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ABSTRACT 

The toxicity of heavy metals is reviewed with reference to Cyanobacteria. Cyanobacteria also known as blue green algae are primitive 
photosynthetic prokaryotic microorganism which has high economic importance due to various bioactive compounds. Cyanobacteria are exposed to 
heavy metal stress since these are widely distributed. Heavy metal enters into the cell through various interactions between metal ions and 
functional groups present at the cell surface and cause toxicity. Heavy metals also cause oxidative stress by generation of reactive oxygen species, 
including superoxide, hydrogen peroxide and hydroxyl radical which are highly reactive and toxic and cause damage to nucleic acid, protein, and 
lipid. Cyanobacteria have evolved strategies to overcome the effect of reactive oxygen species that include antioxidant enzymes such as superoxide 
dismutase, catalase, ascorbate peroxidase and Glutathione reductase. 
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INTRODUCTION 

The environment is deteriorating day by day through various human 
activities leading to extensive chemical use in a country like India as 
a consequence of rapid industrialization in order to the development 
and to sustain over growing large problem of population. A broad 
range of chemicals including both organic and inorganic 
contaminants such as heavy metals, combustible and putrescible 
substances, hazardous wastes, explosives and petroleum products, 
phenol and textile dyes. The main component of inorganic 
contaminants are heavy metals [1-3] since these are used on a large 
scale in various industrial operations such as electroplating, mining 
and smelting of ores for metal extraction, etc. And in agricultural 
practice by using fertilizers, herbicides and pesticides. An increase in 
level of heavy metals is posing a serious trouble to our ecosystem. Since 
these are transmitted to human along their food chain and cause various 
disorders. Although some heavy metals are required for human beings in 
trace amounts, but these become toxic at higher concentration. Some 
heavy metals are well established for the generation of reactive oxygen 
species (ROS) and reactive nitrogen species (NO) as well as replacement 
of enzyme cofactors and transcription factors, inhibitions of 
antioxidative enzymes, cellular redox imbalance, ionic transport 
imbalance, DNA damage and protein oxidation [4-7]. The ROS are 
reduced form of molecular oxygen including superoxide radicals (O2•-), 
hydroxyl radicals (OH•-) and hydrogen peroxide (H2O2), which are more 
toxic and reactive than O2. These active molecules are involved in the 
free radical chain reaction of membrane lipids and proteins. Thus 
causing oxidative decomposition of them [8,4]. Therefore, a defense 
mechanism is required to reduce the toxic effect of ROS. This mechanism 
includes various antioxidant enzymes such as Superoxide dismutase 
(SOD), Catalase (CAT), Glutathione reductase (GR) and Ascorbate 
peroxidase (APX), etc. 

Cyanobacteria are one of the most primitive prokaryotes inhabiting 
almost all biological niches including extreme environments [9]. Due 
to this wide-ranging distribution, algae are exposed to all kinds of 
stresses, whether tropospheric or aquatic. Therefore, algae have 
been widely used in understanding environmental problems in a 
variety of ways. The information related to the response due to algal 
antioxidant systems against environmental stresses seems to be 
meagre and widely scattered. 

Adverse effects of heavy metals 

The term “heavy metal” refers to those metallic elements which have 
relatively high density (5 gm/cm3) and atomic mass between 54.63 
and 200.59, and posses toxicity even at low concentration [10, 11]. 

There are 90 naturally occurring elements that are heavy metals, but 
not all of them are biologically significant. Under physiological 
conditions 17 heavy metals, based on their solubility may be 
available for living cells and of importance for organisms and 
ecosystems [12]. The eight most common pollutant heavy metals 
listed by the Environment Protection Agency (EPA) are: As, Cd, Cr, 
Cu, Hg, Ni, Pb, and Zn [13]. Heavy metals can be broadly divided into 
two groups. The first group consists of metals that are essential as 
nutritional requirements at trace amounts for many organisms, but 
are toxic when present in greater amounts. This group includes As, 
Fe, Cr, Co, Cu, Ni, Se, Va and Zn. The second group includes Pb, Hg, 
Cd, Ur, Ag and Be, all of them are highly poisonous even at very low 
concentration [14]. 

