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Abstract

The trend in commercialization of medicinal plant products reflects the excessive
exploitation of medicinal plants from the wild populations. Due to widespread soil
pollution, there is a likelihood that medicinal plants could be harvested from heavy
metal-contaminated soils and thus pose a potential health threat to consumers.
Unregulated procurement coupled with the unhygienic trading environment, poor post-
harvest handling and processing, represent major routes of heavy metal contamination

in medicinal plant products.

A comparative screening was carried out to assess the levels of heavwy metal
contamination in some frequently used South African medicinal plants obtained from
out-door traditional medicinal markets and muthi shops. Plant samples were digested
using a microwave-assisted acid digestion system and the elemental content
determined using inductively coupled plasma optical emission spectrophotometry
(ICP-OES). There was multi-elemental contamination in the investigated medicinal
plants with elevated levels of Fe, Al and Mn detected in most of the samples and levels
of As and Hg were above the World Health Organization limits of 1 mg kg-! and 2 g
kg! respectively. The high levels of metal contaminations in some of the investigated
medicinal plants is a health concern and urgent measures are needed to protect the
health of consumers. Samples were quantified for their total phenolic and flavonoid
contents as well as screened for antibacterial activity. Variable phenolic and flavonoid
composition and antibacterial activity showed that the quality and efficacy of medicinal
plants sold at traditional medicine markets is compromised. Data obtained from
elemental analysis was subjected to hierarchical cluster analysis which categorized
samples into four main groups with samples within a group having relatively similar
metal analyte compositions. Hierarchical cluster analysis proved to be a valuable tool
in this preliminary screening of heavy metal contamination in medicinal plants and can
potentially be used to develop a large database for easy monitoring of plant species
with hyperaccumulative potentials. Information such as site of collection, plant species
and plant part could be a valuable approach to ensure safety, efficacy and quality of

medicinal plants sold at traditional medicine markets.
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Exposure to Cd and Al for six weeks in a pot trial induced responses in Bulbine
natalensis, Drimia elata and Hypoxis hemerocallidea and these included variations in
heavy metal uptake, growth parameters and physiological changes. Generally,
application of Cd and Al at low concentrations (2 and 500 mg L1 respectively)
enhanced growth parameters in the three plant species compared to the control plants.
However, atthe highest concentrations of Cd 10 and Al1500 mg L1 respectively, there
was significant growth inhibition. Hypoxis hemerocallidea exhibited good tolerance to
Al exposure up to 1000 mg L1 compared to the other plant species. Some of the
physiological changes such as accumulation of free-proline increased progressively
with increasing heavy metal treatments in all the investigated plant species. The
combined treatment of Cd 5:Al 1000 mg L-* exhibited synergistic effects on the uptake
and accumulation of Cd and Al with values of about 83 and 918 mg kg! respectively
in the bulbs of D. elata. In B. natalensis, the combined treatment of Cd 10:Al 1500 mg
L resulted in the highest amount of Cd (67 mg kg) in the bulb samples while the
highest amount of Al (1607 mg kg!) was recorded after treatment with Cd 5:Al 1000
mg L1. There was an antagonistic effect on the uptake and accumulation of Cd in H.
hemerocallidea in the combined treatments. Energy dispersive X-ray analysis of the
abaxial leaf surface indicated that more Al was translocated to the shoot in H.
hemerocallidea compared to Cd. The bulbs and corms of the investigated medicinal
plants are the most extensively utilized plant parts in traditional medicine. High levels

of Cd and Al inthe bulbs and corms raise public health concerns.

