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ABSTRACT: Hematological abnormalities or derangements have been demonstrated in patients suffering
form microcystins (MCs) in hemodialysis unit in Caruaru, Brazil, 1996. While experimental study on hema-
tological effect of microcystins has been rare and the underlying mechanisms are still puzzling. In the pres-
ent study, microcystins were repeatedly intraperitoneally injected with a dose of 6 ug/kg/day in rabbits
(Oryctolagus cuniculus) for 14 days, and the prolonged effects of extracted microcystins on hematotoxicol-
ogy were investigated. Significant decreases were observed in the hematological indices red blood cell
counts, hematocrit, hemoglobin, and platelet count, while an obvious anemia occurred in rabbits after
14-day exposure. Moreover, red blood cell volume distribution width, mean corpuscular volume, and mean
corpuscular hemoglobin did not vary significantly, indicating that rabbits suffered from normocytic anemia.
In bone marrow, on the 14th day after toxin exposure, the frequency of micronucleus increased signifi-
cantly, and the viability of bone marrow cells decreased markedly compared with the control. Serum eryth-
ropoietin levels declined on the 7th and 14th day, which suggested that the ability to regulate differentiation
and maturation of erythrocytes was impaired. These results indicate that repeated exposure of microcys-
tins can result in normocyte anemia, and the bone marrow injures and the sharp decreases of erythropoie-
tin levels were responsible for the anemia. © 2011 Wiley Periodicals, Inc. Environ Toxicol 26: 472-479, 2011.
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With the progress of eutrophication, cyanobacterial blooms
in natural waters have been a worldwide problem, and cya-
notoxins have posed a great threat to human health through
contaminated drinking waters and fisheries products (Paerl
et al., 2001; Xie, 2006). Among cyanotoxins, the hepato-
toxic microcystins (MCs) are the most common and dan-
gerous group, and microcystin-LR, RR, and YR are the
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most toxic and abundant species (Fastner et al., 2002;
Gupta et al., 2003). It is well known that MCs are cyclic
heptapeptides, and are able to inhibit protein phosphatases
1 and 2A with liver as target organ (Falconer and Yeung,
1992). The high selectivity to liver is believed to be due pri-
marily to toxin uptake by the bile acid transport system
(Runnegar et al., 1993). The most tragic incident associated
with MCs was reported in Caruaru, Brail in 1996, when re-
nal dialysis patients were exposed to MC-contained water
(Jochimsen et al., 1998; Pouria et al., 1998; Carmichael
et al., 2001; Azevedo et al., 2002). Increasing evidences
have demonstrated that microcystin is a genotoxic carcino-
gen, and is considered to induce DNA damage (Rao and
Bhattacharya, 1996; Lankoff et al., 2003; Gaodin et al.,
2008; Zegura et al., 2008). Epidemiological studies have
suggested that microcystins are also suspected to be
involved with promotion of primary liver cancer in humans
exposed to long-term doses of microcystins through drink-
ing water (Yu et al., 1995). In a recent study, microcystins
were found to be transferred from contaminated lake water
and aquatic animals to a chronically exposed human popu-
lation (fishermen at Lake Chaohu, China) together with in-
dication of hepatocellular damage (Chen et al., 2009).

Hematotoxicology is the study of adverse effects of
drugs, chemicals, and other agents in environment on blood
and blood forming tissues (Shashi and Mary, 2007). Hema-
tological investigations have demonstrated that microcys-
tins exposure caused a normocytic anemia in patients in a
hemodialysis unit in Caruaru, Brazil in 1996 (Pouria et al.,
1998). Additionally, hematological changes have been
observed in swine after cranial vena cava exposure of
microcystins, and the results indicate that major hematolog-
ical parameters (hemoglobin, Hb and hematocrit, Ht)
decreased significantly (Beasley et al., 2000). Similarly,
Vajcova et al. (1998) demonstrated that blood values (red
blood cell counts, RBC, Hb, and Ht) significantly decreased
in Hypophthalmichthys molitrix after injection of microcys-
tins. In a previous study, we observed normocytic anemia
in crucian carp injected with microcystins at a dose of 200
pg kg™, and attributed the possible mechanism of anemia
to the damage of kidney, the most important hematopoietic
organ for crucian carp (Zhang et al., 2007).