Heavy metals are natural constituents of the earth's crust and are 
persistent in nature since they cannot be degraded. As a result of 
persistent, they enter into the body system to a small extent along 
the food chain from drinking water and agricultural soil, which are 
contaminated through the discharge of industrial wastes into the 
soil and rivers, and they cause harmful effects to human. Although 
some heavy metals are required by living organism as they are used 
to stabilize protein structures, easy electron transfer reactions and 
catalyze enzymatic reactions [15]. Heavy metals such as Cu, Zn, Fe, 
Ni, Co, etc. are required for catalytic activity of enzymes [16] which 
are used to catalyze several biological reactions. Some heavy metals 
(like Zn, Fe, Co, Ca, and Mg) are known to have a biological function. 
For example, Fe, Cu, Zn and Mn are required for superoxide 
dismutase enzyme that provides a protection against oxidative 
stress. Zinc is one of the most important elements, found in the body. 
It is used as a cofactor by many enzymes such as dehydrogenating 
enzyme and carbonic anhydrase [17] in the body that is involved in 
different processes occurs in the human body. Zinc deficiency causes 
anaemia and retardation of growth and development [18]. Its 
deficiency also results in poor immunity since it is known to have a 
role in the immune system. Fe is one of the most copious metals 
found on the earth, including human beings. It is required for a 
number of processes that continually take place on a molecular level, 
such as oxygen transport, RBC production, DNA synthesis, electron 
transport, metabolism for energy generation. Calcium is also an 
important element in human metabolism, which is required for 
production of strong bones and teeth in human beings [17]. Even Cr 
(VI) is taken up in amount of 150 μg/day that are required for 
collagen, but it leads to irritation of the stomach, leading to ulcers 
and kidney and liver damage at higher concentration [19]. In 
humans, higher concentration of lead and mercury is associated 
with autoimmune disease such as rheumatoid arthritis as well as 
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interfere with the proper functioning of the kidney and circulatory 
system that leads to injury of central nervous system [20]. 

Heavy metals such as Fe, Cu, Zn, Ni, Co, Cr, and Mn are vital to human 
only at lower concentration, but they become more toxic when they 
are taken up more than a bio-recommended limits. Heavy metals 
like Cd, Cr, Pb, Cu, Hg, etc. Are discharged into rivers and soil from 
different industries. These metals accumulate in the tissues of plants 
through polluted agricultural soil [21], as well as heavy metals are 
also accumulated in tissues of aquatic animals such as fish that 
survive in polluted water. Ultimately, heavy metals are accumulated 
into human beings through such plants, animals and drinking water 
and cause severe biochemical disorders. There are known common 
symptoms such as gastrointestinal (GI) disorders, diarrhea, 
stomatitis, tremor, hemoglobinuria causing a rust–red color to stool, 
ataxia, paralysis, vomiting and convulsion, depression, and 
pneumonia when volatile vapors and fumes are inhaled that are 
allied with heavy metals like Cd, As, Hg, Pb, Zn, Cr, Cu, etc. [18]. 
These metals are also linked with mental retardation, cancers, 
kidney damage, neuropsychiatric disturbances, memory loss, and 
even death [22]. The nature of the effects could be toxic (acute, 
chronic or sub-chronic), neurotoxic, carcinogenic, mutagenic or 
teratogenic. 

Effect of heavy metals on aquatic organisms 

Although heavy metals are being discharged into rivers and sea from 
various industries in a limited quantity, yet these metals are taken 
up by aquatic organisms since they have high solubility in the 
aquatic environment. Aquatic organisms such as fish which are 
present at the top of the aquatic food chain take both essential and 
toxic metals through their gills and skins from their surrounding 
environment and along the food chain [23, 24]. Heavy metal uptake 
rate by fish depends on a number of factors such as the 
concentration of metals, exposure period of metals to fish, 
surrounding pH, salinity and temperature [25]. Although Heavy 
metals are accumulated within a specific organ of organisms, but 
their distribution among organs is not uniform [26]. Metal 
distribution within a fish varies between fish species; depend upon 
age, developmental stage and other physiological factors. Fish 
accumulates metals in Gonads, liver, kidney, and gills resulting in 
pathological changes than the muscle tissues [27]. These metals 
transmit to human beings through fish consumption since fish 
provides a good source of proteins, essential fatty acids, minerals 
and vitamins that are used to treat heart diseases and reduce blood 
cholesterol level [28]. Fish accumulates substantial concentrations 
of mercury in their tissues and thus can represent a major dietary 
source of this element for humans. Fish is the single largest sources 
of mercury and arsenic for man. Mercury is a known human toxicant 
and the primary sources of mercury contamination in man are 
through eating fish. Biotransformations of mercury and methyl 
mercury formation constitute a dangerous problem for human 
health [29]. Effects of cadmium on aquatic organisms are analogous 
to those in humans, and include skeletal deformities and impaired 
functioning of kidneys in fish. Skeletal deformities in fish can result 
in an impaired ability of the fish to find food and avoid predators; 
hence, this sub lethal effect becomes a lethal effect [30]. Hexavalent 
chromium is mobile in the environment and is acutely toxic, 
mutagenic, teratogenic and carcinogenic to aquatic organisms [31]. 
Copper (Cu) and Zinc (Zn) that are often present in industrial 
wastewaters are hazardous to the aquatic ecosystem. Other than the 
fishes, Cyanobacteria which is one of the major microflora of aquatic 
life, is also affected adversely.  

