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Abstract: The effects of microcystin-RR (MC-RR) on water metabolism were studied on Sprague–
Dawley (SD) rats and KunMing (KM) mice. In the single dose toxicity test, polydipsia, polyuria,
hematuria and proteinuria were found in group of rats receiving a MC-RR dose of 574.7 µg/kg,
and could be relieved by dexamethasone (DXM). Gradient damage was observed in kidney and
liver in rats with gradient MC-RR doses of 574.7, 287.3, and 143.7 µg/kg. No significant water
metabolic changes or kidney injuries were observed in mice treated with MC-RR doses of 210.0,
105.0, and 52.5 µg/kg. In the continuous exposure test, in which mice were administrated with
140.0, 70.0, and 35.0 µg/kg MC-RR for 28 days, mice in the 140.0 µg/kg group presented increasing
polydipsia, polyuria, and liver damage. However, no anatomic or histological changes, including
related serological and urinary indices, were found in the kidney. In summary, abnormal water
metabolism can be induced by MC-RR in rats through kidney injury in single dose exposure; the
kidney of SD rats is more sensitive to MC-RR than that of KM mouse; and polydipsia and polyuria in
mice exposed to MC-RR for 28 days occurred but could not be attributed to kidney damage.

Keywords: microcystin-RR; water metabolism; polydipsia; polyuria; nephrotoxicity

1. Introduction

Microcystins (MCs) are a group of natural cyclic peptides produced by multiple
cyanobacterial species, with more than 279 analogues found so far [1,2], of which MC-LR
and MC-RR are most common toxins [3–6]. According to published reports, MCs are
specific hepatotoxic agents capable of causing acute liver damage in wild and domestic
animals exposed to high doses and play a role in tumor promotion in long-term tested
animals exposed to lower doses of these toxins [7–11]. To date, a large number of studies
have investigated hepatic toxicity resulting from MCs [12–15]. Some studies have also
reported nephrotoxicity, reproductive toxicity, and gastrointestinal toxicity caused by MCs
in rats, fish and other species [1,16–23]. Regarding nephrotoxicity, whether the kidneys of
different animals are all responsive to MCs is unclear.

Rats and mice are common animal models for toxicological studies in mammals.
Previous studies reported consistent conclusions to support the nephrotoxicity of MCs in
rats [19,20,24–35], but had different views on mice in terms of whether MCs could injure
mouse kidneys. Qin, studying the toxicity of MC-LR in mice, found negative outcomes for
the kidney, though they did not exclude possible endoplasmic reticulum stress (EMS) in
kidney cells [26]. Jayaraj’s study reported that no inhibition of protein phosphatase activity
was detected in the kidneys of mice under acute MC-LR exposure [27]. Al-Jassabi’s study
suggested that MC-LR resulted in kidney tubule injury and renal oxidative damage in
mice [28]. Xu’s research also suggested that MC-LR induced nephrotoxicity in mice [29]. In
addition, Yi’s study reported histopathological changes in mouse kidney after three months
of exposure to MC-LR [30]. However, most researchers focus on the tissue and cell injury
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and ignore the metabolic abnormalities. Due to water metabolism and electrolyte balance
being tightly associated with kidney function [31], abnormal water metabolism is usually
described as a symptom of kidney impairment and is often omitted when there are no
obvious organ changes in the kidney. The effect of MCs on water metabolism in different
test animals is unclear. Whether the changes of water intake and output in test animals
induced by MCs are definitively caused by kidney damage also needs to be explored.

Over the past decades, most research has been focused on MC-LR and relatively
little on MC-RR. These two analogues are cyclic heptapeptides that differ in one amino
acid at two variable L-amino acid units (X and Y), MC-LR with a leucine and MC-RR
with an arginine respectively [32]. This chemical differentiation results in differences in
their nature and toxicity. Although the biotoxicity of MC-RR is a little bit lower than
MC-LR [33–35], MC-RR is often detected in bodies of water and accounts for a higher
proportion in the analogues. The level of MC-RR in these environments can be larger than
MC-LR sometimes [36,37], so research on MC-RR for its toxicity is of great importance.

The present investigation aimed to understand the effect of MC-RR on water metabolism
in the rat and mouse. Considering water metabolism is relevant to kidney function, the
nephrotoxicity of MC-RR in the rat and mouse was also evaluated to explore the possible
causes of water metabolic changes. As the liver is the main target of MCs and involves
much metabolic reaction, some basic liver-related indices were monitored at the same
time. This study was undertaken in two steps: a single dose toxicity test and a continuous
exposure experiment, to explore and compare the effects of MC-RR on the two animals’
water metabolism and their related organ tropism.

2. Materials and Methods
2.1. Animals

Specific pathogen free (SPF) male Sprague–Dawley (SD) rats and KunMing (KM)
mice were bought from the Laboratory Animal Center of Huazhong University of Science
and Technology (Wuhan, China). All animals prior to the experiment were allowed to
acclimatize to their surrounding conditions for a week with sufficient food and water ad
libitum under a 12 h light/dark cycle and at 25 ± 2 ◦C room temperature.

2.2. MC-RR Extraction and Purification

MC-RR was extracted from Microcystis blooms occurring in Zhongshan Park, Wuhan
(China). The extraction and purification procedures were as follows: 70% methanol aqueous
solution was used to extract MCs from the collected cyanobacterial slurry with magnetic
stirring at 120 r/min for 40 min at room temperature. The ratio of methanol aqueous
solution (mL) to cyanobacterial slurry (g) was 10:1. The extracting solution was centrifuged
at 9000× g for 8 min to collect the supernatant. To precipitate the phycocyanin, the
supernatant was adjusted to pH 4 and placed stably for 120 min. Then, the phycocyanin
was removed by centrifugation and filtration. After the phycocyanin was removed, the
supernatant was adjusted to pH 7 and then methanol was removed by rotary evaporation.
The crude extract was filtered through 0.45 µm pore size membrane filters to prepare for
primary purification. Primary purification was performed by solid phase extraction (SPE)
using an Oasis HLB column (Waters, Milford, MA, USA). The columns were activated
by methanol and distilled water, and washed by 20 and 30% methanol aqueous solution
successively after loading the crude extract. Then, 100% methanol was used to wash the
columns for collection of the final eluent. The final eluent was concentrated to 2 mL by
rotary evaporation for subsequent steps.

