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Abstract Ethiopia and South Africa are among the few coun-
tries to still implement indoor residual spraying with dichloro-
diphenyl-trichloroethane (DDT) for malaria vector control. In
this study, we investigated the levels and ecological risks of
DDT and its metabolites in liver tissues of house rat, as a
sentinel animal, for providing an early warning system for
public health and wildlife intervention from Ethiopia and
South Africa. The results showed that ΣDDT concentration
ranged from 127 to 9155 μg/kg wet weight, and the distribu-
tion order of DDT and its metabolites in the analyzed liver
samples was p,p′-DDD > p,p′-DDE >> p,p′-DDT, o,p′-DDT,
and o,p′-DDD. The risk assessment indicated a potential ad-
verse impact on humans, especially for pregnant women and
children, because they spend majority of their time in a DDT-
sprayed house. The ecological assessment also showed a con-
cern for birds of prey and amphibians like frogs. This study is

the first report on DDTcontamination in liver tissues of house
rats from Ethiopia and South Africa, and henceforth, the data
will serve as a reference data for future studies.
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Introduction

Rachel Carson’s book BSilent Spring^ first drew attention to
the effects of the widespread extensive use of pesticides, es-
pecially dichloro-diphenyl-trichloroethane (DDT), on the en-
vironment and human health (Carson 1962). Due to their high
persistence and lipophilicity, DDTs tend to bioaccumulate in
fatty tissues of living organisms and are toxic to humans and
wildlife. Exposure to DDT and its metabolites has been asso-
ciated with both estrogenic potentials and anti-androgenic ef-
fects (Crews et al. 2000). Both p,p′-DDT and o,p′-DDT pro-
mote estrogenic activity (Bhatia et al. 2005), while p,p′-DDE
is a potent androgen receptor antagonist (You 2000). The ef-
fects of DDT-induced endocrine disruption such as infertility,
and reduced reproductive success in birds and wildlife, are
also documented (Fisk et al. 2005; Giesy et al. 2003; Tyler
et al. 1998). Thus, the necessity for continual monitoring and
surveillance of DDTs in natural surroundings has been
recognized.

Humans and wildlife can expose to DDT either through
direct contact or through secondary exposure via ingesting
and inhalation. House rat, also called as the black rat or roof
rat, is a good indicator of human exposure to environmental
chemicals, because they live in proximity and exposed to
many of the same influences as human beings (Ardizzone
et al. 2014; Ishizuka et al. 2005). They are potential sinks
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for accumulation of indoor pesticides from the food supply
and/or inhalation of pesticides while used for vector control
indoors and outdoors. They are also food for a lot of natural
predators, like foxes and cats just to name a few, including
birds of prey. Therefore, the knowledge on the contamination
status in house rat is not only to estimate the magnitude of
environmental pollution but also to predict human health and
wildlife risks.

Currently, DDT is produced in India and exported as a pure
or as a commercially formulated product to other, mostly
African, countries (UNEP 2016). South Africa formulated
DDT with the technical product and exports the formulated
product to other African countries. In Ethiopia, the Adami
Tulu Pesticide Processing Plant has been operating since
1992 in the formulation of pesticides, including DDT. The
plant imports technical grade material and has been supplying
formulated DDT to theMinistry of Health since 2001 (UNEP
2016). Ethiopia and South Africa are among the others
African countries which have used DDT for indoor residual
spraying (IRS) for malaria vector control and is still the insec-
ticide of choice (Van den Berg 2009; WHO 2011). As a con-
sequence, DDT residues have been measured at concerning
levels in biotic including humans (Gerber et al. 2016; VanDyk
et al. 2010; Yohannes et al. 2014a, b, 2017) and abiotic com-
partments (Barnhoorn et al. 2009; Yohannes et al. 2013) in
these two countries.

With this in mind, the aim of this study was to investigate
the levels of DDT and its metabolites in liver tissues of house
rats from Ethiopia and South Africa. This study further inves-
tigates the potential human and ecological risks pose by the
DDTs. To the authors’ knowledge, this is the first report on
DDT contamination in house rats from Africa and to docu-
ment house rats as sentinel of DDT contamination in indoor
residual spraying environment.

