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Chirality: A challenge for the environmental

scientists

Imran Ali*, V. K. Gupta and Hassan Y. Aboul-Enein

Most of the pollutants are present in the environment as a mixture of their chiral isomers. Studies
have revealed that these isomers have an enantioselective distribution, metabolism, and toxicity of
these pollutants, in the light of the toxicity of their individual chiral isomers. We describe here, the
different chiral isomers of common pollutants, their metabolism and toxicity, and methods for their

separation and quantification.

POLLUTION of the environment, one of the most pressing
problems of our age, has now reached a level that it poses a
potential threat not only to the health of people but also to
entire populations. Among various environmental pollutants,
organic contaminants, ie. pesticides, phenols, plasticizers
and polyaromatic hydrocarbons are the most toxic due to
their carcinogenic nature' . The monitoring of these pollut-
ants in the environment is essential and important. Many
reports are available on the analysis of organic pollutants but
these do not distinguish which mirror images of pollutants
are present and which is harmful in the case of chiral pollut-
ants. Scientists and other regulatory authorities are in
demand for tackling associated problems in these areas.

Chirality and its occurrence

In 1883, Kelvin® used the term chirality, derived from the
Greek word kheir for handedness. Any object lacking the
three elements of symmetry, ie. plane, centre and axis of

symmetry, and exists in more than one form which are
non-superimposable mirror images of each other, are
called as chiral objects. From elementary particles to

humans, chirality is found in a wide range of objects’.
There are several examples of the chirality in our envi-
ronment, ie. burial chamber mural paintings in Egypt4,
the 540 galaxies listed in Carnegie Atlas of Galaxies®,
and helical structures of plants and animals. Briefly, chi-
rality exists almost everywhere in this universe and is
associated with the origin of the carth’.

Chemical evolution of chirality

Knowledge of chemical evolution of chirality started in
1809 with the discovery of Haiiy8 who postulated that,
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from crystal cleavage observations, a crystal and each
constituent  space-filling molecule are images of each
other in overall shape. Later in 1848, Pasteur reported the
different destruction rates of dextro and levo ammonium
tartarate by the mould Penicillium glaucumg. The tetra-
hedral arrangement of carbon valencies, having different
groups, makes the whole pollutant (molecule) asymmet-
ric in structure and such a carbon atom is called as asym-
metric or the chiral centre. This type of pollutant differs
in three-dimensional configurations and exists in two
forms which are mirror images of each other (Figure 1).
These mirror images are called optical isomers (having
the capacity to rotate the plane polarized light) or stereo-
isomers or enantiomers or enantiomorphs or antipodes or
chiral molecules. The phenomenon of the existence of the
enantiomers is called as stereoisomerism or chirality. The
50:50 ratio of the enantiomers is called the racemic
mixture, which does not rotate the plane-polarized light.
The number of the enantiomers may be calculated by using
2", where n is the number of the chiral centres. In the
beginning, the optical isomers were distinguished with
(+) and (-) signs or d (dextro) and ! (levo), indicating
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Figure 1. The enantiomers of o,p-DDT pesticide.

CURRENT SCIENCE, VOL. 84, NO. 2, 25 JANUARY 2003



GENERAL ARTICLE

the direction in which the enantiomers rotate the plane
polarized light. (+) or d stands for a rotation to the right
(clockwise) whereas (-) or [ indicates a rotation to the
left (anticlockwise). The main drawback of such an assi-
gnment is that one cannot derive the number of chiral
centres from it. This is possible when applying the well
known R/S notation given by Cahn and Ingold, which
describes the absolute configuration (the spatial arrange-
ment of the substituents) around the asymmetric carbon
atom of the pollutant (molecule).

Chirality and its consequence in the environment

Lewis et al'’ reported that about one fourth of pesticides
are chiral in nature. Many other xenobiotics such as pol-
yaromatic hydrocarbons are also chiral pollutants. The
example of the chirality in 1,1,1-trichloro-2-(o-chloro-
phenyl)-2-(p-chlorophenyl)ethane,  (0,p-DDT), a  well-
known chiral pollutant, is shown in Figure 1. Recently,
it has been observed that one of the enantiomers of the
chiral pollutant may be more toxic and hence the twi
enantiomers may have different toxicities™'!. This is
important information to the environmental scientists
when  performing  environmental  analysis.  Biological
transformation of the chiral pollutants can be stereose-
lective. Uptake, metabolism, and excretion of enantio-
mers may thus be very different'""'?.  Therefore, the
enantiomeric composition of the chiral pollutants may be
changed in these processes. Metabolites of the chiral
compounds often are chiral. Moreover, some of the achi-