Secondary purification was performed by a Sephadex LH-20 column (500 mm × 26 mm
i.d.) with 100% methanol eluted at 1 mL/min flow rate [38]. The eluent was collected every
5 mL per tube, and tubes that contained MC-RR (identified by high-performance liquid
chromatography (HPLC)) were selected for the third purification steps. MC-RR was separated
through the third purification process with a DEAE-52 (DEAE-cellulose) column (300 mm ×
26 mm i.d.). In this process, distilled water and 3 mmol/L sodium solution eluted the column
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successively with a flow rate of 1 mL/min. The eluents were identified and quantified by
HPLC according to the MC-RR standard (Enzo Life Sciences Inc., Lausen, Switzerland). Eluent
with a purity of MC-RR > 90% was collected for use in the animal experiments (Supplementary
Material Figure S1).

2.3. Experimental Procedures on Animals
2.3.1. Single-Dose Toxicity Test
Single-Dose Toxicity Study of MC-RR in Rats and Mice for Water Metabolism

Rats aged 6 weeks and weighing 150–220 g were randomly divided into 4 groups,
with 6 animals in each group. The animals were fed in metabolic cages and administered to
MC-RR. According to the median lethal dose (LD50) obtained in the pre-experiment, the 4
groups of rats were given intraperitoneal injections of a high dose (574.7 µg/kg (3/4 LD50)),
medium dose (287.3 µg/kg), low dose (143.7 µg/kg), or physiological saline as control.
Mice aged 6 weeks and weighing 27–33 g were arranged in the same way as the rats, but
the toxin MC-RR was administered at a high dose (210.0 µg/kg (3/4 LD50)), medium dose
(105.0 µg/kg), low dose (52.5 µg/kg), with physiological saline as control. After 24 h, urine
and blood samples of animal subjects were collected, and then the animals were euthanized
and underwent postmortem and histopathologic examination. Weight gain, water intake,
and urine output were recorded and calculated at two time periods: 24 h before and 24 h
after intraperitoneal injection.

Blocking Tests of Rat Nephrotoxicity

The rats were separated into 5 groups. While being given the high doses of toxins
described above, the rats were simultaneously administered different doses of dexam-
ethasone (DXM, purity ≥97%, purchased from Sigma-Aldrich, St. Louis., MO, USA):
high dose group DXM 50.0 mg/kg + MC-RR 574.7 µg/kg; medium dose group DXM
10.0 mg/kg + MC-RR 574.7 µg/kg; low dose group DXM 2.0 mg/kg + MC-RR 574.7 µg/kg;
positive control group DXM 0.0 mg/kg + MC-RR 574.7 µg/kg, and saline control group.
Twenty-four hours after administration, urine, blood and body organ samples were taken
for biochemical and pathologic measurement and analysis to understand the changes in
the structure and function of the kidney and liver.

2.3.2. Continuous Exposure Experiment of MC-RR in Mice for Water Metabolism

Based on the results of single-dose toxicity of MC-RR in mice, a short-term toxicity
test was performed to explore the possible impact on water metabolism and related organs.
KM mice were randomly divided into 4 groups, with 35 in each group. The mice were
fed in metabolic cages, with 7 in each cage in order to collect the urine effectively. The
4 groups were labeled in terms of toxin dosage given: high dose: 140.0 µg/kg; medium
dose: 70.0 µg/kg; low dose: 35.0 µg/kg; and physiological saline as negative control.
The animals were given intraperitoneal injection daily for 28 days, and continued to be
observed until the 42nd day. The animals’ daily weight and drinking and urine volume
were recorded. On the 7th, 14th, 28th, 35th, and 42nd days, 7 subjects in each group were
sampled and euthanized for toxicological examination, including urinalysis, sodium and
potassium ion levels in urine and serum, antidiuretic hormone (ADH) in blood, serum
enzymes, kidney and liver weight, and histological examination.

2.3.3. Sample Collection and Process

The urine volumes were pooled and recorded in each metabolic cage. The urine
used for urinalysis, including specific gravity, Na+ and K+, was collected directly from
the bladders. Blood samples were obtained from the optical orbits of the animals. The
blood was naturally clotted and then centrifuged at 2500× g at 4 ◦C for 10 min to harvest
the serum for following analysis. After blood collection was finished, the animals were
euthanized to sample the organs, such as kidneys and liver. The organs were weighed and
fixed in 4% polyformaldehyde for further histological examination.
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2.4. Urinalysis

For routine urine and some chemical indices, semiquantitative colorimetric reagent
strips (dry chemical method) (Acon, Hangzhou, China) were used for detection in urine.
Urine specific gravity (USG) was determined using a LSUD-digital urinometer (Guangzhou
Mingrui Electronic Technology Co., Ltd, Guangzhou, China).

2.5. Detection of Na+and K+ Levels in Urine and Blood

The urine and blood samples were diluted 200- and 100-fold, respectively, using
deionized water prior to instrument detection for Na+ and K+ concentration. Samples
were analyzed by an AA240Fs fast sequential atomic absorption spectrometer (Agilent,
Santa Clara, CA, USA) coupled with flame atomization and sodium and potassium hollow
cathode lamps with the current operating at 5 mA and air/C2H2 as gas form. The instru-
ment working conditions were as follows: wavelength for sodium 589.6 nm, slit width
0.2 nm; wavelength for potassium 769.9 nm, slit width 1.0 nm.

2.6. Serum Biochemical Index Assay

A Mindray BS-200 Chemistry Analyzer (Shenzhen Mindray Bio-Medical Electronics
Co., Ltd., Shenzhen, China) was applied for serum index detection, including albumin
(ALB), alkaline phosphatase (ALP), alanine aminotransferase (ALT), glutamic oxaloacetic
transaminase (aspartate aminotransferase, AST), creatinine (CREA), serum lactate dehy-
drogenase (LDH), glucose (Glu), total cholesterol (TC), total protein (TP), uric acid (UA),
and urea nitrogen (BUN). ADH was measured using ELISA kits (Anoric Bio-technology
Co., Ltd., Tianjin, China) according to the manufacturer’s instructions.