Analysis of photosynthetic pigments showed total chlorophyll progressively decrease
with increasing heavy metal stress in all three plant species. The effect of Cd and Al
on chlorophyll fluorescence in H. hemerocallidea was investigated. Non-
photochemical quenching (NPQ) was adversely affected in most of the heavy metal-
treated plants indicating a photoinactivation of photosystem Il (PSIl) reaction centres.
In the present study, increasing heavy metal treatment resulted in the inability of H.
hemerocallidea to utilize the absorbed light energy leading to oxidative stress.
Exposure to Cd and Al treatments for six weeks induced several ultrastructural
changes in H. hemerocallidea including damage to the cortical cells and an increase
in xylem size. Transmission electron microscopy revealed a complete breakdown of
the thylakoids at the highest Cd treatment and the application of Al at moderate and

the highest treatment significantly reduced the size of the chloroplasts. These
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ultrastructural changes could possibly explain the reduced chlorophyll fluorescence
and the amounts of total chlorophyll recorded at the higher levels of heavy metal

treatments.

Biosynthesis and accumulation of secondary metabolites under heavy metal stress
were variable in the investigated plants. The moderate Cd treatment at Cd 5 mg L+
up-regulated the synthesis of total phenolics slightly compared to the controls in B.
natalensis. All the other heavy metal treatments down-regulated the synthesis of total
phenolics and flavonoids compared to the control plants in B. natalensis. Application
of Cdand Al at the lowest concentrations, 2 and 500 mg L' respectively up-regulated
the synthesis and accumulation of both phenolics and flavonoids in D. elata compared
to the control plants. In H. hemerocallidea, the highest amounts of total phenolics and
flavonoids were recorded at the moderate Cd treatment (5 mg L-1). High performance
liquid chromatography showed a significant decrease in the levels of hypoxoside, a
bioactive compound in H. hemerocallidea after heavy metal exposure. The lowest
amount of hypoxoside was recorded at the highest concentration of the combined
treatment (Cd 10:Al 1500 mg L-1). These variable responses to heavy metal stress
indicated the need for in-depth research on changes of secondary metabolites in
medicinal plants exposed to heavy metals in order to ensure ultimate quality and

efficacy of medicinal plant products.

There was a progressive decrease in antioxidant activity as measured by 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radical scavenging in the bulb extracts of B. natalensis and
D. elata. The lowest treatment of Al (500 mg L) had slightly higher DPPH activity
compared to the positive control (ascorbic acid). Extracts of H. hemerocallidea
exhibited a progressive increase in DPPH activity with increasing heavy metal
treatments. There was a significant decrease in the DPPH activity at the highest Cd
application (10 mg L!) compared to the control plants indicating a loss in the

biosynthesis of important bioactive compounds at high levels of heavy metal exposure.

Cadmium applied at low and moderate concentrations enhanced antibacterial activity
(0.78 mg mL1) against Staphylococcus aureus in B. natalensis compared to the
control plant extracts. However, there was poor antibacterial activity against

Escherichia coli in all the heavy metal-treated plants in B. natalensis. Application of
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Cd and Al at low concentration in D. elata enhanced good antibacterial activity (0.78
mg mL1) against E. coli which is less susceptible to antibiotics than S. aureus. Extracts
from all Cd-treated plants as well as low and moderate Al-treated H. hemerocallidea
plants exhibited the good antibacterial activity against S. aureus compared to the
control plants. Plants treated with the combined Cd 2:Al 500 mg L-! treatment also had
good activity against S. aureus. However, all the extracts of H. hemerocallidea

exhibited poor activity against E. coli.

The responses of plants to Cd and Al varied depending on the species. Their ability to
accumulate elevated levels of heavy metals raises concerns not only on the safety of
these products but also the issues regarding the quality and efficacy of plants grown
on heavy metal contaminated soils. The findings presented in this thesis highlight the
need for stringent monitoring of heavy metal contamination in medicinal plant material
sold at traditional medicine markets and the need for safe and sustainable cultivation
of important medicinal plants. This will ensure that medicinal plant products are of a
standard quality, safe from toxic contaminants and consistent in terms of

phytochemical compositions.
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Chapter 1