Cyanobacteria, also known as blue green algae are prokaryotic 
microorganisms that perform photosynthesis like higher plants by 
using chlorophyll a and different accessory pigments to capture 
sunlight for energy. Cyanobacteria are globally distributed and they 
are frequently found in lakes, ponds, hot springs, wetlands, streams, 
and rivers and they play a major role in the nitrogen, carbon, and 
oxygen dynamics of many aquatic environments [32]. It represents a 
large group within the prokaryotic kingdom Cyanobacteria are 
bluish green due to the presence of pigment phycocyanin and 
chlorophyll a. The morphology of cyanobacteria is commonly 
gelatinous, slimy and infrequently filamentous clusters with a range 

of colors; blue- green, yellow, brown to black and rarely red 
depending upon the concentration of chlorophyll-a and various 
accessory phyco-biliprotein pigments, phycocyanin (blue) and 
phycoerythrin (red) [9]. 

At present cyanobacteria comprise 2000 species organized in 150 
genera [32]. The most common genera being Microcystis, 
Synechococcus, Anacystis, Gloeocapsa, Agmenellum (syn. 
Merismopedia) as unicellular and colonial types and Oscillatoria, 
Lyngbya, Spirulina, Anabaena, Aphanizomenon, Nostoc, 
Cylindrospermopsis, Planktothrix, Calothrix, Rivularia and 
Gleoetrichia as filamentous types. Some species of cyanobacteria are 
frequently found in marine intertidal and littoral ecosystem. They 
are Lyngbya majuscula, Microcoleus ethnoplasts (a common mat 
former), Spirulina sp. (a highly nutritious cyanobacterium) and 
several species of Oscillatoria [9]. Cyanobacteria species of 
Anabaena (or Nostoc), Azollae have the ability to fix atmospheric 
nitrogen. Some of these species such as Azolla are used as 
biofertilizers, mainly in rice production [33,34]. Spirulina sp. is a 
nutritious cyanobacterium and It is used as human food as an 
important source of protein [35]. It has gained considerable 
popularity in the human health food industry and it is used as a 
protein supplement.  

As, the use of synthetic antioxidants is decreased due to their 
suspected activity as carcinogenesis [36] as well as general 
consumer rejection of synthetic food addition [37]. There is a great 
demand throughout the world in finding new natural sources of 
antioxidants to prevent oxidative damage to living cells and to 
reduce the deterioration of food by oxidation [38]. Traditionally, 
some antioxidants such as tea, wine, fruits, vegetables and spices are 
used from the ancient days. Cyanobacteria also represent a good 
source of antioxidants and contain a wide variety of antioxidant 
pigments than the plants and most algal source [39]. Carotenoids, 
which have potent antioxidant activity are the most widely distributed 
and structurally diverse classes of natural pigments predominantly 
produced by Cyanobacteria and that are doing important functions in 
photosynthesis and nutrition. Cyanobacteria is also known to have a rich 
source of novel bioactive metabolite, comprising many cytotoxic, 
antifungal and antiviral compounds [40].  