Materials and methods

Sampling site

The sample stations were Ziway town from Ethiopia and
Pongola river basin in South Africa (Fig. 1). Both sampling
areas are known for having high incidence of malaria.

Ziway town is located 165 km from south of Addis Ababa,
the capital city of Ethiopia. It is a town with a population of
about 50,000 and lies on the western side of Lake Ziway. The
communities are engaged in mixed farming, fishing, rearing
livestock, and meet their daily water needs from the lake. The
Ziway area is known for its irrigation practice where small-
holder horticulture farmers and large-scale flower growing
companies are located around the lake, with the use of pesti-
cides and chemical fertilizers. The irrigation scheme, subse-
quently suitable habitats for vector mosquitoes, resulted in

increased malaria transmission in communities throughout
most of the year.

The Pongola River, with a catchment of 7000 km2 at the
eastern extent of South Africa, passes through a narrow gorge
between the Lebombo and the Ubombo mountains, where the
Pongolapoort Dam is now situated on the border between
Swaziland and South Africa. The catchment area is under
large-scale agricultural activities, dominated by sugar cane,
cotton, irrigated fruits, and vegetables. The surrounding area
of the impoundment is classified as an malaria endemic area,
and vector control has been done through indoor spraying of
DDT in dwellings. Vector control based on IRS has been
applied indoors on walls, ceilings, and outdoors with 75%
DDT wettable powder at a dosage of 2 g active ingredient
per square meter.

Collection of house rat and sample preparation

House rats were captured using gauze cage traps with food as
bait in residential areas from Ziway town (n = 21), Ethiopia, in
February 2013 and from KwaZulu-Natal, Pongola river basin
(n = 24), South Africa, in April 2014. The traps were set indoors
in the evening and collected in the next morning. Rats were
euthanized, and body weight and sex were determined. Liver
samples were collected from each rat and kept at − 20 °C. The
frozen samples were then transported to the Laboratory of
Toxicology, Graduate School of Veterinary Medicine,
Hokkaido University, Japan, for analysis. All the experiments
were performed using the rule approved by the Institutional
Animal Care and Use Committee of Hokkaido University.

Reagents and chemicals

Mixture of DDTs (o,p′-DDT, p,p′-DDT, o,p′-DDE, p,p′-DDE,
o,p′-DDD, and p,p′-DDD) was obtained fromDr. Ehrenstorfer
GmbH (Augsburg, Germany). Surrogate standard 3,3′,4,4′-
tetrachlorobiphenyl (PCB 77) and syringe spike 2,4,5,6-
tetrachloro-m-xylene (TCmX) solutions were purchased from
Sigma-Aldrich (Tokyo, Japan) and AccuStandard, Inc. (New
Haven, CT, USA), respectively. Solvents and reagents used
were analytical grade and purchased from Kanto Chemical
Corp. (Tokyo, Japan).

Analysis of DDT

The protocol for analysis was performed as described by
Yohannes et al. (2014b). Briefly, about 2-g liver tissue was
homogenized with anhydrous sodium sulfate and spiked with
surrogate standard (PCB 77). Extraction was carried out with
150 mL hexane/acetone (3:1, v/v) in a Soxtherm apparatus
(S306AK Automatic Extractor, Gerhardt, Germany) in hot
extraction mode for 4 h. The lipid content was determined
gravimetrically on an aliquot of the extract, and the remaining
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extract was cleaned up on a column packed with 5 g activated
Florisil and topped with 1 g of anhydrous sodium sulfate. The
extract was eluted with 100 mL hexane/dichloromethane (7:3,
v/v). The eluate was finally concentrated to near dryness and
redissolved in 100 μL n-decane. A known amount of TCmX
as a syringe spike standard was added to all extracts prior to
instrumental analyses.

The samples were analyzed on a Shimadzu gas chromatog-
raphy equipped with a 63Ni μ–electron capture detector (GC-
ECD: Shimadzu GC 2014, Kyoto, Japan). An ENV-8MS cap-
illary column (30 m × 0.25 mm × 0.25 μm) was used for
separation. The oven initial temperature was 100 °C (1 min
hold), raised to 200 °C at a rate of 20 °C/min and then at 3 °C/
min to 260 °C (10 min hold). Injector and detector tempera-
tures were 250 and 310 °C, respectively. Helium at a flow rate
of 1 mL/min and nitrogen at a flow rate of 45 mL/min were
used as carrier and make-up gases, respectively. A 1-μL vol-
ume of samples was injected in splitless mode.