2.7. Histopathological Examination

The kidney and liver tissues fixed by polyformaldehyde were embedded in paraffin,
cut to a thickness of 2 µm, stained with hematoxylin-eosin (HE), and examined using a
light microscope. Periodic acid-Schiff (PAS) stain was applied to the kidney tissues to
observe histological changes in glomerular mesangium, or basement membrane.

2.8. Statistical Analysis

Statistical analysis was performed with SPSS for Windows software version 19.0 (SPSS
Inc, Chicago, IL, USA). The homogeneity of variances was tested using Levene’s test.
One-way analysis of variance (ANOVA) was used for homogeneous data, followed by
Dunnett’s test, and Dunnett’s T3 test was performed to compare the heterogeneous data.
p < 0.05 was considered to be significant.

3. Results
3.1. Changes of Water Metabolism in Rats and Mice after Single-Dose Administration of MC-RR
3.1.1. Water Intake, Urine Output

The urine output of the rats started to increase 6 h after administration of a high-dose
of MC-RR (574.7 µg/kg). Gross hematuria appeared 12 h later and urine volume was
significantly on the rise at 24 h. Other dosage groups did not show apparent alterations
in urine output compared with the control group. Regarding water intake, no notable
difference was observed in the rat groups except for a slight increase in the high-dose
MC-RR group. As for the mouse subjects, water intake and urine excretion displayed
similar volume levels between exposed groups and the control group (Table 1).
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Table 1. Water intake, urine output and weight gain of Sprague–Dawley (SD) rats and KunMing (KM) mice treated with
microcystin-RR (MC-RR) in single-dose experiment (mean ± SD, n = 6).

Group
Water Intake (10−1 mL/g/24 h) Urine Output (10−2 mL/g/24 h) Weight Gain (g/24 h)

Before Test After
Administration Before Test After

Administration Before Test After
Administration

SD
Rat

Saline control 1.50 ± 0.047 1.48 ± 0.076 4.43 ± 0.314 4.45 ± 0.396 9.71 ± 3.155 10.78 ± 3.023
143.7 µg/kg

MC-RR 1.44 ± 0.050 1.53 ± 0.100 4.03 ± 0.414 4.22 ± 0.740 9.12 ± 1.477 8.69 ± 1.441

287.3 µg/kg
MC-RR 1.46 ± 0.032 1.44 ± 0.046 4.18 ± 0.411 4.35 ± 0.665 8.31 ± 3.262 9.28 ± 2.124

574.7 µg/kg
MC-RR 1.55 ± 0.083 1.84 ± 0.112 *α 4.35 ± 0.639 16.79 ± 1.069 *α 9.94 ± 1.394 3.53 ± 2.358 *α

KM
Mouse

Saline control 2.83 ± 0.032 2.72 ± 0.103 2.56 ± 0.116 2.62 ± 0.061 2.08 ± 0.479 2.63 ± 0.686
52.5 µg/kg

MC-RR 2.88 ± 0.075 2.83 ± 0.067 2.71 ± 0.0714 2.61 ± 0.095 2.45 ± 0.589 2.62 ± 0.534

105.0 µg/kg
MC-RR 2.78 ± 0.112 2.79 ± 0.054 2.74 ± 0.090 2.75 ± 0.139 2.18 ± 0.475 2.25 ± 0.413

210.0 µg/kg
MC-RR 2.85 ± 0.069 2.83 ± 0.043 2.63 ± 0.083 2.68 ± 0.018 2.40 ± 0.379 2.05 ± 0.446

SD
Rat

Saline control 1.48 ± 0.024 1.50 ± 0.023 4.38 ± 0.213 4.42 ± 0.287 10.28 ± 2.536 9.23 ± 1.807
0.0 mg/kg DXM
+ MC-RR 574.7

µg/kg
1.49 ± 0.053 1.86 ± 0.044 * α 4.47 ± 0.509 17.72 ± 0.659 * α 9.12 ± 2.565 3.48 ± 0.916 * α

2.0 mg/kg DXM
+ MC-RR 574.7

µg/kg
1.50 ± 0.068 1.58 ± 0.043 * # 4.16 ± 0.340 15.7 ± 0.871 * α 9.84 ± 1.564 5.06 ± 1.679 * α

10.0 mg/kg DXM
+ MC-RR 574.7

µg/kg
1.487 ± 0.080 1.51 ± 0.040 # 3.94 ± 0.258 8.98 ± 0.793 # α 9.49 ± 1.771 7.13 ± 1.330 * # α

50.0 mg/kg DXM
+ MC-RR 574.7

µg/kg
1.50 ± 0.058 1.50 ± 0.053 # 4.01 ± 0.395 4.24 ± 0.876 # 9.85 ± 1.672 9.53 ± 2.192 #

* Significantly different from the saline control group (0.0 µg/kg MC-RR), p < 0.05; # Significantly different from the 0.0 mg/kg DXM +
MC-RR 574.7 µg/kg group, p < 0.05; α Significantly different from the self-control (before test), p < 0.05.

DXM had the effect of alleviating the abnormal output of urine. There was a dose-
dependent effect of DXM in countering the symptoms of polyuria, in which the urine
output of rats in the high dose group (DXM 50.0 mg/kg + MC-RR 574.7 µg/kg) almost
approached the levels of the saline control group (Table 1).

3.1.2. Behavior and Weight

Both rats and mice gradually went into a lethargic state after administration of high
doses of MC-RR. Other symptoms included anorexia, cold limbs, etc. As seen in Table 1, the
weight gain of the rats in the high-dose group sharply declined with statistical significance
compared with the saline control group. Various amounts of DXM were able to reverse
the weight loss of the rats in the high-dose group. The weight gain of rats in the DXM +
MC-RR groups increased with the DXM dosage. Significant differences were shown in the
weight gain of the groups given 10.0 and 50.0 mg/kg of DXM compared with the group
given 574.7 µg/kg MC-RR (0.0 mg/kg DXM). Nevertheless, the body weights of the mice
in each group did not change much, with no statistical difference between them.