ral pollutants degrade into the chiral metabolites. For
example, +yhexachlorocyclohexane (yHCH) and atrazine
degrade into  -y¥pentachlorocyclohexene and  2-chloro-4-

ethylamino-6-(1-hydroxy-2-methylethyl-2-amino)-1, 3, 5-

triazine racemic mixtures respectively. It has also been
reported that the enantiomers may react at different rates
with the achiral molecules in the presence of chiral cata-
1yst4. Most of the identities and structures in nature are
chiral and, therefore, there are greater chances of the chi-
ral pollutants reacting at different rates. Therefore to
predict the exact chiral pollution load, the determination
of the toxicities (enantioselective toxicity) and concen-
trations of the enantiomers is required.

Enantioselective toxicities of the pollutants

Much work has been carried out towards different bio-
logical activities of drugs and other pharmaceuticals but,
unfortunately, there is little information on the enantio-
selective toxicities of the chiral pollutants. Mostly pesti-
cides and polyaromatic hydrocarbons are carcinogenic
and toxic. They may damage certain body organs such as
liver, kidney, bone marrow, etc. and also change the enzy-
matic activities.
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Toxicities of pesticides

Polychlorinated ~ biphenyls = (PCBs) are  carcinogenic
compounds that are known for their persistence and
bioaccumulation in the environment due to their physico-
chemical properties. 78 out of 209 congeners of PCBs
have axial chimlity in their non-planar conformation and
19 form stable enantiomers (atropisomers). The different
toxicities of these PCBs include weight loss, porphyria,
teratogenesis and endocrine and productive malfunctions
in various organisms. Piittman et al reported PCB139
and PCB197 congeners as the drug metabolizing enzyme
(cytochrom P-450, N-demethylase and aldrin epoxidase)
inducers. The authors reported the (+)-enantiomer of
PCB139 as the stronger inducer in comparison to the (—)-
enantiomer. In contrast, the racemic mixture of PCB197
and its individual enantiomers were only weak inducers
of these enzymes. Furthermore, the same group14 repor-
ted concentrations-related induction of cytochrom P-450,
ethoxyresorufin-O-deethylase (EROD) and  benzphet-
amine-N-demethylase (BPDM). The authors also descri-
bed that EROD activity was induced to a much greater
extent by the (+)-enantiomers of all congeners studied
with no activities of (—)-enantiomers of PCB88 and
PCB197.

First of all, Méller er al.'> observed the different cyto-
toxicities and growth stimulation of ©HCH enantiomers
in primary rat hepatocyte by reporting 100% mortality in
the presence of 3 x 10*M (H)-oeHCH while at the same
concentration of (—)}-0cHCH 75% mortality was reported.
Using 5x 10° M concentrations of both the enantiomers
the significant mitosis occurred in the presence of (+)-0¢
HCH enantiomer (factor 2.4) as compared with the
stimulation by (—)-0¢HCH enantiomer (factor 1.7). Miya-
zaki er al'® stdied the enantioselective toxicities of
cyclodiene (chlordiene, chlordiene epoxide and hepta-
chlor exo-epoxide) pesticides on male adults of German
cockroach (Blattella germanica) and reported that (+)-
chlordiene,  (—)-chlordiene epoxide and  (+)-heptachlor
exo-epoxide enantiomers showed higher toxicity in com-
parison to their corresponding mirror images. In another
study, the same group17 reported that only (—)-enantiomer
of chlordiene epoxide was insecticidal without any bio-
activation  whereas the (+)-enantiomer of chlordiene
showed toxicity after its biochemical transformation.
Again Miyazaki et al'® identified the different enanti-
oselective toxicities of heptachlor and 2-chlorheptachlor
pesticides on the same cockroach. (—)-0p-DDT has been
known as a more active estrogen-mimic than the (+)-
enantiomer in rats'®. Later on Hockstra er al.?’ reported a
yeast-based assay to assess the enantiomer specific tran-
scriptional activity of DDT with the human estrogen
receptor (hER). The (—)-enantiomer was the active estro-
gen mimic whereas the hER activity of (+)-0,p-DDT was

negligible. Malathion is Dbio-transformed to a racemic
malaxon that has anti-acetylcholinesterate  (insecticidal)
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activity with R-enantiomer 22 times stronger than the S-
enantiomer for bovine erythrocyte cholinesterase®’.  The
nerve agent, soman, has two chiral centres and the two
(—)-diasterecisomers are more potent inhibitors than their
corresponding  (+)-counterparts  for  acetylcholinesterate
and oechymotrypsin. Miyazaki et al? also reported the

