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ABSTRACT 
Although heavy metal pollution of soil causes biological problems, such as genotoxicity to living organisms, including human beings, few 
methods have been developed to assess metal mutagenicity in soil. To avoid metal mutagenicity, an adequate bio-monitoring method is 
required. Earthworms can be used as a bio-monitor of metal contamination in soil, because significant positive correlations have been 
found between the concentrations of metals, such as cadmium, copper, lead, and zinc, in the earthworm and the concentrations of these 
metals in the soil. Although many studies have been performed to establish bio-monitoring methods using earthworms, there have been 
few reports of bio-monitoring for soil mutagenicity. Recently, we examined the possibility of using earthworms in a bio-monitoring 
method for mutagenicity due to soil pollutants, such as metals. In the study, we analyzed the generation of 8-oxoguanine (8-oxo-Gua) in 
earthworms exposed to cadmium and nickel in soil. 8-Oxo-Gua is a major premutagenic form of oxidative DNA damage that induces GC-
to-TA point mutations in genome DNA, leading to carcinogenesis. In this review, the use of earthworms as a bio-monitoring method for 
metal pollution in soil is described. 
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INTRODUCTION 
 
Metal pollution of soil is widespread across the globe and 
has caused biological problems in plant nutrition and food 
chains, leading to potential toxicity to human beings and 
other living organisms. It has been reported that the atmos-
pheric input of metals to agricultural systems also signifi-
cantly contributed to pollution of soil (Vidovic 2005). 
These complicated pathways of contamination make it dif-
ficult to avoid exposure to metals existing in the environ-
ment. In particular, metal-induced mutagenicity is a serious 
problem for the diversity of living organisms and human 
health, because it induces gene-associated diseases, inclu-
ding cancer. 

To avoid metal toxicity, we should first understand the 
features of metals and assess metal toxicity. However, the 
methods used for the assessment of metal toxicity are often 
not sensitive enough, because metals can be toxic below the 
technical detection limits. To overcome this limitation, 
many research efforts have been made to develop detection 
techniques or assessment methods for metal contamination 
of soil. Furthermore, the toxic action of metals sometimes 
depends on their metabolites generated in living organisms. 
Thus, adequate methods to assess metal toxicity are difficult 
to develop. 

A bio-monitoring method would be appropriate to 

evaluate metal toxicity, because of its sensitivity and avail-
ability for unknown metabolites. Organisms such as fish, 
snails, and plants have been employed as bio-monitors 
(Harnly 1997; Citterio 2002; Regoli 2006). Although this 
approach is useful and promising, it is also somewhat lim-
ited, because it could be available only for a specific combi-
nation of a living organism with certain substances. Hence, 
it is important to find adequate living organisms as bio-
monitors for each assessment. 

Recent research has indicated that the earthworm is a 
candidate organism as a bio-monitor for soil contaminants, 
because it plays an important role in the soil macrofauna 
biomass. In addition, significant positive correlations have 
been found between the metal concentrations in the 
earthworm and the cadmium (Cd), copper (Cu), lead (Pb) 
and zinc (Zn) concentrations in the soil (Morgan and Mor-
gan 1988). The species Eisenia fetida (E. fetida) is most 
commonly used in ecotoxicology, and is recognized as a 
useful bio-monitor for testing the chemical toxicity of soil 
(Brulle et al. 2006). In particular, this species’ proximity to 
the soil contaminants is a merit for the analysis (Reinecke 
and Reinecke 2004; Steenbergen et al. 2005; Hirano and 
Tamae 2010). 

Generation of reactive oxygen species (ROS) is one of 
mechanisms of metal-induced toxicity. When ROS attack 
DNA, oxidized bases are frequently generated (Bohr et al. 
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2002). It is believed that 8-oxo-2’-deoxyguanine (8-oxo-
Gua), a major form of oxidative DNA damage, may have an 
important role in carcinogenesis, because it causes the GC 
to TA transversion type point mutation (Wood et al. 1990; 
Shibutani et al. 1991; Cheng et al. 1992). Previous work 
suggested that the measurement of the 8-oxo-Gua level in 
DNA is a useful marker for ROS stresses on DNA. 