Introduction and literature review

1.1 Introduction

The high demand for traditional and alternative medicines has led to a rapid increase
in the medicinal plant product market worldwide (WHO, 2007). Natural products from
plants and their derivatives represent more than 25% of all drugs currently in clinical
use (GURIB-FAKIM, 2006). The global market value of medicinal plant products is
predicted to reach a value of US$107 billion by 2017 (POSADZKI et al., 2013). The
reason for the rapid growth in the medicinal plant products industry includes marketing
strategies such as rigorous advertisements and campaigns by medicinal plant
products manufacturers, the perceived effectiveness of medicinal plant remedies by
consumers, and the increasing scientific understanding of the health benefits of
bioactive components from plants and dietary supplements which have been
extensively communicated to the general public (SCHILTER et al., 2003). However,
there is a misconception that “natural” always means “safe”, and that remedies from a
natural origin are harmless and carry no risk. But “natural” plant-based medicines are
not always safe. Some plant species are inherently toxic and there is the possibility
that plant samples may be contaminated with hazardous substances such as toxic
heavy metals, agrochemicals and pathogenic microorganisms (WHO, 2004). The
World Health Organization (WHO), in an effort to promote safe, effective and good
guality traditional medicines, has recently developed strategies to support member
states to harness the potential contribution of traditional medicine to health, wellness
and people-centred health care; and to promote the safe and effective use of
traditional medicine by regulating, researching and integrating traditional medicinal
products, practitioners and practice into healthcare systems (WHO, 2013).

1.2 South African traditional medicine: an overview

It is estimated that over 70% of South Africans are reliant on traditional medicine for
their primary healthcare (MANDER et al., 2007). There are over 200 000 traditional
health practitioners (THPs) that are actively involved in providing healthcare services
for millions of South Africans (GQALENI et al., 2007). The reasons that individuals



consult THPs include the high cost of Western medicine, availability and accessibility
of natural products and cultural beliefs (DAUSKARDT,1990; COCKS AND M@LLER,
2002). Although the cost of consulting THPs may be similar as for private health
facilities, payment for the THPs is more flexible. For example, in rural areas, THPs
may accept payment in cash or kind (usually livestock), while other traditional healers
may follow a ‘no cure, no pay practice (GALOOBA-MUTEBI AND TOLLMAN, 2007;
THORNTON, 2009). In some instances, a once-off payment may be accepted for
multiple services that extend over a period of time (THORNTON, 2009).

In South Africa, trade of medicinal plant materials encompasses a network of role-
players including collectors, transporters, hawkers, wholesalers, retailers and
traditional healers (MANDER et al., 2007). Medicinal plant gatherers collect their
materials throughout the year in order to meet the constant demand. In some cases,
young plants are harvested if the mature ones are not available, thereby resulting in
inconsistency in plant material of the same species (VON ALHLEFELDT et al., 2003).
The harvesting of medicinal plant materials was formally the domain of trained THPs,
renowned for their skills as herbalists and diviners (CUNNINGHAM, 1991). The
customary conservation practices were strictly adhered to, which regulated plant
collection times/seasons and the quantities collected. However, the recent trend in
urbanization and the subsequent commercialization of traditional health care has led
to a high demand for medicinal plant products. As a result, harvesting of medicinal
plants has now become the domain of untrained, commercial gatherers with limited
sources of income. Thus, harvesting and the provision of medicinal plants to meet the
urban demand has become an environmentally destructive activity (WILLIAMS et al.,
2000a).

1.2.1 Trade of medicinal plant products in South Africa

Trade of medicinal plant products is an old tradition that is deeply rooted in South
African society. The commercialization of medicinal plant products in South Africa
became popular at the beginning of the 20" century with a traditional medicine market
established in 1915 at eMatsheni in Durban. During this period, the Natal Native

Medical Association was formed by licensed herbalist in the Durban area of KwaZulu-
Natal Province (CUNNINGHAM, 1988). A similar association called the African

Dingaka Association was formed in 1928 by a group of herbalist near Pretoria.
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Although neither of the associations was recognized by the government, they were
actively involved in promoting the traditional medicine industry as well as influencing
any policy that hindered the trade of indigenous medicinal plant materials
(CUNNINGHAM, 1988). To date, very little policy has been developed to support and
promote the marketing of indigenous plants in South Africa. In addition, most of the
proposed policies regarding traditional medicines have not been adequately enforced
to create a better trading environment (MBATHA et al., 2012).