enantioselective  toxicities of methamidophose (O,S-di-
methyl phosphoramidothiodate) and acetaphate (O,S-di-
methyl-N-acetylphosphoramidothiodate) to house flies.
Toxicities of polyaromatic hydrocarbons
Several chiral polyaromatic hydrocarbons (PAHs), includ-

ing benzo(a)pyrene (BP) and anthracene derivatives, [3-
naphthoflavone ~ and  3-methylcholanthrene  have  been
reported to possess the enantioselective toxicities. The
stereoselective metabolism of benzo(a)pyrene to an ulti-
mate carcinogen follows the metabolic sequence BP —
BP-7, 8-oxide » BP-7, 8-dihydrodiol - BP-7,  8-diol-9,
10-epoxide respectively. Wood er al?® reported that in
strain  TA98 of Salmonella typhimurium, (—)-chyresene-
1,2-diol-3,4-epoxide 2 was 5 to 10 times toxic than the
other three isomers. However, in strain TA100 of S.
typhimurium and in Chinese hamster V79 cells, (+)-
chyresene-1,2-diol-3,4-epoxide 2 was 5 to 40 times more
toxic than the other three optical isomers. Similarly,
the  (—)-enantiomer of trans-3,4-dihydroxy-3,4-dihydro-
benz(a)anthracene was found to be a stronger tumori-

genic in newly-born Swiss-Webster mice™.

Distribution of the chiral pollutants

Chiral pollutants enter the environment through point and
non-point sources and are distributed in water, sediment,
soil and biota. Marine water has been reported as pol-
luted due to heptachlor, exo-epoxide (a metabolite of
heptachlor), o, B and ¥HCHs, toxaphene and phenoxy-
alkanoic acid herbicides. There are many reports publi-
shed on the groundwater contamination by pesticides and
other toxic organic pollutants3. Weigel25 reported the
presence of several drugs in waste water. Later on Buser

et al®®  identified ibuprofen, a non-steroidal anti-infla-
mmatory drug, in waste and river waters. Recently,
Kiimmerer’' reviewed the presence of the several drugs

in surface, ground and drinking water.

Vetter et al®® detected toxaphene in a Canadian lake
sediment for the last 60 years and chlorborane congeners
in the sediment from a toxaphene-treated Yukon lake™.
Another study of the chiral pesticides in sediment was
carried out by Rappe et al®® in the Baltic Sea sediment.
Benicka er al®' also identified PCBs in the sediment of a
river. Wong et al*® measured the enantiomeric ratios for
eight PCB enantiomers in the sediment from selected
sites throughout the United States. A most comprehen-
sive study of the distribution of the chiral musks, in
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sediment obtained from wastewater plants, was carried
out by Biselli et al®. Moisey et al** determined the con-
centrations of o, [3 and yHCHs structural isomers and
enantiomers in the sediment obtained from North Sea.
Aigner et al® reported the enantiomeric ratio of chlor-
dane pesticide in the soil of Midwestern United States.
The pesticides detected in these samples were chlordane,
heptachlor and heptachlor exo-epoxide. Wiberg et al*®
reported the presence of organochlorine pesticide in 32
agricultural and 3 cemetery soils from Alabama. Lewis et
al'® detected the presence of dichlorprop pesticide in
Brazilian soils. Recently, White et al® identified cis-
and trans-chlordanes in the soil of a green house unit.

Some chiral pollutants have been detected in air with a
variation in their concentrations from place to place.
Aigner et al® reported the different enantiomeric ratios
of chlordane pesticide in the air of Midwestern United
States. Similarly, Bidleman et al*® collected air samples
from Cornbelt, South Carolina and Alabama areas. The
authors reported the presence of cis-chlordane, trans-
chlordane, heptachlor and heptachlor exo-epoxide in
these samples. Ridal et al’®® detected otHCH in the air
sample collected above the surface of Ontario lake. In
one of the studies, Ulrich and Hites reported the exis-
tence of chlordane in the air sample near Great lake*".
The other authors who described the presence of the chi-
ral pesticides in the air samples are Wiberg et al*!
(chlordane) and Buser and Miiller*? (heptachlor and
chlordane). The enantiomeric ratios of the various pesti-

cides have been detected in various organs of Eider
duck43; seals44; whales45; polar bears46; fish, bivalves,
crayfish, water snakes, bam swallows"’; pelagic  zoo-

plankton, arctic cod, sea birds®**¥; sheep49; roe deer’’ and
human’'. The enantiomeric distribution of various pesti-
cides in the different components of the environment is

summarized in Table 1.