To prevent 8-oxo-Gua-induced mutations, there exist 
repair systems. Interestingly, some heavy metals are known 
to affect 8-oxo-Gua repair systems, leading to 8-oxo-Gua 
accumulation. Heavy metals such as arsenic (As) (Mei et al. 
2002; Hirano 2006), cadmium (Cd) (Hirano et al. 1997; 
Mei et al. 2002; Potts et al. 2003; Youn et al. 2005), chro-
mate (Cr) (Hodges and Chipman 2002; Lee et al. 2005), 
manganese (Mn) (Sava et al. 2004), and lead (Pb) (San-
chez-Ramos et al. 1994) inhibit 8-oxo-Gua excision repair 
activity or down-regulate the expression of 8-oxoguanine 
DNA glycosylase 1 (OGG1), a major repair enzyme for 8-
oxo-Gua. Among these metals, the effects of Cd on 8-oxo-
Gua repair systems were well documented. In our and other 
laboratories, it was found that Cd inhibited 8-oxo-Gua exci-
sion repair activity or 8-oxo-dGTPase activity, leading to 8-
oxo-Gua accumulation in DNA (Hirano et al. 1997; Bial-
kowski et al. 1999; Mei et al. 2002; Youn et al. 2005). This 
inhibitory action of Cd on the DNA repair system might be 
involved in Cd carcinogenesis. 

In our previous study, we analyzed 8-oxo-Gua accumu-
lated in the DNA of E. fetida exposed to heavy metals, to 
determine if a method using earthworms as a bio-monitor is 
useful for the assessment of soil mutagenicity (Nakashima 
et al. 2008). We employed Cd and Ni as test metals, because 
the carcinogenic potentials of Cd and Ni have been estab-
lished for humans and animals (Table 1), and these metals 
are known to generate 8-oxo-Gua in DNA (Hirano et al. 
1997; Dalley and Hartwig 1997; Merzenich et al. 2001; 
Hengstler et al. 2003). 

This review focuses on the possibility of using earth-
worms as a bio-monitoring method for oxidative DNA 
damage-inducing factors in soil. 
 

8-OXOGUANINE 
 
Point mutations generated via oxidative DNA damage are 
involved in cancer development, because mutations are a 
common feature of human cancers. In this context, the stu-
dies of 8-oxo-Gua, which is oxidized guanine, have signi-
ficant implications for understanding the mechanisms of 
mutation-associated diseases, especially cancer (Tsuzuki et 
al. 2007). 8-Oxo-Gua is a mutagenic lesion formed sponta-
neously in the genomic DNA of aerobic organisms (Fig. 
1A) and by the actions of exogenous factors, such as ioni-
zing radiation, chemical pollutants, metals, food, and bac-
teria. Although 8-oxo-Gua is not necessarily the most abun-
dant form of oxidative DNA damage, it has been the most 
extensively studied, because it can be quantitated with high 
sensitivity by high performance liquid chromatography 
coupled with electrochemical detection (HPLC-ECD) (Fig. 
1B), and is quite easily measured in laboratories (Floyd et 
al. 1986; Marnett 2000). 8-Oxo-Gua and 8-oxoadenine (8-
oxo-Ade) have been well studied in mutagenic oxidized 
DNA products, and their frequencies of generation in mam-
malian DNA and degrees of mutagenicity are similar 
(Kamiya et al. 1995a, 1995b; Wang et al. 1995; Jaruga and 
Dizdaroglu 1996). 

Since 8-oxo-Gua was discovered, this form of DNA 
damage and its repair systems have been studied vigorously. 
8-Oxo-Gua induces GC-to-TA transversion type point muta-
tions (Cheng et al. 1992), and thus it is believed to have a 
key role in cancer development. Moreover, 8-oxo-Gua is 
efficiently removed from DNA via the short-patch base ex-
cision repair (BER) pathway, initiated by 8-oxoguanine 
DNA glycosylase 1 (OGG1). 
 