One of the contributing factors sustaining the trade of medicinal plant products in
South Africa is its vast floral biodiversity. South Africa is one of the “biodiversity
hotspots” in the world and is home to over 30 000 flowering plant species (LOUW et
al., 2002), accounting for almost 10% of the world’s vascular plant species (VAN WYK
AND GERICKE, 2000). Over 700 indigenous plant species have been recorded in the
South African traditional medicinal market plant trade (MANDER et al., 2007). The
trade in traditional medicinal plants and products in South Africa is estimated to be
worth over R2.9 billion per annum (MANDER et al., 2007). For instance, the annual
trade of medicinal plant materials in KwaZulu-Natal and Eastern Cape Provinces is
valued at R60 million and R27 million, respectively (MANDER, 1998; DOLD AND
COCKS, 2002). The increasing economic values of medicinal plant trade has created
job opportunities for thousands of South Africans, most of whom are marginalized
black rural women. In KwaZulu-Natal, itwas estimated that over 30 000 people derived
their livelihood in the trade of indigenous medicinal plant materials (MANDER, 1998).
Other commercial opportunities to further develop the medicinal plant market also
exist. For instance, in 1998, the San people of South Africa sold the right of ownership
of the Hoodia plant to a British Company (Phytopharm) for about US$20 million. In
2003, Phytopharm sub-licensed the product to Pfizer for US$21 million (HOLT AND
TAYOR, 2006).

1.2.1.1 Trade of medicinal plant products in outdoor-street markets

In urban areas, outdoor-street markets for indigenous plant products are usually
positioned in the hub of the city where commuters catch taxis or busses for intra- and
inter-city destinations. Comparatively, in rural areas, informal markets for traditional

medicines are located at trading sites, such as cattle sale lots and administrative



centres. Most of the urban street traders usually visit the city for a few days or weeks
at a time to trade their goods, and then return to their rural homes (MANDER, 1998).
It is common practice that most traders simply trade their goods from the pavements
or bare surfaces adjacent to busy roads as shown in Figure 1.1A, thereby exposing
the products to various forms of contamination. Some traders may erect wooden
sheds on the pavement for trading and storage purposes and sometimes plastic
sheets are used to cover their products at night and from rain (MANDER, 1998).

Typical modern outdoor-street market in
Pietermaritzburg, South Africa

One of the earliest records of street trading of
medicinal plant products in Durban, South Africe
(Courtesy: 'Karen E. Flint. Healing Traditions:
African Medicine, Cultural Exchange, &
Competition in South Africa, 1820-1948. Athens,
OH: Ohio University Press, 2008. Project MUSE).

Figure 1.1 Typical modern (A) and old (B) outdoor-street market in KwaZulu-Natal,
South Africa.

In the KwaZulu-Natal Province, it was estimated that over 16 000 medicinal plant

gatherers are actively involved in the supply of plant materials to more than16 000
people practicing as healers and street traders of medicinal plant products (MANDER
et al., 2007). Street traders to a large extent, play the role of wholesalers to healers
and shop owners as well as retailing products to end consumers. On-going
observations of the medicinal plant trade indicates that the markets continue to be
buoyant, with street markets remaining well patronised as the demand for medicinal
plant products increase (MANDER et al., 2007). This is evident by a visible growth in

the street trade of medicinal plants in both urban and rural markets South Africa.



1.2.1.2 Trade of medicinal plant products in indoor muthi shops

Medicinal plant products are also traded from indoor traditional medicine muthi shops
(muthi is a Zulu term that refers to a herbal remedy) usually located close to transport
nodes and busy parts of town. The trading environment in the muthi shops are more
organized, relatively attractive and seemingly more hygienic than the open street
markets. Medicinal plant products in muthi shops are neatly arranged on shelves and
labelled (Figure 1.2A).