3.1.3. Urinalysis

Urinalysis showed a notable increase in urobilinogen, microalbumin, protein, and
creatinine in the rats administered high-dose MC-RR. Occult blood and ketone were also
detected, and the leukocyte count was much higher than that of the control group. Uric
calcium and pH value were lower than normal ranges. Even in the medium-dose group
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of rats, urine protein displayed a rising trend accompanied by occult blood. However, no
abnormal phenomena occurred in rats in the low-dose group. Under intervention with
different levels of the DXM, all of the above indices (urobilinogen, microalbumin, protein,
and creatinine) in the high-dose MC-RR groups tended to return to normal in a dose-effect
manner, as shown in Table 2. In contrast, the urine indices for mice in any treated group
showed no apparent differences with those of control.

The concentration of Na+ in urine in all groups of rats exposed to MC-RR were
prominently higher than the control group (p = 0.000 for 574.7 µg/kg MC-RR group;
p = 0.000 for 287.3 µg/kg MC-RR group; p = 0.001 for 143.7 µg/kg MC-RR group), showing
a dose-response effect (Table 3). However, the levels of K+ in urine in all exposed groups of
rats were lower than the control group (p = 0.000 for 574.7 µg/kg MC-RR group; p = 0.000
for 287.3 µg/kg MC-RR group; p = 0.003 for 143.7 µg/kg MC-RR group). On the other
hand, the concentrations of Na+ and K+ in the urine of mice showed no differences between
overall treated groups and the control group (p = 0.271 and 0.270, respectively).

From Table 4, it can be seen that the USG in rats in high dose group decreased slightly,
while no statistical differences in USG have been observed between the test groups and the
control groups either in rat or mice (rat p = 0.092; mouse p = 0.156).

3.1.4. Serum Biochemical Indices in Rats and Mice in Single-Dose Toxicity Test

Serum biochemical analyses indicated that the UA in rats went down in high-dose
group with statistical significance in comparison with the control in rats (p = 0.000). No
significant differences were found in kidney indices of mice.

The ALT, AST, ALP, and LDH levels in rats in the high-dose group were significantly
higher than those of the control group (p = 0.001, 0.000, 0.000, and 0.001, respectively).
The ALT and AST of rats in the medium-dose group also increased compared with the
control (p = 0.000). Regarding mice exposed to high-dose MC-RR, the ALT, AST, ALP, and
LDH levels increased more than the control (ALT, AST, ALP p = 0.000; LDH p = 0.001). No
changes in these indices in the low-dose group were observed.

The results indicate that a high dose of the toxin could cause damage to target organs
such as the liver in both animals within 24 h. Using DXM to counter the toxicity could
result in significantly lower serum indices (ALT, AST, ALP, and LDH) in tested animals in
a dose-effect manner compared to the high-dose MC-RR group (Table 5).
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Table 2. Urinalysis of SD rats and KM mice treated with MC-RR in single dose experiment detected by the semiquantitative colorimetric reagent strip.

Group Leukocyte
(Leu/µL)

Urobilinogen
(µmol/L)

Micro-
albumin
(mg/L)

Protein
(g/L)

Bilirubin
(mmol/L)

Glucose
(mmol/L)

Ascorbic
Acid

(mmol/L)

Ketone
(mmol/L) Nitrite * Creatinine

(mmol/L) pH
Occult
Blood

(Ery/µL)

Calcium
(mmol/L)

SD Rat

Saline control <15 ≤3.5 10−30 <0.15 <17.0 <2.8 <0.56 <0.5 Negative ≤0.9 7.5–8.5 <10 5.0–10.0
143.7 µg/kg MC-RR <15 ≤3.5 10−30 <0.15 <17.0 <2.8 <0.56 <0.5 Negative ≤0.9 7.5–8.0 <10 5.0–10.0

287.3 µg/kg MC-RR ≤15 ≤3.5 10−80 0.15–
0.30 <17.0 <2.8 <0.56 <0.5 Negative ≤0.9 7.0–8.5 10–25 5.0–10.0

574.7 µg/kg MC-RR 70–125 70–140 30–150 0.15–
1.00 <17.0 <2.8 <0.56 0.5–1.5 Negative 0.9–4.4 6.0–7.5 80–200 1.0–2.5

KM
Mouse

Saline control <15 ≤3.5 ≤10 <0.15 <17.0 <2.8 <0.56 <0.5 Negative ≤0.9 7.0–8.5 <10 5.0–10.0
52.5 µg/kg MC-RR <15 ≤3.5 ≤10 <0.15 <17.0 <2.8 <0.56 <0.5 Negative ≤0.9 7.5–8.5 <10 5.0–10.0

105.0 µg/kg MC-RR <15 ≤3.5 ≤10 <0.15 <17.0 <2.8 <0.56 <0.5 Negative ≤0.9 7.5–8.5 <10 5.0–10.0
210.0 µg/kg MC-RR <15 ≤3.5 ≤10 <0.15 <17.0 <2.8 <0.56 <0.5 Negative ≤0.9 7.0–8.0 <10 2.5–10.0

SD Rat

Saline control <15 ≤3.5 10–30 <0.15 <17.0 <2.8 <0.56 <0.5 Negative ≤0.9 7.5–8.5 <10 5.0–10.0
0.0 mg/kg DXM +

MC-RR 574.7 µg/kg 70–125 140–200 80–150 0.15–
1.00 ≤17.0 <2.8 <0.56 <0.5 Negative 0.9–17.7 6.0–7.0 80–200 1.0–2.5

2.0 mg/kg DXM +
MC-RR 574.7 µg/kg 15–70 140–200 80–150 0.15–

1.00 ≤17.0 <2.8 <0.56 < 0.5 Negative 0.9–17.7 5.0–7.0 80–200 1.0–5.0

10.0 mg/kg DXM +
MC-RR 574.7 µg/kg 15–70 17–200 80–150 0.15–

1.00 <17.0 <2.8 0.00–1.14 <0.5 Negative 0.9–8.8 6.0–7.5 10–25 2.5–5.0

50.0 mg/kg DXM +
MC-RR 574.7 µg/kg <15 ≤3.5 80–150 0.15–

0.30 <17.0 <2.8 0.56–1.14 <0.5 Negative ≤0.9 6.5–7.5 ≤10 2.5–5.0

* Qualitative test for this index with the result described by “Negative” or “Positive”.
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Table 3. Concentration of Na+ and K+ in urine and serum for SD rat and KM mouse (mean ± SD).