Quality assurance/quality control

DDT and its metabolites were identified by a comparison of
their retention time to the peaks from the calibration standards.
Multiple-level calibration curves were created for the quanti-
fication, and good linearity (r2 > 0.995) was achieved. QC and
QAwere performed by analyses of procedural blanks, spiked
blanks, and blind duplicate samples and consisted in daily
calibration curves check. Recoveries for individual DDTs in

spiked blanks were between 90 and 105%, and average recov-
ery for PCB 77 was 90 ± 9%. The limit of detection (LOD)
calculated as three times the signal-to-noise ratio was
< 0.1 μg/kg for all DDTs. Confirmation of residues on repre-
sentative samples using an ENV-8MS capillary column was
carried on a Thermo Scientific DSQ II single stage quadrupole
GC–MS system.

Statistical analysis

Concentrations of DDTs were tested for homogeneity of var-
iance and log transformed to approximate a normal distribu-
tion of the data. As few samples had undetectable values for
op′-DDD, op′, and pp′-DDT, geometrical mean calculation
was impossible. Therefore, samples with concentrations be-
low the detection limits were assigned a value of one half of
the detection limit for statistical analysis (Croghan and
Egeghy 2003). Student’s t test was used for determining dif-
ferences in the concentrations of DDTs between both sites and
sexes. The significant level was set at 0.05. All statistical
analyses were performed with the JMP software version
12.0 (SAS Institute, Cary, NC, USA).

Results and discussion

Table 1 shows basic parameters of the samples. The house rats
(n = 21) from Ziway area, Ethiopia, weighed between 33 and

Fig. 1 Map of the study area with sample locations indicated from Google Earth map
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197 g with a geometric mean of 86 g and had a fat content
between 1.8 and 7.9% (geometric mean 3.7%). The house rats
(n = 24) from Pongola area, South Africa, weighed from 19 to
190 g (geometric mean 73 g) and with fat content between 1.8
and 12% (geometric mean 4.1%). Of the 45 house rats, 14
from Ziway area and 12 from Pongola area were females.
The female rats were generally larger than the males, while
their lipid content were comparable with those of the males
(Table 1). There were no significance differences (p > 0.05) in
both body weight and lipid content between both sites and
sexes.

Concentrations of DDTs

DDT and its metabolites residues were detected in all liver
samples of rats in the present study. Concentrations of total
DDTs (ΣDDTs) ranged from 127 to 9155 μg/kg wet weight
(ww) (1775 to 215,748 μg/kg lipid weight (lw)) (Fig. 2).
Median concentration ΣDDTs were comparable between the
two sites, and concentrations were 2121 and 2214 μg/kg wet
weight from Ethiopia and South Africa, respectively. In both
sampling sites, high dispersion, in the levels of ΣDDTs,
ranged from 667 to 9155 μg/kg ww in Ethiopia and from
127 to 7334 μg/kg ww in South Africa, was exhibited within
the studied rat samples. This high variation on the magnitude
of pollutants could be associated with age, metabolic capabil-
ities, and duration of contamination. However, there was no
significant difference in concentration of ΣDDTs between
sites (p > 0.05).

Detailed statistical information such as geometrical mean,
median, and range values of ΣDDT concentrations (based on
wet weight) in the liver tissues is presented in Table 1. In both
sites, female rats had higher geometrical mean concentrations
of ΣDDTs than the males. This apparently contradicts the
usual pattern observed in other mammals, where mature fe-
males are less polluted than males of comparable age due to
the lactation transfer of lipophilic xenobiotics frommothers to
offspring (Berghe et al. 2012; Lailson-Brito et al. 2012; Sørmo
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Fig. 2 Box and whisker plot (horizontal lines are fifth, 25th, 50th, 75th,
and 95th percentiles) of ∑DDTs in liver tissues of house rats from
Ethiopia and South Africa
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et al. 2003). Although the female rats had higher geometric
mean/median concentrations of ΣDDTs than male in both
sites, no significant difference in ΣDDT concentration was
found between sexes in both sampling site (p > 0.05).
Overall, the accumulation of DDTs in the studied house rats
reflects widespread DDT contamination within indoor and
outdoor environment in these two countries.