Plant samples arranged on shelves and properly labelled ~ Manufactured herbal products sold at muthi shops

Figure 1.2 Typical medicinal plant products sold at indoor muthi shops

The rate of contamination of medicinal plant products sold at indoor muthi shops is
less compared to the outdoor-street markets as the plant products are not directly
exposed to continuous atmospheric deposits. Consumers generally prefer the
modernized and relatively hygienic trading environment which is offered by the muthi
shop owners (MANDER et al., 2007). There are approximately 110 muthi shops in
KwaZulu-Natal. This low number of muthi shops could be due to competition from the
street traders (INSTITUTE OF NATURAL RESOURCES, 2003). Pricing is one of the
driving forces that influence consumers to patronize street traders more than muthi
shops (INSTITUTE OF NATURAL RESOURCES, 2003).

One of the more recent advances in South African traditional medicine is the

manufacturing, packaging and selling of medicinal plant products as herbal
concoctions over the counter (Figure 1.2B). This ranges from general tonics and
herbal teas, to snuff and herbal cigarettes (NDHLALA et al., 2009). These medicinal



plant products are generally available in muthi shops rather than street markets.
Herbal concoctions are mixtures of medicinal plants or plant parts that are used in
treating specific ailments. Herbal concoctions are prepared using different methods,

which vary from simple brewing processes to more complex techniques that use
alcohol and other organic solvents to extract bioactive compounds (PUJOL, 1990).

1.3 Medicinal plantproduct contamination

Contamination of medicinal plant products is defined as “the undesired introduction of
impurities of a chemical or microbiological nature, or of foreign matter, into or onto a
starting material, intermediate product or finished medicinal plant product during
production, sampling, packaging or repackaging, storage or transport” (WHO, 2012).
As depicted in Figure 1.3, there are a number of potential contaminants of medicinal
plant products such as heavy metals (ERNST, 2000; SAAD et al., 2006; GABARDI
et al., 2007), agrochemicals (McLAREN et al., 2008), pharmaceutical drugs (ERNST,
2002; ERNST, 2003) and pathogenic microorganisms (McLAREN et al., 2008;
ULBRICHT et al., 2011). Accumulation of toxic metals in medicinal plant products is

becoming a major concern in traditional medicine.

One of the major means of heavy metal accumulation in medicinal plants is through
the uptake and accumulation of toxic metals and trace elements that are inherently
present in the soil (discussed in Section 1.4). Medicinal plant products sold at outdoor-
street markets can become contaminated with toxic heavy metals during open-air
drying or when displayed on pavements by street traders. This exposes plant products
to atmospheric deposits arising from urban pollution such as industrial and vehicular
emissions. Most muthi shop-owners buy the bulk of their plant materials from street
traders, hence some of the medicinal plant products sold at muthi shops may have
been exposed to contaminants prior to being housed indoors. Furthermore,
contamination may occur when muthi shop-owners fumigate their shops to control
pests and by doing so, expose plant materials to potentially toxic residues which in the
long term, can compromise the health of consumers (FENNELL et al., 2004). In
addition, heavy metals may be purposefully added to medicinal plant products
purported to increase therapeutic properties (ERNST, 2002; HAIDER et al., 2004,

OKEM et al., 2012). The presence of pathogenic microorganisms in medicinal plant



products could be due to unhygienic conditions in the muthi market environment such
as unregulated urination in streets by some pedestrians, uncollected garbage and
general untidiness from the vendors themselves. Studies have shown that bacteria
and mycotoxin-producing moulds are widespread in the atmosphere and these are
some of the most common microbial contaminants of medicinal plant products
(CVETNIC AND PEPELJNJAK, 1999).