Animal Time MC-RR Dosage
(µg/kg)

Na+ in Urine
(mg/L)

K+ in Urine
(mg/L)

Na+ in Serum
(mg/L)

K+ in Serum
(mg/L)

Single dose
experiment

(n = 6)

SD
Rat 24 h

0.0 3368.6 ± 202.61 10031.2 ± 469.04 3723.0 ± 158.36 278.9 ± 34.50
143.7 4169.3 ± 290.28 * 9193.0 ± 371.53 * 3670.9 ± 115.45 277.8 ± 33.18
287.3 6183.0 ± 234.86 * 8363.7 ± 450.92 * 3443.9 ± 183.78 * 283.1 ± 32.33
574.7 7812.5 ± 436.24 * 3443.8 ± 221.59 * 3165.7 ± 192.05 * 362.5 ± 30.04 *

KM
Mouse 24 h

0.0 3041.4 ± 302.81 7717.4 ± 89.71 3303.3 ± 241.35 281.3 ± 12.17
52.5 3256.4 ± 244.92 7919.8 ± 262.83 3077.7 ± 131.42 276.2 ± 18.32
105.0 2974.5 ± 219.12 7826.1 ± 283.90 3148.8 ± 80.68 265.6 ± 11.00
210.0 3119.5 ± 226.07 7985.3 ± 298.80 3208.9 ± 139.36 297.7 ± 13.33

Continuous
exposure

experiment
(n = 7)

KM
Mouse

28th
day

0.0 3174.8 ± 387.07 7918.2 ± 242.43 3107.1 ± 93.03 265.4 ± 20.76
35.0 3033.6 ± 243.71 7916.4 ± 232.30 3136.7 ± 98.92 272.5 ± 32.68
70.0 2885.2 ± 364.97 7797.5 ± 272.12 3210.2 ± 82.94 260.0 ± 25.24
140.0 989.6 ± 244.02 * 1336.4 ± 101.25 * 3171.9 ± 41.68 263.8 ± 19.09

42nd
day

0.0 2979.4 ± 244.21 7874.9 ± 179.49 3182.4 ± 153.93 273.8 ± 23.13
35.0 3012.2 ± 237.52 8021.0 ± 219.97 3308.8 ± 110.69 276.6 ± 14.21
70.0 2989.6 ± 219.58 7966.3 ± 210.53 3284.4 ± 111.91 280.6 ± 32.61
140.0 2855.2 ± 250.43 7807.9 ± 292.55 3175.3 ± 95.78 259.9 ± 15.97

* Significantly different from the saline control group (0.0 µg/kg MC-RR), p < 0.05.

Table 4. Organ coefficient and urine specific gravity of SD rats and KM mice (mean ± SD).

Animal Time
MC-RR

Dosage (µg/kg)
Urine Specific

Gravity

Organ Coefficient
(% of Body Weight)

Kidney Liver

Single dose experiment
(n = 6)

SD Rat 24 h

0.0 1.032 ± 0.0123 0.911 ± 0.078 4.77 ± 0.081
143.7 1.041 ± 0.0182 0.958 ± 0.053 4.68 ± 0.231
287.3 1.031 ± 0.0138 0.977 ± 0.124 4.97 ± 0.656
574.7 1.020 ± 0.0058 1.123 ± 0.207 5.13 ± 0.275

KM Mouse 24 h

0.0 1.053 ± 0.0024 1.38 ± 0.102 5.60 ± 0.400
52.5 1.054 ± 0.0058 1.33 ± 0.141 5.72 ± 0.344
105.0 1.056 ± 0.0050 1.39 ± 0.055 5.43 ± 0.457
210.0 1.052 ± 0.0046 1.31 ± 0.153 5.60 ± 0.400

Continuous exposure
experiment (n = 7)

KM Mouse

7th day

0.0 1.053 ± 0.0044 1.29 ± 0.132 5.64 ± 0. 410
35.0 1.055 ± 0.0053 1.18 ± 0.064 5.69 ± 0.259
70.0 1.054 ± 0.0060 1.24 ± 0.056 5.95 ± 0.315
140.0 1.054 ± 0.0064 1.31 ± 0. 101 5.89 ± 0. 260

14th day

0.0 1.054 ± 0.0060 1.26 ± 0037 4.96 ± 0.182
35.0 1.052 ± 0.0056 1.39 ± 0.167 5.39 ± 0.570
70.0 1.051 ± 0.0035 1.37 ± 0.221 5.22 ± 0.501
140.0 1.018 ± 0.0077 * 1.32 ± 0.104 5.86 ± 0.522 *

28th day

0.0 1.055 ± 0.0054 1.29 ± 0.092 4.77 ± 0.169
35.0 1.054 ± 0.0057 1.29 ± 0.141 4.92 ± 0.230
70.0 1.053 ± 0.0072 1.39 ± 0.129 5.69 ± 0.446 *
140.0 1.015 ± 0.0076 * 1.25 ± 0.101 5.66 ± 0.305 *

42nd day

0.0 1.054 ± 0.0070 1.40 ± 0.180 5.04 ± 0.265
35.0 1.055 ± 0.0053 1.26 ± 0.109 5.27 ± 0.435
70.0 1.053 ± 0.0051 1.36 ± 0.092 5.20 ± 0.485
140.0 1.056 ± 0.0078 1.25 ± 0.093 5.01 ± 0.571

* Significantly different from the saline control group (0.0 µg/kg MC-RR), p < 0.01.
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Table 5. Serum biochemical analysis of SD rats and KM mice treated with MC-RR in single dose experiment (mean ± SD, n = 6).