METALS AND 8-OXOGUANINE / 8-OXO-GUA 
REPAIR SYSTEM 
 
We previously reported the relationship between 8-oxo-
Gua/its repair ability and some metals (Hirano et al. 1997; 
Bialkowski et al. 1999; Mei et al. 2002; Youn et al. 2005). 
In the studies, we found that cadmium chloride and arsenic 
compounds increased the level of 8-oxo-Gua accumulation 
(Hirano et al. 1997; Mei et al. 2002; Hirano et al. 2006). It 
is noteworthy that these metals inhibited the 8-oxo-Gua 
repair activity. Some metals, such as hexavalent chromium 
(CrVI), manganese (Mn), and Pb, as well as Cd and arsenic 
(As), also reportedly inhibited the 8-oxo-Gua repair system 
(Hodges and Chipman 2002; Sava et al. 2004; Lee et al. 
2005; Bolin et al. 2006; Singh et al. 2009). Among metals, 
the association of Cd with 8-oxo-Gua repair systems has 
been studied from the early stage of the research. In 1997, 
we first described an association between Cd exposure and 
the inhibition of 8-oxo-Gua excision repair activity in rat 
testes (Hirano et al. 1997). After the cloning of mammalian 
OGG1, it was demonstrated that Cd exposure down-regu-
lated OGG1 expression in rat lung and alveolar epithelial 
cells (Potts et al. 2003). Youn et al. suggested that Cd at-
tenuated the removal of �-ray-induced 8-oxo-Gua adducts, 
which in turn increased the mutation frequency, and that 
this effect might, at least in part, result from the suppression 

A B 

Fig. 1 (A) Structure of 8-oxo-Gua. 8-Oxo-Gua is formed by the hydroxylation of guanine at the C-8 position. (B) The system of HPLC coupled with ECD 
for measurement of 8-oxo-Gua. 

 

Table 1 IARC assessment for heavy metals. 
CAS No Heavy metals Group 
007440-38-2 Arsenic and arsenic compounds 1 
007440-41-7 Beryllium and beryllium compounds 1 
007440-43-9 Cadmium and cadmium compounds 1 
 Chromium [III] compounds 3 
 Chromium [VI] 1 
007440-47-3 Chromium, metallic 3 
007440-48-4 Cobalt and cobalt compounds 2B 
007439-92-1 Lead 2B 
 Lead compounds, inorganic 2A 
 Lead compounds, organic 3 
007439-97-6 Mercury and inorganic mercury compounds 3 
 Methylmercury compounds 2B 
 Nickel compounds 1 

Data from AGENTS REVIEWED BY THE IARC MONOGRAPHS, last updated: 
2 April 2009 
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of hOGG1 transcription via the inactivation of the Spl trans-
cription factor, as a result of Cd treatment (Youn et al. 
2005). These inhibitory effects of Cd on OGG1 activity are 
similar to the inhibition of 8-oxo-dGTPase activity induced 
by Cd treatment, which led to the accumulation of 8-oxo-
Gua in DNA (Bialkowski et al. 1999). Although it is likely 
that Cd exposure might broadly disturb the 8-oxo-Gua re-
pair system, the exact mechanism of the inhibition remains 
unclear (Hirano 2008). 
 
POSSIBLE UTILITY OF USING EARTHWORMS AS 
A BIO-MONITOR OF METAL CONTAMINATION IN 
SOIL 
 
Earthworms have been indicated as a candidate organism as 
a bio-monitor for soil contaminants. To establish bio-moni-
toring system using earthworms, the effects of contaminants 
on earthworms have been studied. The accumulations of 
both natural and depleted uranium in the earthworms were 
studied to evaluate corresponding biological effects (Gio-
vanetti et al. 2010). The study showed that no effects were 
observed in terms of mortality or weight reduction, but 
cytotoxic and genetic effects were identified at quite low 
natural uranium concentrations. Among metals, methyl mer-
cury might be more easily absorbed by and accumulated in 
earthworms (Zhang et al. 2009), suggesting that earthworm 
were ideal candidate for monitoring of methyl mercury. Lee 
et al. also suggested that metal bioaccumulation by earth-
worms can be used as ecological indicator of metal availa-

bility (Lee et al. 2009). In addition, it was reported that no 
effects of metal pollution on earthworm communities (van 
Gestel et al. 2009). These findings prompt us to recognize 
usefulness of earthworms as a bio-monitor. However, 
methods of using earthworms as a bio-monitor have not 
been established. Recently, effects of Cd and Pb on DNA 
damage generation in E. fetida were reported (Li et al. 
2009). However, because they employed comet assay, the 
detailed form of DNA damages were unclear. 
 