Bone marrow, the crucial hematopoietic organ of mam-
mals, has been approved as an important target organ of
DNA damage induced by microcystin (Gaodin et al., 2008).
The micronucleus test reflects chromosomal damage as well
as damage to the mitotic spindle apparatus in polychromatic
erythrocytes (PCE) in bone marrow, and is a sensitive method
in the assessment of genotoxicity. Ding et al. (1999) con-
ducted an in vivo study to investigate the toxicity of micro-
cystins using micronucleus test, however, they sacrificed ani-
mal and determined micronucleated polychromatic erythro-
cytes of bone marrow only at the end of experiment, without
consideration of time course effect. In fact, study on toxic
effects of microcystin on bone marrow has been very rare.

Intraperitoneal (i.p.) injection is an important means for
toxicological studies under laboratory conditions, and expo-
sure quantity of toxicants can be accurately controlled. To
observe the accumulative toxic effects, repeated injections
of toxicants are often administrated in toxicological studies.
Repeated intraperitoneal injection of microcystin-LR was
conducted in mouse (Ito et al., 1997). It was reported that
for oral exposure, animal has absorption difficulty of micro-
cystin from the small intestine (Ito et al., 1997). According
to the study of Gehringer et al. (2004), where the LDs, of
intraperitoneal injection of extracted microcystins for rat is
82.5 ug kg~ ' we set, in the present experiment, an exposure
dose of 6 ug (extracted microcystins)/kg/day through a
repeated injection of 14 days considering the accumulative
effects of toxicity.

Therefore, the main aims of the present study are (1) to
determine alterations of hematologcial parameters of rabbits
after a prolonged exposure of repeated intraperitoneal injec-
tion of microcystins, (2) to investigate the genotoxic effects
of microcystins on bone marrow by determining the micronu-
cleus formation, (3) to evaluate changes of proliferate levels
of bone marrow cells, and (4) to detect the variety of erythro-
poietin (EPO) levels of blood using method of enzyme-linked
immunosorbent assay (ELISA). The present study was also
to test the hypothesis that prolonged exposure of microcystins
could lead to anemia in mammal, and the impairments of he-
matopoietic organs are responsible for the anemia.

MATERIALS AND METHODS

Cyanobacterial Extracts

The cyanobacterial material used in this experiment was
collected from surface blooms of Lake Dianchi, Yunnan in
China. According to microscopic examinations, cyanobac-
terial material refers to the phytoplankton cells from the
surface of the water in which the predominant species
belongs to Cyanophyta, and Microcystis was the predomi-
nant species. Freeze-dried crude algae were extracted three
times with 5% acetic acid and were suspended in distilled
water for the toxic experiment. Quantitative analysis of MC
was performed using a reverse-phase high-performance lig-
uid chromatography (HPLC, LC-20A, Shimadzu Corpora-
tion, Kyoto, Japan). MC concentrations were determined by
comparing the peak areas of the test samples with those of
the standards available (MC-LR and MC-RR, Wako Pure
Chemical Industries, Japan). The obtained extracted micro-
cystins was a compound (MC-RR + MC-LR + MC-YR)
with purity >80%. The microcystin content in the cyano-
bacterial material was 1.41 mg g ' dry weight (DW),
among which MC-RR,-LR and-YR were 0.84, 0.50, and
0.07 mg g~ ' DW, respectively. The toxin-containing solu-
tion was finally diluted with phosphate-buffered saline
(PBS) solution.

Environmental Toxicology DOI 10.1002/tox



474 ZHANG ET AL.

Experimental Animal

Healthy male rabbits (Oryctolagus cuniculus; 3 months
old) weighing about 2000 = 250 g were obtained from a
local rabbit warren in Wuhan City, China. Rabbits were
allowed to acclimate for 1 week prior to experimentation.
Rabbits were housed with free access to water and food
under the laboratory conditions: at (22 = 2)°C and on a
12-h light/12-h dark cycle. Food and water offering was
supplied throughout the experiment. Experiments were per-
formed according to the guidelines of Ethical Committee
for Animal Experiments at Huazhong Agricultural Univer-
sity, Wuhan of China.

Exposure and Sampling

Five acclimated rabbits without administration were
expressed as 0 h. Acclimated rabbits were injected repeat-
edly (once daily with an interval of 24 h) by intraperitoneal
route. Ten rabbits were injected i.p. with cyanobacterial
extracts with the dose of 6 ug kf{1 BW per day, and equal
volume of PBS solution for the control (n = 10). The whole
injection process was finished within 3 min. Five rabbits
were sacrificed both in MC-treated group and the control
group at two different periods of time, 7 and 14 days postin-
jection, respectively.