Group Creatinine
(mmol/L)

Uric Acid
(mmol/L)

Urea
Nitrogen
(mmol/L)

Alanine
Amino-

transferase
(IU/L)

Glutamic
Oxaloacetic

transaminase
(IU/L)

Alkaline
Phos-

phatase
(IU/L)

Lactic
Dehydro-

genase
(IU/L)

Albumin
(g/L)

Glucose
(mmol/L)

Total
Choles-

terol
(mmol/L)

Total
Protein

(g/L)

SD
Rat

Saline control 35.43 ±
6.705

133.72 ±
25.46 2.99 ± 0.455 44.15 ±

8.943 136.37 ± 29.228 412.91 ±
31.575

376.16 ±
37.784

32.45 ±
3.256 7.79 ± 0.374 1.70 ± 0.374 51.93 ±

6.049
143.7 µg/kg

MC-RR
28.75 ±

4.127
105.13 ±

11.647 3.73 ± 0.638 55.10 ±
7.539 204.41 ± 47.776 436.81 ±

57.679
277.99 ±

48.723
33.27 ±

2.121
7.858 ±

0.997 1.61 ± 0.274 52.35 ±
5.329

287.3 µg/kg
MC-RR

38.07 ±
9.047

123.20 ±
19.398 4.55 ± 0.714 87.43 ±

10.936 **
341.12 ± 61.419

**
504.29 ±

75.969
298.91 ±

65.919
33.05 ±

0.695
7.416 ±

1.077 1.90 ± 0.139 52.53 ±
2.109

574.7 µg/kg
MC-RR

48.13 ±
11.566

77.23 ±
12.371 ** 4.61 ± 2.091 976.07 ±

231.512 **
1215.17 ±
130.027**

842.45 ±
75.342 **

1318.13 ±
325.223 **

33.07 ±
2.778

6.844 ±
0.719 1.82 ± 0.264 57.90 ±

11.013

KM
Mouse

Saline control 27.13 ±
2.099

153.68 ±
5.070 3.73 ± 0.166 34.90 ±

2.672 130.21 ± 11.895 189.08 ±
9.653

479.06 ±
9.112

34.30 ±
1.396 6.31 ± 0.449 2.59 ± 0.246 60.65 ±

1.379
52.5 µg/kg

MC-RR
26.71 ±
2.0645

150.92 ±
4.540 3.73 ± 0.246 37.66 ±

2.678 140.66 ± 10.483 187.53 ±
7.363

499.56 ±
21.265

34.23 ±
0.569 6.52 ± 0.326 2.54 ± 0.141 59.38 ±

4.845
105.0 µg/kg

MC-RR
27.17 ±

3.602
153.53 ±

4.950 3.84 ± 0.405 40.59 ±
4.171 * 134.65 ± 10.288 184.80 ±

19.889
510.73 ±

44.978
33.57 ±

1.123 6.07 ± 0.468 2.68 ± 0.193 59.53 ±
1.734

210.0 µg/kg
MC-RR

24.73 ±
2.562

144.18 ±
14.960 4.09 ± 0.587 63.83 ±

4.134 **
185.86 ±
8.770**

272.07 ±
7.567 **

552.91 ±
21.362 **

34.98 ±
1.961 6.40 ± 0.699 2.67 ± 0.299 58.95 ±

2.688

SD
Rat

Saline control ND ND ND 47.47 ±
7.847 144.84 ± 23.050 408.58 ±

53.478
317.15 ±

49.304 ND ND ND ND

0.0 mg/kg DXM
+ MC-RR 574.7

µg/kg
ND ND ND 1001.43 ±

2.672 **
1223.33 ±
200.147 **

866.39 ±
86.98 **

1268.86 ±
285.334 ** ND ND ND ND

2.0 mg/kg DXM
+ MC-RR 574.7

µg/kg
ND ND ND 625.16 ±

26.054 ** #
1354.57 ±
51.446**#

697.09 ±
14.698 ** #

1002.08 ±
40.163 ** ND ND ND ND

10.0 mg/kg DXM
+ MC-RR 574.7

µg/kg
ND ND ND 93.41 ±

21.091 * ##
361.38 ±

18.384**##
564.82 ±

19.894** ##
583.84 ±

19.245 ** ## ND ND ND ND

50.0 mg/kg DXM
+ MC-RR 574.7

µg/kg
ND ND ND 70.17 ±

13.115 * ##
190.78 ± 15.600

* ##
486.85 ±
13.374 ##

514.94 ±
31.356 ** ## ND ND ND ND

* Significantly different from the saline control group (0.0 µg/kg MC-RR), p < 0.05; ** Significantly different from the saline control group (0.0 µg/kg MC-RR), p < 0.01; # Significantly different from the 0.0 mg/kg
DXM + 574.7 µg/kg MC-RR group, p < 0.05; ## Significantly different from the 0.0 mg/kg DXM + 574.7 µg/kg MC-RR group, p < 0.01; ND: No detection.
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Two inorganic elements in blood, Na+ or K+, were also measured in rats and mice.
The Na+ in blood of rats in the high- and medium-dose groups was lower than the control
(p = 0.000 and 0.022, respectively), whereas the K+ level in the high-dose group was higher
than the control (p = 0.001). Such abnormal alterations in Na+ and K+ in the low-dose rat
group and overall mouse groups were not observed (Table 3).

3.1.5. Visceral Coefficients of Rats and Mice in Single-Dose Toxicity Test

There were some increases in the kidney/body and liver/body coefficients of the
high-dose rat group, but there was no statistical significance compared with the control
group. For rats in the medium- and low-dose groups and mice in all groups, no significant
differences were observed in visceral coefficients in the detected organs (Table 4).

3.1.6. Histological Examination of Rats and Mice in Single-Dose Experiment

H&E stained sections of rat kidney from the high-dose group showed dilation of
the kidney tubules, swollen or balloon-like endothelial cells, necrosis and detachment of
cells, lymphatic cell infiltration, and destruction of normal kidney structures (Figure 1). In
other toxin-treated groups of rats and all treated groups of mice, histopathological changes
were not obvious compared with the control groups, as shown in Figures 1 and 2. In the
high-dose toxin experiments with intervention by different amounts of DXM, the low dose
of DXM resulted in congestion of blood vessels, slight dilation of kidney tubules (Figure
1f), partial detachment of endothelial cells, and infiltration of inflammatory cells in rat
kidney. With medium-dose DXM, infiltration of inflammatory cells could be seen, while
with high-dose DXM, the kidney structures in rats were intact without necrosis, similar to
the saline group, as shown in Figure 1.
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Figure 1. H & E stained histological sections of the kidneys of rats exposed to different concentrations of microcystin-RR
(MC-RR) for 24 h. (a) 0.0 µg/kg MC-RR. (b) 574.7 µg/kg MC-RR. Necrosis of glomerular cells (arrow). (c) 287.3 µg/kg
MC-RR. (d) 50.0 mg/kg DXM mixed with 574.7 µg/kg MC-RR. (e) 10.0 mg/kg DXM mixed with 574.7 µg/kg MC-RR.
(f) 2.0 mg/kg DXM mixed with 574.7 µg/kg MC-RR.