Effect of heavy metals on cyanobacteria 

Cyanobacteria are found almost at all biological niches including 
extreme condition. Therefore, they are exposed to various 
environmental stresses, whether tropospheric or aquatic. 
Cyanobacteria are considered as an excellent model to understand 
the environmental problems and the protective process against 
those problems. Heavy metal stress is one of the environmental 
stresses that is being extensively increased due to rapid 
industrialization. During evolution, these organisms have developed 
diverse strategies to maintain an equilibrated relation with heavy 
metal ions present and available in the surrounding medium [41]. 
Cells face two tasks, the first is to select those heavy metals essential 
for growth and exclude those that are not, and the second to keep 
essential ions at optimal intracellular concentrations [42]. 
Complexation, ion exchange, adsorption, inorganic 
microprecipitation, oxidation and/or reduction have been proposed 
to elucidate the uptake process [43]. The metal uptake process is 
considered as a two step process [44]. Firstly, they are adsorbed to 
the cell surface through interaction between different heavy metal 
ions and the functional group such as carboxyl, phosphate, hydroxyl, 
amino, sulphur, sulphide, thiol, etc. That is offered by the component 
of the cell wall like polysaccharides, proteins, lipids [45]. After that 
they get an entry into the cell through penetration to the cell wall 
[46] and are localized into organelles. It was noted that Spirulina 
platensis can take up a significant amount of Cr(VI) and Pb(II) from 
the culture medium and proposed that the S. platensis could be used 
as a biosorbent in the treatment of industrial wastewater for the 
removal of Cr(VI), Pb(II), and other heavy metals [47, 48]. Spirulina 
fusiformis were also found to be effective for removal of Chromium 
(93-99%) [49]. Further, S. platensis may be a suitable candidate for 
column design or large-scale batch biosorption systems [47]. 
Toxicity of heavy metals to Cyanobacteria has been thoroughly 
studied in the past few decades. Reduction in growth and chlorosis 
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are common symptoms to algae of metal toxicity. Growth inhibition 
of micro algae is related to the concentration of heavy metal ions 
bound to the algal cell surface, in some cases, to intracellular heavy 
metal ion concentration [45] and to the chemical nature of the heavy 
metal ions [50]. Alterations in morphology and ultra structure have 
also been frequently reported [51], which may be also a possible 
reason of growth reduction. As observed earlier, Spirulina platensis-
S5 showed the reduction in growth with increasing metal 
concentration of initial exposure to lead, copper, and zinc as was 
observed by yellowing and fragmentation of filaments, and 
reduction in the number of spirals [52]. The effect of metals on 
different algal species including Chlorella sp., Pediastrum duplex, 
Nitzschia palea, and Anacystis nidulans also showed reduction in growth 
rate [53] and it was found that Chlorella sp. was the most tolerant of 
either metal ion having the highest EC50 value than the different algal 
species tested. Another Cyanobacterium Chlorella vulgaris also 
decreased the growth and chlorophyll content with increasing 
concentration of Cr (VI) along the exposure time [54]. Similarly, in the 
presence of heavy metals, growth and Chlorophyll content of Spirulina 
sp. [55] and Oscillatoria sp. [56] was found to be decreased. Mostly, 
growth reduction in microorganisms was observed in a dose dependent 
manner. Nitrogen fixing Cyanobacteria, Anabaena doliolum [57] and 
Anabaena Variabilis [58] showed the inhibition of growth rate in the 
presence of heavy metals. The growth of Anabaena doliolum was 
promoted at lower concentration of nickel and followed by a decrease at 
higher concentration [59]. Other than heavy metals, growth of Anabaena 
sp. was also inhibited in the presence of UV radiation [60]. The growth 
reflects metabolism of the cell, which depends on various metabolic 
processes such as photosynthesis, respiration and nutrient uptake. The 
growth inhibition could also be related to the decrease in the rate of cell 
division caused by metals is primarily attributed to their binding to 
sulfhydryl groups which are important for regulating the plant cell 
division [61].  As Indole Acetic Acid (IAA) stimulates the plant growth 
and multiplication, the degradation of indole acetic acid (IAA) could be a 
possible cause of growth inhibition in algal tissues. Heavy metals 
stimulates the activation of peroxidase enzyme that degrade the IAA and 
chlorophyllase activity, disorderness of membrane system and 
inactivation of electron transport functions in the photosystem could 
also be involved in the growth inhibition. The toxicity of heavy metals to 
algae depends on types of algae, chemical nature and concentrations of 
the metal, and the environmental conditions [45]. Other than, the 
inhibition of growth, higher concentration of heavy metals could lead to 
the generation of toxic oxygen species known as reactive oxygen species 
(ROS) which include superoxide, hydrogen peroxide and hydroxyl 
radical. These molecules are very reactive and affect the cellular function 
by reacting with nucleic acid, lipid, and proteins.  

Generation of ROS upon heavy metal stress 

The ROS are partially reduced forms of atmospheric oxygen. 
Although atmospheric oxygen is a totally harmless molecule, and it 
is used as a terminal oxidant so it has the potential to be partially 
reduced and forms ROS. Molecular oxygen must accept four 
electrons at once for the production of two molecules of water. Since 
it is free radical and has two impaired electron with the same spin 
quantum number. So, molecular oxygen can accept only one electron 
at a time due to spin restriction [62].   

Therefore, molecular oxygen is converted into ROS either by 
transfer of energy or electron. The first one leads to the generation 
of singlet oxygen, whereas the second results in the sequential 
reduction to superoxide, hydrogen peroxide, and hydroxyl radical 
(fig. 1) [63]. 
 

 

Fig. 1: Generation of ROS by sequential reduction of molecular 
O2 adapted from [64]. 

ROS are continuously produced as byproducts of various metabolic 
pathways that are localized in different cellular compartments such 
as chloroplast, mitochondria and peroxisomes [65]. In algae and 
higher plants, photosynthesis occurs in chloroplasts, which contain a 
highly organized thylakoid membrane system consisting all 
components of the light-capturing photosynthetic apparatus and 
provides all structural properties for optimal light harvesting. O2 

generated in the chloroplasts during photosynthesis can accept 
electrons passing through the photosystems, thus forming 
superoxide radicals (O2.-). Normally in the PSI, the electron flow is 
directed to NADP+ from excited photosystem and reducing it into 
NADPH. Then it enters into calvin cycle and reduces the terminal 
electron acceptor CO2. But in case of overloading of ETC (under 
various stresses), a part of electron flow is diverted to O2 from 
ferredoxin and reduce O2 into superoxide by Mehler reaction [66]. 
PSII also provides the sites (QA, QB) of electron transfer to O2. 
Finally, CuZn-SOD present in the chlorolplast, convert superoxide 
into H2O2. Therefore, triplet chl, ETC in PSI and PSII makes the 
chloroplast a major site of ROS production. In the darkness, the 
mitochondria appear to be the main ROS producers. It has been 
estimated that 1-5% of the O2 consumption of isolated mitochondria 
results in ROS production [67]. In mitochondria, complex I, II and 
ubiquinone of electron transport chain (ETC) are the major sites for 
the generation of O2.-. Further, it is reduced into superoxide by SOD. 
In the presence of suitable transition metals, especially Fe, 
superoxide and hydrogen peroxide is converted to OH. at neutral pH 
and ambient temperature by O2.- driven Fenton reaction (fig. 2) [68]. 