1.3.1 Cases of heavy metal contamination in South African traditional medicine
Previous studies have shown elevated levels of toxic heavy metals in some important
South African medicinal plants obtained from muthi markets. For instance,
STEENKAMP et al. (2006) reported high levels of manganese (Mn) and chromium
(Cr) in some medicinal plant materials used in South African traditional medicine. In a
similar study, STREET et al. (2008) reported high levels of arsenic (As) and cadmium
(Cd) above the WHO recommended levels in bulbs of some frequently used South
African medicinal plants obtained from outdoor-street markets. Hypoxis
hemerocallidea accumulated high levels of aluminum (Al) which indicated that it could
be a hyperaccumulator of this element (JONNALAGADDA et al., 2008). On the
contrary, MTUNZI et al. (2012) reported levels below the recommended safety limits
of metal concentrations in some medicinal plants used in South African traditional

medicine.

There have been a number of cases of heavy metal poisoning associated with the use
of South African traditional medicine. For example a case of metal poisoning was
reported among the Indian community in South Africa. The leading cause was
associated with heavy metal contamination in the medicinal products (KEEN et al.,
1994). NRIAGU et al. (1997) investigated the high rate of lead poisoning among
children in KwaZulu-Natal and the leading causes were linked to food and traditional
medicine contaminated with lead. STEENKAMP et al. (2002) reported a severe case
of multiple heavy metal poisoning in a child treated with a South Africa traditional
remedy resulting in several clinical manifestations of gastrointestinal and neurological

disorders.



TOXIC HEAVY METALS AND NON-
HEAVY METALS

(Lead, cadmium, chromium, mercury,

copper, arsenic, manganese etc.)

RADIOACTIVE HERBAL

CONTAMINANTS
(Cs-134, Cs-137) MEDICINE

ADULTERATION AND UNDECLARED
CHEMICAL SUBSTANCES

(Toxic plants; plant substitution; substances
such as corticosteroids; NSAIDs;

benzodiazepines; etc.)

CHEMICAL CONTAMINANTS
(Agrochemicalresidues: pesticides,
herbicides and fertilizers; fumigants;

mycotoxins; aflatoxins; bacterial
endotoxins and residues of solvents)

BIOLOGICAL CONTAMINANTS
(Bacteria and their spores; moulds;
yeasts; viruses; protozoa-
amoebae; helminths-nematode;
insects; earthworms etc.)

Figure 1.3 The most common contaminants and adulterants in medicinal plant products
(Modified from KOSALEC et al., 2009). NSAIDS: Non-steroidal anti-inflammatory drugs.



In 2008, 13 members of a family were reported to have died after consuming a
medicinal plant concoction in their home near Port Shepstone on the KwaZulu-Natal
south coast. The medicinal plant concoction was reported to contained unknown
substances (IOL NEWS, 2008).

1.4 Heavy metal uptake in plants

Although, inrecent decades, the phrase “heavy metals” has been used widely to refer
to a group of metals (and semi-metals) that are associated with contamination and
potential toxicity, there is no clear and unique scientific definition “heavy metal’
(DUFFUS, 2002). In this thesis, “heavy metals” will be used to refer to those elements
with metallic properties and an atomic number >20. Metals are natural components in
soil (LASAT, 2000) and some of these metals are micronutrients necessary for plant
growth, such as zinc (Zn), copper (Cu), manganese (Mn), nickel (Ni), and cobalt (Co),
while others such as aluminum (Al), cadmium (Cd), lead (Pb), and mercury (Hg) have
unknown biological functions (GAUR AND ADHOLEYA, 2004). Metals exist in soils in
a variety of chemical species that are in dynamic equilibria governed by physical,
chemical and biological properties of the soil (CHANEY, 1988). Increasing
anthropogenic activities have led to high levels of toxic heavy metal contamination of
agricultural soils. This has become a critical environmental concern due to their
potential adverse ecological effects, their widespread occurrence, and acute and
chronic toxic effect on plants (YADAV, 2010). Heavwy metals do not undergo
biodegradation and are accumulated in living organisms, thus causing various
diseases and disorders even inrelatively low concentrations (PEHLIVAN et al., 2009).
Plants usually take up trace elements and heavy metals that are dissolved in soil
solutions in either ionic, chelated or complexed forms (KABATA-PENDIAS, 2011).
Uptake and accumulation of heavy metals by plants involve a series of mechanisms
such as the use of specific genes as transporter, efflux pumps and chelating agents
(RASCIO AND NAVRI-IZZO, 2011).