Examined macroscopically, the rat liver in high-dose groups exhibited hyperemic
swelling with some hemorrhagic spots. In histological sections stained with H&E, apparent
dot necrosis of hepatocytes, swollen or balloon-like hepatocytes, infiltration of inflamma-
tory cells, and sinusoidal dilatation occurred, but cord-like arrangements of hepatic cells
remained in parts (Figure 3). Liver sections stained with H&E in the medium-dose rat
group showed inflammable cell infiltration. However, no significant histopathological
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changes were observed for the low-dose group. In contrast, histological sections stained
with H&E from mice in the high-dose group displayed an enlarged texture of the liver
compared to the saline control group. Under an optical microscope, sinusoid expansion,
cellular swelling, and infiltration of inflammatory cells could be seen, but the hepatic cord
remained intact (Figure 2). In sections from mice given a medium dose, only inflammatory
cell infiltration was observed. No abnormal changes were found in sections from mice
given a low dose.
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Figure 2. H & E stained histological sections of the kidneys and livers of mice exposed to different concentrations of MC-RR
for 24 h. (a) Kidney in 0.0 µg/kg MC-RR group (control group). (b) Kidney in 210.0 µg/kg MC-RR group. (c) Kidney in
105.0 µg/kg MC-RR group. (d) Liver in 0.0 µg/kg MC-RR group (control group). (e) Liver in 210.0 µg/kg MC-RR group.
Sinusoid expansion and hyperemia (arrow). (f) Liver in 105.0 µg/kg MC-RR group.

3.2. Changes of Water Metabolism in KM Mice under the Continuous Exposure to MC-RR
3.2.1. Water Intake and Urine Output

As shown in Figure 4a, the water intake of mice in the high-dose group rose on the
ninth day and increased more quickly than that of other groups. The intake dropped
abruptly on day 30 after the toxin was stopped, and returned to the average levels of the
other groups until day 34. Mice in the medium- and low-dose groups did not show obvious
differences in water intake compared with the physiological saline group.

The urine output in the high-dose group began to rise on day 8 and went up day-by-
day until the toxin was stopped. Then the urine volume declined and was back to levels
similar to the control group. Urine excretion in the other groups did not display significant
alterations compared with the control, as seen in Figure 4b.

3.2.2. Body Weight

The body weight gain of mice in the high-dose group started to decline clearly on day 9
and these mice continued to lose more than other groups until the toxin was stopped. After
the toxin was stopped, the weight of the mice gradually went back to normal (Figure 4c).



Int. J. Environ. Res. Public Health 2021, 18, 1900 12 of 22
Int. J. Environ. Res. Public Health 2021, 18, x  12 of 22 
 

 

 
Figure 3. H & E stained histological sections of the livers of rats exposed to different concentrations of MC-RR for 24 h. (a) 
0.0 μg/kg MC-RR. (b) 574.7 μg/kg MC-RR. (c) 287.3 μg/kg MC-RR. (d). 50.0 mg/kg DXM mixed with 574.7 μg/kg MC-RR. 
(e) 10.0 mg/kg DXM mixed with 574.7 μg/kg MC-RR. (f) 2.0 mg/kg DXM mixed with 574.7 μg/kg MC-RR. Note necrosis 
areas in Figures 3b, 3e, and 3f (arrows). 

3.2. Changes of Water Metabolism in KM Mice under the Continuous Exposure to MC-RR 
3.2.1. Water Intake and Urine Output 

As shown in Figure 4a, the water intake of mice in the high-dose group rose on the 
ninth day and increased more quickly than that of other groups. The intake dropped ab-
ruptly on day 30 after the toxin was stopped, and returned to the average levels of the 
other groups until day 34. Mice in the medium- and low-dose groups did not show obvi-
ous differences in water intake compared with the physiological saline group. 

The urine output in the high-dose group began to rise on day 8 and went up day-by-
day until the toxin was stopped. Then the urine volume declined and was back to levels 
similar to the control group. Urine excretion in the other groups did not display significant 
alterations compared with the control, as seen in Figure 4b. 

Figure 3. H & E stained histological sections of the livers of rats exposed to different concentrations of MC-RR for 24 h. (a)
0.0 µg/kg MC-RR. (b) 574.7 µg/kg MC-RR. (c) 287.3 µg/kg MC-RR. (d). 50.0 mg/kg DXM mixed with 574.7 µg/kg MC-RR.
(e) 10.0 mg/kg DXM mixed with 574.7 µg/kg MC-RR. (f) 2.0 mg/kg DXM mixed with 574.7 µg/kg MC-RR. Note necrosis
areas in Figure 3b,e,f (arrows).
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Figure 4. Water intake (a), urine output (b) and body weight (c) of mice treated with MC-RR in the continuous exposure
experiment.

3.2.3. Urinalysis
Na+ and K+ Content in Urine

The levels of Na+ and K+ in mouse urine are shown in Table 3. Two ion concentrations
in the high-dose group were much lower than those of other treated groups (p = 0.000),
while the urine Na+ and K+ levels in the medium- and low-dose groups stayed at similar
levels to those of the control. Fourteen days after suspension of treatment (day 42), the
urine levels of Na+ and K+ in the high-dose group returned to normal and no longer
showed any statistical difference with other groups and the control.
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Components Detected in Urine

Detection using semiquantitative colorimetric reagent strips for all tested groups
demonstrated that the main items in urine, including leukocytes, occult blood, glucose,
urobilinogen, hemoglobin, albumin, microalbumin, ketone, ascorbic acid, and nitrite were
all negative. Urine creatinine, uric calcium, and pH levels in the toxin treated groups were
also within normal ranges.