 

Fig. 2: Generation of hydroxyl radicals by Fenton reaction 

 

Under physiological steady state conditions, the ROS molecules are 
regularly scavenged by various antioxidative defense components 
that are often confined to particular compartments [69]. So, there is 
an equilibrium between production and scavenging of ROS 
molecules which is always maintained. This equilibrium may be 
perturbed by a number of adverse environmental factors such as 
drought [70], heavy metals [71], high salt concentration [72], 
extremes of temperature [73], and UV irradiation [74], etc. Heavy 
metal toxicity enhances the ROS production up to 30-fold [75]. A 
rapid increase in intracellular production of ROS molecules under 
various stresses could lead to the generation of oxidative stress. 
Although these ROS molecules play an important role in signaling 
that alter gene expression by targeting and modifying the activity of 
transcription factors. But at higher concentration, ROS molecules 
present toxicity to cells [64]. ROS affect many cellular functions by 
damaging nucleic acids, oxidizing proteins, and causing lipid 
peroxidation (LPO) [68]. It is important to note that whether ROS 
will act as damaging, protective or signaling factors depends on the 
delicate equilibrium between ROS production and scavenging at the 
proper site and the time [76].  

ROS induce lipid peroxidation 

It is well known that chloroplast, mitochondria and peroxisomes are 
the major site of ROS production. ROS are highly toxic that adversely 
affect many cellular functions by damaging nucleic acids, oxidizing 
proteins, and causing lipid peroxidation (LPO). As lipids are the 
major constituents of cell membranes and it is the primary target of 
ROS. So, the peroxidation of lipids is considered as the most cellular 
damaging process that occurs in every living organism. In algae 
photosynthesis takes place in chloroplast, are highly organized and 
formed by a complex system of membranes rich in polyunsaturated 
fatty acids, which are potential targets for peroxidation [77]. It is 
well known that lipid peroxidation yields a wide range of cytotoxic 
products from polyunsaturated precursors that include small 
hydrocarbon fragments such as ketones and aldehydes, like malon-
dialdehyde (MDA), 4- hydroxynonrnal (HNE) [78]. Some of these 
compounds react with thiobarbituric acid (TBA) to form colored 
products called thiobarbituric acid reactive substances (TBARS) 
[79]. It has been noted that Cyanobacteria exposed to heavy metal 
stress enhanced the level of lipid peroxidation as a result of 
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generation of ROS. Treatment with Pb, Cu and Zn significantly 
enhanced the level of LPO measured as MDA in Spirulina platensis 
[52]. But in the presence of Cu, MDA content was found to be 
enhanced as Cu is a redox active transition metal that catalyze the 
generation of OH., most toxic and reactive to lipid, from O2.-by Fenton 
reaction. Deniz et al (2011) also noted a significant increase in MDA 
of Spirulina sp. under salinity stress and Cu (II). Similarly, an 
increase in MDA level was noted in Chlorella vulgaris with increasing 
concentration of Cr (VI) [54]. Nitrogen fixing Canabacteria Anabaena 
doliolum [57] and Anabaena sp. PCC7120 [60] enhanced MDA content 
under heavy metal stress. Therefore, Under various stresses, Lipid 
peroxidation products such as malionaldehyde (MDA) is used as an 
indicator of free radical production and LPO linked to tissue damage.  

Antioxidant defense system 

Exposure of higher level of heavy metals to Cyanabacteria may lead 
to the generation of ROS at higher concentration. Hydrogen peroxide 
may be reduced to hydroxyl radicals in the presence of transition 
metal ions by superoxide. OH. radical is more reactive than 
superoxide and hydrogen peroxide and there is no known scavenger 
of hydroxyl radical. To reduce the risk of OH., the reactions that lead 
to the production of OH. and the concentration of O2.- and H2O2 are to 
be kept under tight control [64].  

To neutralize the toxic effect of ROS, cyanobacteria have evolved a 
mechanism known as antioxidant defense systems in its organelles 
like chloroplast, mitochondria. Antioxidant defense mechanisms are 
of two types, namely enzymatic and non-enzymatic reactions. The 
enzymatic antioxidants include superoxide dismutase, catalase, 
ascorbate peroxidase and glutathione reductase.  

The non enzymatic antioxidants include nutrient antioxidants like 
carotenoids, α-tocopherol, ascorbic acid, glutathione, flavonoids, uric 
acid and plasma proteins such as transferrin, albumin, 
metalothionein etc. [80]. 

Enzymatic antioxidants 

Superoxide dismutase (SOD, EC 1.15.1.1) 

Superoxide dismutase (SOD) is metalloprotein that catalyzes the 
dismutation of superoxide radicals into hydrogen peroxide and 
molecular oxygen (fig. 3) [81] and provides the first line of defense 
against ROS, produced in different organelles such as chloroplast, 
mitochondria and peroximes. It is the most effective intracellular 
enzymatic antioxidant in all aerobic organisms and in all subcellular 
compartments prone to ROS mediated oxidative stress. It removes 
superoxide radical (O2.-) hence decrease the risk of the most effective 
OH. by the metal catalyzed Haber- Weiss type reaction [68]. 