Lipid content and body weight are important variable for
explaining the concentrations of organochlorine compounds
like DDTs in the ecosystem. In this study, lipid content instead
of body weight was used to avoid bias due to the increased
body weight of the pregnant rats and the variation in gut full-
ness. Thus, log-transformed values of each DDT concentra-
tions were regressed against lipid content (%). With all data
pooled for both sites, no significant relationships (p > 0.05)
between the lipid levels (%) and log-transformed DDTs (μg/
kg ww) were found, even within genders (data not shown).
The lack of this significant relationship and sex-related differ-
ences in the present study might be due to the great variability
of the individual DDT loads detected caused by the current
use of DDT for IRS in the sampling places and reduced sam-
ple size.

Composition of DDTs

Basic descriptive statistics of DDT and its metabolite concen-
trations in rat liver are presented in Table 1. p,p′-isomers of
DDT, DDE, and DDD and o,p′-isomers of DDT and DDD
were detected in the investigated samples. The metabolite
present at the highest concentration in the liver of the studied
rat samples was p,p′-DDDwith geometric mean concentration
of 1268 μg/kg ww followed by p,p′-DDE (931 μg/kg ww) in
female rats from Ethiopia (Table 1). In other studies, DDE is
the main metabolite of DDT found in the liver and adipose
tissues of mammals and birds (Lailson-Brito et al. 2012;
Sørmo et al. 2003; Tomza-Marciniak et al. 2014; Yohannes
et al. 2014b, 2017).

In the environment and in vivo, DDT can be degraded to
DDE and DDD. Thus, the DDT profiles or composition index
in biota may provide information on input (sources) in the eco-
system or metabolism of DDT in biota. Figure 3 shows the
relative (%) distribution of DDT, DDD, and DDE in liver tissues
of both sexes. The profile of DDTs in the studied livers was
clearly dominated by p,p′-DDD, accounting for 45 to 66%,
followed by p,p′-DDE (Fig. 3). The dominance of p,p′-DDD
can be explained by a rapid metabolism of p,p′-DDT to p,p′-
DDD in the rat liver tissue. An exposure study byKitamura et al.
(2002) has demonstrated that the metabolism of p,p′-DDT to
p,p′-DDD in rat liver was favored through two processes: (i)
mainly reductive, catalyzed by the microsomal CYP system in
the presence of NADPH or NADH under anaerobic conditions;
and (ii) via the catalytic action of the heme group of

hemoproteins in the liver microsomes of rats, it can also be
reduced to p,p′-DDD in a non-enzymatically manner.

Generally, the accumulation profile of DDTs, i.e., DDD ≅
DDE >> DDT, highlighting the fact that p,p′-DDD and p,p′-
DDE are resistance against degradation and elimination from
the body of the rats, thus accumulated in the liver tissues.
Nevertheless, p,p′-DDT was detected in almost all liver sam-
ples of the house rats, indicating the presence of fresh DDT
source in these countries. Although internationally banned by
the Stockholm Convention on Persistent Organic Pollutants,
DDT use is exempted for IRS because of high incidence of
malaria and corresponding fatalities in some African countries
including Ethiopia and South Africa (WHO 2015), in addition
to its unrestricted agricultural use.

Comparison with other wild terrestrial mammals

The present study data are important, because they represent, to
the best of our knowledge, the first report of DDT residues in
house rats from Ethiopia and South Africa, in general from
Africa. The absence of data concerning residue levels in liver
samples of rats rendered direct analogies extremely difficult.
Thus, the residue levels of DDTs reported in other animals else-
where in the world, and in birds and domestic chicken from the
current sampling sites, are referred (Table 2). However, the spe-
cies are different and interpretation should also be carefully
done, as the usage of DDTs, species, nature of the sampled
tissues, environment, dates, matrixes, and ecosystems differs
widely. Some terrestrial animals have a great capacity to metab-
olize and eliminate DDTs. Recent literature data show the levels
from Europe, where DDTs in wild animals (boar, badger, mon-
goose, etc.) are mostly detected. Concentrations of DDTs in liver
tissues of house rats detected in the present study are higher than
the concentrations reported in various wild mammals from
Poland (2.13–1116 μg/kg ww) (Cholewa et al. 2015; Tomza-