Measurement of Hematological Parameters

Blood was sampled from femoral artery with anticoagulant
(EDTA-K,) syringes. The hematological indices were
determined with blood cells analyzer (MEK-6318, Japan)
according to the instruction of the manufacturers. Blood pa-
rameters were measured in triplicates, and averaged for sta-
tistical use, including red blood cell counts (RBC), hemato-
crit (Ht), hemoglobin (Hb), red blood cell volume distribu-
tion width (RDW), mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), and mean corpuscu-
lar hemoglobin concentration (MCHC).

Bone Marrow Micronucleus Test

Immediately after the animals were sacrificed, femurs of
the rabbit were freed from adherent tissues and were dis-
sected out. The bone marrow was sampled by injection of
filtered fetal calf serum using a syringe. The collected
cells were smeared on glass slides. Slides were then dried
in air, fixed with methanol for 10 min, and stained with
Giemsa stain solution (phosphate buffered saline, 0.15 M,
pH 7.4) for 15 min. The slides were scored under 1000 X
magnification using an optical microscope. Two slides
were prepared from each animal, 1000 polychromatic
erythrocytes (PCE) were examined from each slide for the
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Fig. 1. Alterations of hematological indices (RBC, Hb and
Ht) in rabbit after repeated intraperitoneal injection of micro-
cystins (6 wug/kg/day) for 7 and 14 days. Values are
expressed with mean = SE (n = 5). [J White bars indicate
control rabbits and B black bars indicate the MC-treated
group. * indicates significant differences at P < 0.05
between MC-treated groups and the control group. ** indi-
cates significant differences at P < 0.01.
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TABLE I. No significant differences between cyanobacterial extracts treatment

(6 ng/kg/day) and the control group

Indices Treatments Oh 7 days 14 days
RDW (%CV) Control 16.03 + 0.64 16.47 = 0.93 16.69 * 0.41
6 ugkg ™! 16.57 = 1.46 16.68 = 1.38
MCV (1) Control 70.64 + 2.73 70.54 + 4.35 72.46 * 2.57
6 ugkg ! 68.26 * 3.61 69.12 + 3.48
MCH (pg) Control 123 +0.24 131 +0.20 1.34 + 0.36
6 ugkg " 1.19 = 0.22 1.26 * 0.32
MCHC (gL~ ") Control 271.01 + 2421 298.43 = 21.90 298.93 + 10.70

1

6 ugkg

296.95 = 34.09 299.91 £ 34.58

Values are expressed with mean = SE (n = 5).

presence of micronuclei. The results were expressed as
the average number of micronucleated polychromatic
erythrocyte (MNPCE) cells per 1000 cells. The ratio of
PCE to total (immature + mature) erythrocytes was also
recorded. The size of each micronucleus was evaluated
according to the size and shape criteria of Yamamoto and
Kikuchi (1980). The unit of scoring was the micro-
nucleated cell, not the micronucleus; thus, the occasional
cell with more than one micronucleus was counted as one
MNPCE.

Evaluation of Proliferation of Bone Marrow
Cells

The proliferation ability of the bone marrow cells was
determined by the MTT (3[4, 5-dimethylththiazoyl- 2-yl]-
2, S5-diphenyltetrazolium bromide) colorimetric assay
method (Mosmann, 1983). The collected cells suspension
was adjusted to 1-3 X 10° cells mL~' with RPMI 1640
buffer supplemented with 10% fetal calf serum. The 200
uL cells suspensions with culture medium were plated on a
96-well culture plate, and the proliferation of bone marrow
cells was performed in triplicates. The assay control con-
sisting 200 uL. of RPMI 1640 medium was also plated in
triplicate. The plates were incubated for 72 h at 37°C in a
5% CO,. Four hours before the culture ultimate, 100 uL su-
pernatant was discarded, and cultures were incubated for an
additional 4 h after addition of 10 uL MTT (with concentra-
tion of Smg mL™") per well. At the end of culture dura-
tions, the 100 uL SDS (10%) were plated per well, and the
culture plate was placed 4 h at 37°C. Microtiter plates were
then read on a microplate reader (BIO-RAD, Japan) using a
test wavelength of 570 nm. Cell viability was estimated as
optical density (OD) values.