 

Fig. 3: Reduction of superoxide radical by Superoxide 
dismutase 

 

In plant system, three types of SOD are found in different organelles 
which are distinguished by their metal cofactors. The first one is 
copper/zinc (Cu/Zn-SOD), which are localized in chloroplast. It is 
sensitive to CN-. The other two are the manganese (Mn-SOD) and the 
iron (Fe-SOD), which are CN-insensitive. In plants, MN-SOD is found 
in mitochondria. Fe-SOD is observed in some families of plant and 
associated with chloroplast [62]. The SOD enzymatic activity, is 
found to be increased under various environmental stresses and 
employ a defense mechanism. Table 1 compiles the effect of heavy 
metal stress on the SOD activity of Cyanobacteria. Choudhary et al 
(2007) studied the effect of heavy metals (Pb, Cu and Zn) in Spirulina 
platensis and observed increased SOD activity with increasing 
concentration of metals that pointed to the occurrence of scavenging 
mechanism of ROS (O2.-) and enhance the resistance capability of 
Spirulina platensis. Similar increased activity of SOD was noted in 
nitrogen fixing Cyanobacterium, Anabaena variabilis in the presence 
of metals [58]. A bell shaped dose response curve of SOD activity 
was noted in Chlorella vulgaris under Chromium, which is suggested 
to use as a biomarker for Cr pollution in water [54].  

Catalase (CAT, EC 1.11.1.6) 

Catalase, a tetrameric heme containing enzyme plays an important 
role to decompose H2O2 into H2O and O2 (fig. 4), generated in 
peroxisomes by oxidases involved in β-oxidation of fatty acids, 
photorespiration, and purine catabolism. When, cells are energy 
stressed and rapidly generating H2O2 through catabolic processes. 
Then, catalase provides an energy efficient mechanism to degrade 
H2O2. Hence, Catalase removes H2O2 without consuming cellular 
reducing equivalents such as NADPH [62].→ 

 

Fig. 4: Reduction of H2O2 by catalase 
 

Table 1 compiles the effect of heavy metal stress on the CAT activity of 
Cyanobacteria. It was noted that chromium treated Chlorella vulgaris 
increased the catalase activity linearly with increasing concentration of 
chromium (0 to 100 µg/ml) [54]. Sultan et al (2007) noted that 
Anabaena doliolum enhanced the activity of CAT under heavy metal, but 
it was decreased at higher doses of heavy metals. 

  

Table 1: Response of antioxidant enzymes induced in Cyanobacteria upon heavy metal exposure. 

S. 
No. 

Heavy Metals  Cyanobacteria Antioxidant Enzymes  Response: Increased (I) or Decreased 
(D) 

References  

1 Pb, Cu, and Zn Spirulina platensis SOD I [52] 
2. Cr(VI) Chlorella vulgaris  SOD, APX and  

CAT 
I (SOD, up to 1µg/ml and APX up to 
10µg/ml), 
I (linearly up to 100µg/ml) 

[54] 
 

3 Cd and Cu Anaebaena doliolum SOD and APX, GR and 
CAT 

I, 
I (but decreased at higher concentration) 

[57] 

4 Mg, Mn, Cd, Hg, Zn, Co, and 
Pb 

Anabaena variabilis  SOD, 
CAT 

I, 
D 

[58] 

5 Cd, and UV-B Anabaena sp.  SOD, CAT, APX and GR I [60] 
6. As Hapalosiphon 

fontinalis 
SOD, CAT, APX and GR I [82] 

7 H2O2 Spirulina platensis  SOD, CAT, APX and GR I [83] 

 

Ascorbate Peroxidase (APX, EC 1.11.1.11) and Glutathione 
reductase (GR, EC 1.6.4.2) 

Ascorbate peroxidase and Glutathione reductase are mainly 
enzymatic antioxidants of Ascorbate- Glutathione cycle, also 
referred to as Halliwell- Asada pathway. Ascorbate- glutathione 
cycle represents the successive oxidation and reduction of 

ascorbate, glutathione, and NADPH by the enzyme APX, GR and 
dehydroascorbate reductase (fig. 5). APX and GR play an important 
role to detoxify ROS generated in a subcellular compartment of 
higher plants, algae and other organisms. 

APX is a heme-containing protein, which scavange the H2O2 into H2O, 
generated in chloroplast by dismutation of O2._. To decompose the 



Sunita et al. 
Int J Pharm Pharm Sci, Vol 7, Issue 2, 9-16 

13 

H2O2 in chloroplast is essential to avoid the inhibition of the calvin 
cycle enzymes [84]. In another compartment such as proxies, 
degradation of H2O2 is catalyzed by cattails. But CAT is absent in the 
chloroplast, so degradation of H2O2 is catalyzed by APX in 
chloroplasts. APX has a higher affinity for H2O2 (mM range) than CAT 
and POD (mM range) [68]. 