Methods of the resolution of the chiral pollutants

Due to the similar physical and chemical properties of the
enantiomers, their resolution is very difficult. Nowadays,
the chromatographic, electrophoretic, spectroscopic, bio-
sensor and membrane methods are available for the
resolution of chiral pollutantssz. Gas chromatography has
been used for the determination of some chiral pesticides,
which are volatile at the working temperature, into the
environmental samplesS3. In view of the limitations of
gas chromatography, high performance liquid chromato-
graphy is the only choice. Recently we’* developed an
HPLC system for the chiral resolution of o,p-DDT and
0,p-DDD and the results are summarized in Table 2. The
chromatograms of the resolved enantiomers are shown in
Figure 2. For more extensive informations on the chiral
liquid chromatography the book on the chiral liquid
(:hromatography52 is  recommended. Besides chromato-
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Table 1. Distribution of enantiomeric ratios of some chiral pollu-
tants in different components of ecosystems
Chiral Ecosystem Enantiomeric
pollutants component ratios Ref.
o-HCH Sea and rain water 0.79-1.08 55,56
Air and soil 0.86-1.10 45, 46
Eider ducks 1.4 57
Seals and cod 1.5-1.8 58
Flounder and mussels 0.80-0.94 59
Hare 0.80-1.50 60
HHCB Rudd 0.66 4
PCCH Sea water 0.97 56, 61
Flounder 1.0 55
DCPP Sea water 1.4 57
Baltic sea 1.15 56
HEPX Sea water 1.01-1.76 62
Chlordane and  Baltic herring 0.42 12
Octachlordane  Baltic salmon 1.19 12
Baltic seal 0.60 12
Air (above soil) 0.74 38, 63
Plants ~0.50 64
Oxychlordane Seagull’s egg 1.5 55
Roe deer 7.00-17.00 50
Hare 1.00-1.5 60
Heptachlor Air (ambient) 0.99 38, 63
Heptachlor exo- Seagull’s egg 1.6 55
epoxide Roe deer 1.00-5.00 50
Hare 2.5-3.7 60
Air (ambient) 1.51 38, 63
Toxaphene Air 1.00-0.71 28,29
Table 2. Retention (k), separation (0 and resolution factors (Rs) for

the chiral resolution of o,p-DDT and o,p-DDD pesticides on poly-
saccharides CSPs under reversed phase mode with 1.0 ml/min flow rate
of mobile phase®?

K k2 (04 R

Acetonitrile-water (50 : 50, v/v)
Chiralpak AD-RH

o,p-DDT 15.41 19.77 1.24 2.47
op-DDD nr

Chiralcel OD-RH
o,p-DDT 4.54 10.28 227 2.03
op-DDD nr

Chiralcel OJ-R
o,p-DDT 3.49 8.80 2.52 0.80
op-DDD nr

Acetonitrile-2-propanol (50 : 50, v/v)
Chiralpak AD-RH

o,p-DDT 4.74 8.00 1.69 1.00

o,p-DDD 3.26 4.11 1.26 0.60
Chiralcel OD-RH

0,p-DDT nr

op-DDD nr
Chiralcel OJ-R

0,p-DDT nr

op-DDD nr

nr, Not resolved; CSPs, Chiral stationary phases.
Source: Adapted from Ali and Aboul-Enein®*.
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Figure 2. Chromatograms showing the enantiomeric resolution of (&)

0,p-DDT on Chiralpak AD-RH column using acetonitrile-water (50:50,
v/v); (b) 0,p-DDD on Chiralpak AD-RD column using acetonitrile-2-pro-
panol (50: 50, v/v) as the mobile phases. Source: Adapted from Ali and
Aboul-Enein*.

graphy, some publications have appeared in recent years
in the field of the «chiral resolution using capillary
electrophoresis (CEY”.

Conclusion

As discussed above, the two enantiomers of any chiral
pollutant may have different toxicities to the biota.
Unfortunately, unlike in drugs and pharmaceuticals the
enantioselective toxicities of the chiral pollutant have not
been searched in detail. Therefore, there is an urgent
need to explore the enantioselectiveness of the chiral
pollutants. Existing data in the literature on the hazardous
effects of the chiral pollutants should be modified in
terms of the enantioselective toxicities. The chiral iso-
mers of the pollutants are metabolized differentially in
the biological systems and accordingly the stereoselec-
tive metabolism of the chiral pollutants is a demanding
field. The knowledge of the stereoselective metabolism
and enantioselective toxicities of the chiral pollutants
will be useful for the treatment of the diseases caused by
the chiral pollutants. Briefly, the studies on the distribu-
tion and the toxicities of the enantiomers of the chiral
pollutants are an urgent and essential need of today
which should be explored in detail.
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