Fig. 3 Percentage distribution of individual DDT metabolites in liver
tissues of house rats from Ethiopia and South Africa
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Marciniak et al. 2014) and Spain (liver: < 0.01–2736 μg/kg ww;
adipose tissue: < 0.01–63,297 μg/kg lw) (Mateo et al. 2012)
(Table 2). Even comparing with other high trophic level preda-
tors, levels of DDTs in the present study are higher than the
levels of DDTs found in the wild birds’ liver from Ethiopia
(Yohannes et al. 2017) and in egg samples of wild birds and
chicken fat from South Africa (Bouwman et al. 2008;
Barnhoorn et al. 2009). On the other hand, ΣDDT levels in
the present study are lower than the levels of DDTs detected
from domestic chicken egg (Bouwman et al. 2015) in a DDT-
sprayed area from South Africa (Table 2). Care should also be
taken to egg samples compared with liver, as the former samples
have a higher lipid content, and also, there is transformation of
DDT from liver to egg. Overall, the total DDT burden in the
liver tissues of the house rats revealed that the sampling regions
are contaminated more with DDT.

Potential ecological risks

House rats share the same environment with humans, where
DDT is sprayed. Thus, the exposure data measured on rats can
be (in)directly applied for risk assessment because many toxico-
logical studies use rodent models. Toxic effects of DDT and its
analogues, such as increment of liver weight, pathological alter-
ations of liver, changes in serum estradiol and progesterone
levels, and induction of liver cytochrome enzymes, have been
studied in rats (Hojo et al. 2006; Li et al. 1995). The health of
human and wildlife is relevant due to the process of bioaccumu-
lation and biomagnification of organic pollutants through the
predator–prey cycle.

Because of their persistence and excessive use in the past and
the present, DDTs continue to be of serious environmental con-
cern worldwide. In the present study, levels of DDTs ranged
from 127 to 9155 μg/kg ww in the liver tissues of the house rats
suggest that IRS may result in high DDT exposure in the entire
population. Previous studies reported high concentrations of
DDT and DDE in blood and breast milk from people residing
in IRS houses (Aneck-Hahn et al. 2007; Bouwman et al. 2006;
Röllin et al. 2009). Thus, the detection of high levels of DDTs in
the present study provides additional input for monitoring health
risk of human, in particular for pregnant women and children
because they spend more time in and around the DDT-sprayed
house. On the other hand, the hepatic levels of ∑DDT residues
ranged from 1 to 35 μg/g reported to pose a threat to individual
bird reproduction and therefore on the population (Blus 2011).
Thus, it should be emphasized that birds of prey could be at high
risk when preying on these rats with high levels of organic
pollutants like DDTs. Wildlife and domestic animals that feed
around the sprayed areas and agricultural areas could also be at
risk, since DDTs can bioaccumulate and biomagnify through the
predator–prey behavior on the food chain. In addition, DDT
levels at a range of 5.5 to 910 ng/g ww, which is by far less than
from the present study, showed a significant asymmetric

testicular morphology in frogs from DDT-sprayed areas in
South Africa (Viljoen et al. 2016). Generally, the DDTs that
we found in the liver tissues of house rats may have contributed
to DDT loads higher up in the food web. This finding supports
the need to reduce and eventually terminate the use of DDT in
malaria control program and to control its unrestricted agricul-
tural use.

Conclusion

To the best of our knowledge, this is the first report on DDTand
its metabolites levels in liver tissues of house rats from Ethiopia
and South Africa. Although sample size was limited, the data in
the present study clearly indicate the ubiquitous pollution of
DDTs in the ecosystems of Ethiopia and South Africa. It stresses
the need for further investigations and continuous monitoring of
persistent organic pollutants such as OCPs, PCBs, and PBDEs.
Even though IRS application has been regarded as an environ-
mentally safer option in malaria vector control, the current result
showed a concern for humans and wildlife. In addition, the
domesticated animals kept near the homestead where DDT is
applied could also be affected by the DDT used in IRS. Due to
their importance for the ecosystems and their protection status, it
is difficult to perform invasive tissue analyses in humans and
wildlife. Thus, monitoring environmental health by using house
rats as sentinels could be useful for inferring the state of higher
organisms.
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