Numerous abiotic factors influence the availability of metals to plants including pH,

redox potential, cation exchange capacity and soil organic matter (GREGOR, 2004).



Furthermore, interactions of soil-plant roots-microorganisms play a vital role in
regulating uptake of heavy metals from the soil to edible plant parts (ISLAM et al.,
2007). Uptake and accumulation of toxic metals in medicinal plants represent the
principal route of toxic metal entry into the human body (McLAUGHLIN et al., 1999).
Concentration of toxic heavy metals in medicinal plants is of great concern and this
requires urgent measures to safeguard public health. According to the WHO (2007),
the concentration of trace elements must be controlled in medicinal plants in order to

improve the quality assurance and safety of medicinal plant products.

1.4.1 Mechanisms of heavy metal toxicity and tolerance strategies in plants
Phytotoxicity of heavy metals may result from alterations of numerous physiological
processes caused at the cellular/molecular level and these may include inactivation of
certain enzymes, blocking functional groups of metabolically important molecules,
displacement or substitution of essential elements and disruption of membrane
integrity. One of the common consequences of heavy metal toxicity isto enhanced the
production of reactive oxygen species (ROS) due to interference with electron
transport activities, especially that of chloroplast membranes (SCHUTZENDUBEL
AND POLLE, 2002; PAGLIANO et al., 2006; La ROCCA et al., 2009). Exposure to
heavy metal stress also leads to oxidative damage through indirect mechanisms such
as interaction with antioxidant defence systems, disruption of the electron transport
chain, induction of lipid peroxidation, biological macromolecule deterioration,
membrane dismantling, ion leakage, and DNA-strand cleavage (QUARTACCI et al.,
2001; SCHUTZENDUBEL AND POLLE, 2002). Heavy metal toxicity also alters the
content of essential mineral nutrients and decreases photosynthesis as a
consequence of a decline in the chlorophyll content as well as stomatal closure
(VAZQUEZ et al., 1992).

Metallophyte species exhibit tolerance mechanisms to toxic heavy metals by using
chemically suitable ligands to form stable non-toxic complexes which are then taken
up and sequestrated into vacuoles (SALT et al., 2002). Some plant species express
tolerance by compartmentalization and detoxification of the toxic metals in their root

cells by complexation with amino acids, organic acids or metal-binding peptides
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(WILLIAMS et al.,, 2000b; HALL, 2002). Alternatively, plant species may use
excluding mechanisms by hindering uptake of heavy metals into root cells through
entrapment in the apoplastic environment (WATANABE AND OSAKI, 2002) or by
binding to anionic groups of cell walls (VECCHIA et al., 2005; RASCIO et al., 2008).
This mechanism restricts translocation of heavy metals to the above-ground organs
thus protecting the leaf tissues, and particularly the metabolically active photosynthetic
cells from heavy metal toxicity. Some plant species exude certain organic acids into
the rhizosphere to chemically reduce or inhibit uptake of toxic metals by forming
complexes outside the root (PINEROS AND KOCHIAN, 2001). For instance, barley
plants exposed to Al exuded high amounts of malic, citric and succinic acids and these
enhanced tolerance in the plant compared to Al-sensitive plants (GUO et al., 2007).
Hyperaccumulator plant species are known to accumulate extremely large amounts of
heavy metals in shoots compared to non-accumulator species (KIRKHAM, 2006).
Plant species that can accumulate heavy metals above threshold values, including 10
000 mg kg* dry weight of shoots for Zn and Mn, 1 000 mg kg for As, Co, Cu and Ni,
and 100 mg kg for Cd are regarded as hyperaccumulators (McGRATH AND ZHAO,
2003).