A B

Fig. 2 (A) E. fetida were kept in a 20 liter stainless steel tank. (B) E. 
fetida. The earthworm’s body was cut into four rough segments: head 
region (S1), anterior body region (S2), posterior body region (S3), and tail 
region (S4). They were weighed under wet conditions and quickly frozen 
at – 80°C. 

 

A 

B 

Fig. 3 Heavy metal accumulation in E. fetida in the short-term experiment (A) and in the long-term experiment (B). Each data point represents the mean 
of three individuals. Heavy metal concentrations were measured by atomic absorption spectrometry, and are expressed as �g per body weight. Figure 
reproduced from Nakashima T, Okada T, Asahi J, Yamashita A, Kawai K, Kasai H, Matsuno K, Gamou S, Hirano T (2008) 8-Hydroxydeoxyguanosine generated in the 
earthworm Eisenia fetida grown in metal-containing soil. Mutation Research 654, 138-144, ©2008, with kind permission from Elsevier Science Ltd., license number: 
2492170100364. 
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8-OXOGUANINE GENERATED IN EARTHWORMS 
 
Among the many kinds of organisms living in soil, the 
earthworm is a most useful organism for the evaluation of 
metal contamination, because significant positive correla-
tions have been found between the metal concentrations in 
the earthworm and the soil Cd, Cu, Pb and Zn concentra-
tions (Morgan and Morgan 1988). 

We recently analyzed the 8-oxo-Gua accumulated in the 
DNA of E. fetida exposed to metals, to determine if a 
method using earthworms as a bio-monitor is useful for the 
assessment of soil mutagenicity (Nakashima et al. 2008). In 
the study, E. fetida were kept in a 20 liter stainless steel 
tank at an ambient temperature of 24°C, using mold with 
skim milk as a food source until metal exposure (Fig. 2). 
Three to six individuals were kept in a 600 mL glass con-
tainer containing 50 g of soil with/without metal. They were 
exposed to 10 or 200 �g metal/g soil for 1, 2, and 3 weeks 
or 10 �g metal/g soil for 3 months. As a result, we detected 
a high level of Cd accumulation in E. fetida (Figs. 3A, 3B). 
On the other hand, no Ni accumulation was observed (Fig. 
3). 

The 8-oxo-Gua levels in the DNA of E. fetida treated 
with Cd for 3 months were significantly higher than those 
in control E. fetida or in E. fetida treated with Ni (Fig. 4). In 
addition, we observed positive staining of 8-oxo-Gua in the 
seminal vesicles in almost all samples (Fig. 5). The positive 
signals in the seminal vesicles were clearly detected only in 
E. fetida treated with 10 �g of Cd at 3 months (Fig. 5F). 
The seminal vesicles are considered as metallothionein 
(MT)-poor organs. Therefore, it seems reasonable to specu-
late that a lower level of MT expression is involved in Cd-
induced DNA damage accumulation. 
 
CONCLUSIONS 
 
We demonstrated the possible utility of using earthworms as 
bio-monitors, by measuring the oxidative DNA damage 
generated in the earthworms, as a bio-monitoring method 
for assessing soil mutagenicity. However, many points re-
main unresolved. For example, this method could be reli-
able only for bio-accumulated metals, such as Cd, but not 
for non-bio-accumulated metals, such as Ni, even if they 
generate 8-oxo-Gua. To establish a broader bio-monitoring 
method using earthworms to assess soil mutagenicity, fur-
ther studies will be required. 
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