often utilized blood marker in women
having breast cancer (Duffy et al. 2010). Although increased levels of CA-15-3 are
observed in the majority patients with metastatic breast cancer, high concentrations
may occur in individuals with numerous distinct forms of advanced adenocarci-
noma, including pancreatic, ovarian, lung, and gastriccancer (Stieber et al. 2003).
CA-19-9 is expressed in small concentrations in serum as well as overexpressed
in numerous benign gastrointestinal illnesses; nevertheless, its plasmatic levels rise
with neoplastic disease (Scara et al. 2015). CA-125 is a tumor-associated antigen that
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has been frequently found in advanced forms of ovarian cancer. It is mostly formed
from coelomic epithelium, which supports increases in benign or malignant condi-
tions (Stieber et al. 2015). Since the International Agency for Research on Cancer
(IARC) has categorized arsenic as a class-I carcinogen in humans, indicating that
there is substantial evidence of carcinogenicity in humans (Martinez et al. 2011),
these tumour markers can act as biomarkers for detecting As toxicity.
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