1.4.2 Physiological and biochemical responses of plants to heavy metal toxicity
The symptoms of metal toxicity in plants have been studied under various conditions.
One of the most extensively investigated metals in this regard is Cd. Symptoms of Cd
toxicity in plants includes growth inhibition, leaf chlorosis, impaired water uptake,
decreased respiration, disruption of photosynthetic apparatus and nitrogen
metabolism (CLEMENS, 2006; TRAN AND POPOVA, 2013). The phytotoxic effect of
Cd on photosynthesis has been studied in various plant species (KRUPA et al., 1993;
OUZOUNIDOU et al., 1997; VARALAKSHMI AND GANESHAMURTHY, 2013). At
toxic concentrations, accumulation of Cd damaged leaf organelles, particularly the
chloroplasts (PENG et al., 2005). The impact of heavy metals on the chloroplast
ultrastructure has been used to explore the physiological alterations induced by heavy
metal toxicity in plants (SRIDHAR et al., 2005; GRATAO et al., 2009). The
relationship between chloroplast structure, photosynthetic ability, and plant growth is

crucial in the plants ability to produce secondary metabolites. Oxidative stress induced
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by heavy metals triggers signalling of certain biosynthetic pathways leading to the
production of specific plant metabolites (NASIM AND DHIR, 2010). In particular, ROS
generated during heavy metal stress may cause lipid peroxidation that stimulates the
formation of highly active signalling compounds capable of triggering production of
bioactive compounds (secondary metabolites) that enhance the medicinal value of the
plant (NASIM AND DHIR, 2010). Plants exposed to heavy metal stress may either up-
regulate or down-regulate the production of therapeutically active compounds
(MURCH et al., 2003; RAI et al., 2004). For instance, heavy metal stress induced the
accumulation of phenolic compounds in plants (MICHALAK, 2006). Nickel toxicity was
found to induce phenolic compound biosynthesis in wheat (DIAZ et al., 2001) and
maize in response to Al toxicity (WINKEL-SHIRLEY, 2002). On the contrary, heavy
metals can also reduce the production of certain plant secondary metabolites
(ZHELJAZKOV AND NIELSEN, 1996; XIONG et al., 2013). In addition, heavy metal

toxicity can lead to nutrient deficiencies and this may result in starch accumulation
within leaves (SIEDLECKA, 1995).

Plants have evolved a number of strategies to counteract the toxic effects in the event
of heavwy metal stress by activating certain intermediary metabolic activities and
making physiological adjustments as defence mechanisms. These physiological
adjustments include the exudation of phenolic compounds and the accumulation of
free-proline as well as antioxidant enzymes (SHARMILA AND SARADHI, 2002,
MICHALAK, 2006). Accumulation of antioxidant enzymes, proline and phenolics
under abiotic stress are part of the mechanisms to protect plants against free radicals,

which can disrupt cellular metabolism, as well as cause oxidative damage to
biomolecules such as lipids, proteins and nucleic acids (ASADA, 1994; GILLE AND

SIGLER, 1995).

1.5 Safety assessment of medicinal plant
Safety assessment is a fundamental principle required for the provision of safe
medicinal plant products and medicinal plant products. Safety assessment covers all

relevant aspects of safety such as toxicological studies (genotoxicity and cytotoxicity),
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adverse event reactions (AERs) and post-market surveillance of medicinal plant
products (WHO, 2003). There is a misconception that medicinal plants are safe due
to accumulated knowledge about their uses. However, studies have shown that some
medicinal plant products produce serious side effects (MARKMAN, 2002). As the
demand for medicinal plant products increased, so too have the reports of suspected
toxicity and AERs (SHAW et al., 2012). Assessment of the safety of medicinal plant
products is complicated by the complex nature of ingredients used (JORDAN et al.,
2010). In most cases, adverse events arise from the use of wrong medicinal plant
species, i