Determination of Serum EPO Levels

The levels of EPO in the serum of rabbit were determined
using a commercially available kit based on ELISA method
(Sigma, USA).

Statistical Analysis

All results expressed as mean = SE were subjected to one-
way analysis of variance (ANOVA) and Dunnett’s Test
using STATISTICA software package (Version 6.0, Stat-
soft). Differences were measured against control values and
considered to be statistically significant at P < 0.05.

RESULTS

Behavioral Observations

During the experimental period, clinical signs and behav-
ior were monitored. No mortality was found in both the
MC-treated group and the control group throughout the
experiment. In the control group, there was no distinct
abnormal behavior, except for some uneasiness during the
injection treatments. However, in the MC-treated group,
rabbits exhibited sluggishness, lethargy, as well as weak
desire of food and water. At the end of the experiment,
three rabbits from the MC-treated group presented
obvious hair loss, and two rabbits exhibited severe paraly-
sis of hindlimb.

Hematological Indices

After 7 days postmicrocystins exposure, no significant
changes (P > 0.05) were observed in other hematological
parameters (Fig. 1). On the 14th days after repeated injec-
tions of MCs, on the contrary, there were significant
decreases (P < 0.05) in RBC, Hb, and Ht. Other red blood
cell indices, including RDW, MCV, MCH, and MCHC all
showed no significant changes (Table I).

Micronucleus Test and Cells Proliferation in
Bone Marrow

Repeated injection of cyanobacterial extracts resulted in
significant increases (P < 0.01) in frequency of micronu-
cleus after 7- and 14-day toxin exposure compared with the

Environmental Toxicology DOI 10.1002/tox
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Fig. 2. Frequency of micronucleated polychromatic erythro-
cytes, ratio of polychromatic erythrocytes to total erythrocytes
and changes of cell proliferation in bone marrow in rabbit after
repeated intraperitoneal injection of microcystins (6 ng/kg/
day) for 7 and 14 days. Values are expressed with mean = SE
(n = 5). O White bars indicate control rabbits and Bl black
bars indicate the MC-treated group. * indicates significant dif-
ferences at P < 0.05 between MC-treated groups and the
control group. ** indicates significant differences at P < 0.01.
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control group (Fig. 2). The frequency of micronucleus on
the 14th day was five-fold higher than that of the control.

The ratio of PCE/total erythrocytes of bone marrow in
rabbit significantly decreased on the 7th day (P < 0.05), as
well as on the 14th day (P < 0.01) (Fig. 2). Significant
decreases were observed in the proliferation ability of bone
marrow cells in rabbit on the 14th day (P < 0.01) post
repeated injections of microcysitns (Fig. 2).

EPO Levels of Serum

The serum EPO levels significantly decreased both on the
7th day (P < 0.05) and the 14th day (P < 0.01) post micro-
cystins exposure (Fig. 3).

DISCUSSION

Microcystins have been demonstrated to induce hematolog-
ical alterations such as marked decreases of RBC, Hb, and
Ht (Vajcova et al., 1998; Beasley et al., 2000; Kopp and
Hetesa, 2000; Zhang et al., 2007). In the present study, the
hematological indices RBC, Hb, and Ht all showed pro-
nounced decreases on the 14th day after a repeated expo-
sure of microcystins. Anemia is characterized by prominent
decreases of RBC and Hb (Greenburg, 1996). Microcystins
have caused anemia in human in Brazil (Pouria et al.,
1998). In the present study, rabbits after 14 days’ repeated
exposure of microcystins exhibited severe anemia symp-
toms. In addition, other indices (RDW, MCV, MCH, and
MCHC) all showed no significant alterations between the
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Fig. 3. Changes of serum EPO levels in rabbit after repeated
intraperitoneal injection of microcystins (6 pg/kg/day) for 7
and 14 days. Values are expressed with mean = SE (n = 5).
(] White bars indicate control rabbits and B black bars indi-
cate the MC-treated group. * indicates significant differences
at P < 0.05 between MC-treated groups and the control
group. ** indicates significant differences at P < 0.01.
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control and the treatment. No changes occurred in cubage
and hemoglobin of erythrocytes, therefore, rabbits suffered
from normocytic anemia after repeated exposure of micro-
cystins. Our findings are similar to those patients of hemo-
dialysis unit of Brazil, where most patients had a normo-
cytic anemia with a low normal platelet count (Pouria et al.,
1998).