APX detoxify the H2O2 into H2O molecule by using ascorbate as 
electron donor and oxidize it into monodehdroascorbate (MDHA). 
MDHA can spontaneously dismutate into dehydroascorbate (DHA). 
Ascorbate is regenerated by dehydroascorbate reductase using 
NAD(P)H as reducing equivalents. Regeneration of ascorbate is 
mediated by oxidation of GSH (reduced glutathione) into GSSG 
(oxidized glutathione). Finally, GSH is regenerated from GSSG by GR 
using NADPH as reducing equivalent. Glutathione reductase (GR) is a 
flavoprotein oxidoreductase, found in both eukaryotes and 
prokaryotes [85]. It is localized predominantly in chloroplasts, but a 
small amount of this enzyme has also been found in mitochondria 
and cytosol [86, 87]. It is an important enzyme of ascorbate- 
glutathione cycle to maintain the GSH pool which is very important 
for many metabolic regulatory and antioxidative processes in plants 
[88, 89] Like Ascorbate peroxidase, Glutathione peroxidase also 
decomposes H2O2 to H2O by using GSH directly as a reducing agent. 

Table 1 compiles the effect of heavy metal stress on the APX and GR 
activity of Cyanobacteria. Hanna et al (2007) studied the direct 
effect of H2O2 in Spirulina platensis and found that the APX and GR 
activity was linearly increased with increasing concentration of 
H2O2. Similarly, increased activity of APX and GR of N2 fixing 
cyanobacterium Anabaena doliolum was observed, but GR activity 
was decreased at higher doses of metals. And it was also noted that 
GR was highly correlated with APX [57]. A bell shaped dose response 
curve for APX was found in chromate treated Chlorella vulgaris 
which could be used as a biomarker [54].  
 

 

Fig. 5: Ascorbate- glutathione cycle and associated reactions 
adapted from [86]. 

 

Non enzymatic antioxidants 

Ascorbic acid (Vitamin C) 

Ascorbic acid is the most important water soluble vitamin which 
acts as an antioxidant to remove H2O2 by involving in ascorbate-
glutathione cycle. It is found in all plant tissues, generally higher in 
photosynthetic cell. The increased cellular content of ascorbic acid in 
Spirulina platensis in response to increasing H2O2 concentration, 
indicating the contribution of ascorbic acid to remove H2O2 [83]. 
Ascorbic acid occurs higher in mature leaves with fully developed 
chloroplast and higher chlorophyll. It is reported that about 30 to 
40% of total ascorbate is found in the chloroplast. Under normal 
physiological conditions, ascorbate remains in reduced form in 
leaves and chloroplast. Ascorbate has two oxidized forms, 
monodehydroascorbate and dehydroascorbate. These oxidized 
forms are formed in two sequential oxidation reactions, producing 
first monodehydroascorbate. Production of monodehydroascorbate 
is catalyzed by APX in chloroplasts. Monodehydroascorbate is also 
produced from univalent oxidation of ascorbate e. g. in reduction of 

superoxide and hydroxyl radicals. Monodehydroascorbate is 
spontaneously reduced to ascorbate and dehydroascorbate. 
Regeneration of ascorbate is important because oxidized form, 
dehydroscorbate is unstable due to short lifetime and is lost unless it 
is reduced to ascorbate. In plants, mitochondrion plays central role 
in the metabolism of ASH. Plant mitochondria are not only 
synthesize ASH by L-galactono-γ-lactone dehydrogenase but also 
take part in the regeneration of ASH from its oxidized forms [90]. 
Ascorbate also play important role in regeneration of α- tocopherol 
from α-chromanoxyl radical generated during lipid peroxidation, 
carotenoid and of zeaxanthin from its diepoxide, violaxanthin. Other 
than, the role of ascorbate in the ascorbate- glutathione cycle, it also 
plays an important role to preserve the activities of enzymes that 
include prosthetic transition metal ions [91].  

Reduced Glutathione (GSH) 

Tripeptide glutathione (γglu-cys-gly), the major low molecular 
weight thiol is found in both prokaryotes and eukaryotes, and 
represents a major pool of non- protein reduced sulphur [62]. It is 
major water soluble antioxidants in plants which provide 
intracellular defense against ROS induced oxidative damage by 
reducing them. It was observed as increased level of GSH in Spirulina 
platensis in the presence of H2O2 concentration [83], and in CD and 
UV-B treated Anabaena sp. [60]. It occurs abundantly in reduced 
form (GSH) in plant tissues and is localized in all cell compartments 
like cytosol, endoplasmic reticulum, vacuole, mitochondria, 
chloroplasts, peroxisomes as well as in apoplast [92, 93] and plays 
an important role in numerous physiological processes, including 
sulfate transport regulation, signal transduction, conjugation of 
metabolites, detoxification of xenobiotics [94]. Reduced glutathione 
helps the regeneration of ascorbate (water soluble antioxidant) by 
oxidizing itself into GSSG (oxidized glutathione), catalyzed by 
dehydroascorbate reductase via ascorbate- glutathione cycle [95]. It 
was observed as a decrease in GSH corresponding to increasing level 
of GSSG in arsenic treated aquatic cyanobacteria Hapalosiphon 
fontinalis [82]. For most of the cellular reaction, glutathione must be 
available in reduced form (GSH) to prevent the harmful effects of 
ROS induced oxidative stress [96]. It is a potent scavenger of 1O2, 
H2O2 [97, 91] and most dangerous ROS like OH. [98]. The reduction 
of GSSG is catalyzed by GR to glutathione (GSH). Therefore, the 
balance between the GSH and GSSG is necessary to maintain the 
cellular redox state.  

Carotenoid  

The plant has adapted several mechanisms to protect the 
photosynthetic apparatus from excess light by energy dissipation 
and deactivating 1O2 at extremely high rates [68]. Some of which 
involve isoprenoid compounds consisting the carotenoids β-
carotene and zeaxanthin and tocopherols serve an important 
photoprotective role in all photosynthetic organisms. Carotenoid, is 
an accessory lipid soluble pigments found in plants and 
microorganisms, that are organized in pigment protein complexes in 
thylakoid membranes where they have light harvesting and 
protective. There are over 600 carotenoids occurring in nature. 
Carotenoid performs three major functions in plants. First, the 
accessory light harvesting role in which, they absorb light in the 
wavelength region between 400 and 550 nm and transmit it to the 
Chlorophyll [99]. Second, an antioxidant function in which, they 
provide protection to the photosynthetic apparatus from 
photooxidative damage by quenching a triplet sensitizer (Chl3), 1O2 
and other harmful free radicals which are naturally formed during 
photosynthesis [100]. Third, a structural role in which, they are 
necessary for the PSI assembly and the stability of light harvesting 
complex proteins as well as thylakoid membrane stabilization [101, 
102]. Increased level of carotenoid in Spirulina platensis under H2O2 
indicating its scavenging activity [83]. Similarly, it was also observed 
in heavy metals treated N2 fixing Cyanobacterium Anabaena 
doliolum [57]. 

Proline 

Proline plays significant roles in osmoregulation [103, 104], enzyme 
protection [104, 105], stabilization of the protein synthesis 
machinery [106], cytosolic acidity regulation [107]. In additional, 
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proline is found to be a potent antioxidant and inhibitor of PCD. 
Therefore, proline is to be considered as non-enzymatic antioxidant 
that reduces the adverse effect of ROS. Sorbitol, mannitol, myo-
inositol and Proline have been tested for OH. Scavenging capacity 
and it have been found that Pro appeared as an effective scavenger 
of OH. [108]. Free Pro have been proposed to act as an 
osmoprotectant, a protein stabilizer, a metal chelator, an inhibitor of 
LPO, and OH. and 1O2 scavenger [109, 110]. An increasing 
concentration of accumulated proline was reported in Spirulina Sp. 
in the presence of NaCl and Cu (II) [55] and Pb, Cu and Zn [52]. And 
they have concluded that proline might have a role to reduce the level of 
NADH and acidity (2NADH + 2H+) for the production of proline from 
glutamic acid. Proline also provides a defense mechanism to tolerate the 
heavy metal stress by binding with metal ions due to its chelating ability. 
Accumulation of proline was also noted for different algal species 
including Chlorella sp., Pediastrum duplex, Nitzschia palea, and Anacystis 
nidulans in the presence of heavy metals [53]. 

CONCLUSION 

Environmental pollution of heavy metals such as Pb, Cu, Fe, Zn, Hg, 
Co, Ni, and Cr, etc. is being widely spread due to anthropogenic 
activities. Heavy metals are transmitted to human along their food 
chain. It has brought a serious threat to the ecosystem. At lower 
concentration, heavy metals are necessary for proper metabolic 
function of an organism. But they become toxic at higher 
concentrations and target the lipid which is a key biomolecules of 
the cell membrane and results in serious disorder to human. To treat 
the heavy metal pollution, Cyanobacterial cells are extremely used 
as they can accumulate a significant concentration of heavy metals. 
But, exposure of higher concentration of heavy metals to 
cyanobacteria induces the generation of reactive oxygen species 
which are very toxic and possess oxidative threat to the cell. 
Cyanobacteria tolerate the heavy metal stress and reduce the toxic 
effect of ROS by action of several antioxidant enzymes and an 
accumulation of proline. The antioxidant enzymes include SOD, CAT, 
APX and GR. Among them SOD provides the first line of defense by 
reducing the concentration of superoxide. Therefore, cyanobacterial 
cells can be genetically modified for different antioxidant enzymes 
and make them resistant against heavy metals as well as exploited 
for enhancement of production of antioxidant compound that can be 
used for pharmaceutical purposes. 
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