Anemia generally results from blood loss, decreased
RBC production, kidney failure, poor RBC maturation, or
increased RBC destruction (Greenburg, 1996). In our stud-
ies, we did not observe evident hemorrhage or hemolysis
when we dissected rabbits. Hematopoiesis obstacles often
cause anemia with decreased RBC or poor RBC matura-
tion. It has been demonstrated that bone marrow can be
damaged in mammals after exposure to microcystins, and
obvious DNA damages in bone marrow have been observed
in mice after intraperitoneal exposure of microcystin with a
single dose (Gaodin et al., 2008). The micronucleus test, an
in vivo short-term genotoxicity assay developed by Schmid
(1975) and Heddle (1973), is widely used to detect chemi-
cally-induced damage to chromosomes or the mitotic appa-
ratus in erythropoietic cells of mammal bone marrow (Asa-
nami and Shimono, 2000). In the present study, repeated
injection of microcystins induced significant increases in
frequency of MNPCE in bone marrow on the 7th and 14th
day, with a time-dependent effect. Ding et al. (1999) have
demonstrated that induction of micronuclei by microcystic
cyanobacteria extract in mouse was in a dose-dependent
manner. Suzuki et al. (2008) explained that the increased
opportunity for MNPCE induction by mutagens was due to
the decreases of the efficiency of DNA repair. An induction
of chromosomal aberrations was reported with purified
extracts of hepatotoxin (Repavich et al., 1990). Moreover,
MC-LR could affect the mitotic spindle apparatus (induc-
tion of hypercondensed chromosomes in G2/M, as wells as
abnormal anaphases with defective chromosome separation
and polyploidy cells) and provoke both necrosis and apo-
ptosis in different cell types (Lankoff et al., 2003; Chen
et al., 2005).

Microcysitns are reported to cause inhibition of prolifer-
ations of cells, including lymphocyte and other cultured
cells (KB, HeLa, HepG2, and BY-2), and MTT method are
usually used to evaluate the inhibition (Chong et al., 2000;
Shen et al., 2003; Lankoff et al., 2004; Rymuszka et al.,
2007; Zegura et al., 2008). In our studies, we observed
marked decrease of proliferation of bone marrow cells post
14 days exposure. The viability of bone marrow cells
maybe partly correlated with genotoxicity of microcystins.
This is the first study focused on inhibition of proliferations
of bone marrow cells.

Erythropoietin, a heavily glycosylated 34-kDa protein,
regulates the final two steps for differentiation and matura-
tion of erythrocytes (Jelkmann, 1992; Guzman et al., 2008).
In our study, there was marked decline in EPO levels in
treatment group compared with the control. The decreased

EPO levels are consistent with the reductions of RBC, Hb,
and Ht levels. EPO is produced in the fetal liver and adult
kidney cortex in mammals. When renal function is severely
impaired and the ability to produce EPO will be also
reduced. Moreover liver is a major extrarenal organ of EPO
synthesis, when the hepatic damage occurs and the ability
of EPO synthesis will also be declined (Hiratsuka et al.,
1996). In fact, it is well known that liver and kidney are the
main target organs of microcystins (Runnegar et al., 1993;
Nobre et al., 2003; Moreno et al., 2005; Weng et al., 2007).
In a previous study, we have demonstrated that after i.p.
injection of microcystins, it exerts toxic effects on mito-
chondria of liver in rabbits (Zhao et al., 2008). Frangez
et al. (2000) also observed obvious histological changes in
liver of New Zealand rabbits after subchronic exposure to
microcystins. Accordingly, we induce that drop of serum
EPO levels resulted from injuries of kidney and liver, and
there maybe some correlation between the viability of bone
marrow cells and EPO levels.

In conclusion, after repeated injection of microcystins
for 14 days, rabbits exhibited obvious normocytic anemia.
In bone marrow, the most important hematopoiesis organ in
mammal, DNA damages occurred with significant increase
of frequency of micronucleus, and MTT assay indicated the
ability of proliferation of bone marrow cells was markedly
inhibited. We induce that the normocytic anemia is closely
related with damage of bone marrow. In addition, the serum
EPO levels on the 7th and 14th day decreased significantly.
It is presumed that the damage of the main target organs of
microcystins, i.e., kidney and liver, lead to the drop of the
serum EPO. Therefore, repeated exposure of microcystins
can result in anemia, and multiple organ injuries could be
responsible for this anemia.
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