Urine Specific Gravity

The results in Table 4 show that urine specific gravity in all treated groups varied
little within the first week, but dropped down in the high-dose group at 2 to 3 weeks,
significantly different from the other groups (p = 0.000). Meanwhile, the urine specific
gravity in the medium- and low-dose groups remained stable, showing no statistical
difference with the control. After suspension of the toxin, the urine specific gravity in the
high-dose group bounced back and did not show any statistical difference between other
treated groups and the control group in the following week.

3.2.4. Serum Index Analysis

The interval sampling and examination of serum enzyme activity from tested subjects
are shown in Table 6. TP, UA, and BUN did not show any significant changes in any
groups during the overall experiment. CREA in the high-dose group decreased on the
28th day (p = 0.035) and went back to normal on days 35 and 42. In the high-dose group,
ALT levels in mice were obviously higher than in other treated groups and kept going up
with repeated administration. Seven days after the toxin was suspended, the ALT in the
high-dose group started to decline, but was still higher than the control group (p = 0.000).
Up to 14 days later, on day 42, the ALT in the high-dose group returned to normal, with
no statistical difference compared with the control (p = 0.985). On the 28th day of the
experiment, the ALT in the medium-dose group was found to be higher than that of the
saline group (p = 0.000). Once the toxin was stopped, the ALT in the medium-dose group
soon went back to normal. The enzyme AST in the high-dose group went up slightly over
1 to 2 weeks but without significant statistical difference compared with the physiological
saline group. On day 28, AST in the high-dose group exhibited significantly higher levels
than the control group (p = 0.000). Even after the toxin was suspended, AST in the high-
dose group was still above the control level (p = 0.002). AST in the medium- and low-dose
groups did not show any statistical differences with the control group. The enzyme ALP in
mice in the high-dose group rose in the second week of the experiment, clearly above the
other groups. When the exposure was stopped, ALP in the high-dose group went down
but maintained a level above the control group. On days 14 and 28, TC in the high-dose
group rose, showing a significant difference with the control group (p = 0.000 for the two
days), whereas GLU decreased (p = 0.000 for the two days). Both TC and GLU returned
to normal levels after the toxin was stopped. In addition, ALB in the high-dose group
decreased on day 28 and went back to normal when the administration was suspended.

The serum levels of Na+ and K+ in various treated mouse groups did not show
significant differences between each other and the control group, as shown in Table 3.
The ADH in the blood of mice in the high-dose group was higher than that of the control
on day 14 (p = 0.037) and day 28 (p = 0.000). When exposure to the toxin was stopped,
blood ADH in the high-dose group went back to normal on day 35, and did not show
statistical difference with the control any more. Throughout the experiment, there were no
significantly statistical differences in ADH between the medium- and low-dose groups and
the control group (Table 7).
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Table 6. Serum biochemical analysis of KM mice treated with MC-RR in continuous exposure experiment (mean ± SD, n = 7).

MC-RR
Dosage
(µg/kg)

Albumin (g/L)
Alanine Amino-

transferase
(IU/L)

Alkaline
Phosphatase

(IU/L)

Glutamic
Oxaloacetic

Transaminase
(IU/L)

Urea
Nitrogen
(mmol/L)

Creatinine
(mmol/L)

Glucose
(mmol/L)

Total
Cholesterol

(mmol/L)

Total
Protein (g/L)

Uric Acid
(mmol/L)

7th
day

0.0 30.23 ± 0.568 42.30 ± 3.255 54.93 ± 13.380 141.41 ± 14.025 4.09 ± 0.317 71.44 ± 4.106 9.08 ± 0.630 2.05 ± 0.288 62.26 ± 1.215 119.96 ± 20.052
35.0 31.01 ± 1.111 55.21 ± 13.65 45.57 ± 10.886 144.63 ± 20.986 4.10 ± 0.231 70.66 ± 4.154 9.12 ± 0.741 2.12 ± 0.292 62.04 ± 1.868 110.39 ± 21.005
70.0 29.91 ± 1.027 55.21 ± 13.655 67.07 ± 22.606 147.61 ± 21.026 4.06 ± 0.270 72.07 ± 3.214 8.63 ± 0.514 2.14 ± 0.252 61.23 ± 0.976 108.70 ± 20.921

140.0 30.56 ± 0.881 98.48 ± 27.081 * 92.51 ± 25.885 * 188.69 ± 58.831 3.96 ± 0.281 69.93 ± 4.889 8.14 ± 0.986 2.23 ± 0.358 60.49 ± 1.503 103.54 ± 22.823

14th
day

0.0 30.16 ± 0.789 44.14 ± 10.127 60.19 ± 8.999 154.03 ± 16.749 4.00 ± 0.263 70.46 ± 3.179 9.24 ± 0.38 1.99 ± 0.268 60.78 ± 1.831 110.99 ± 15.422
35.0 29.53 ± 0.976 44.17 ± 6.766 56.00 ± 14.439 156.71 ± 18.609 4.02 ± 0.373 70.29 ± 2.764 9.16 ± 1.011 1.99 ± 0.253 62.00 ± 1.547 109.91 ± 23.107
70.0 30.26 ± 1.121 50.24 ± 6.710 65.31 ± 7.371 146.17 ± 26.161 3.90 ± 0.283 69.14 ± 3.580 7.55 ± 0.296 * 2.14 ± 0.297 60.91 ± 1.720 112.68 ± 15.416

140.0 29.97 ± 0.450 137.14 ± 22.760 * 96.77 ± 9.122 * 193.214 ± 44.578 4.00 ± 0.246 69.94 ± 2.407 6.55 ± 0.372 * 3.12 ± 0.321 * 61.14 ± 1.367 114.94 ± 19.323

28th
day

0.0 30.09 ± 0.778 42.53 ± 7.489 64.21 ± 6.564 145.03 ± 13.778 4.08 ± 0.206 71.20 ± 2.258 10.07 ± 0.562 1.99 ± 0.228 61.34 ± 1.852 110.70 ± 18.762
35.0 29.91 ± 0.919 43.16 ± 6.312 61.74 ± 10.527 143.27 ± 16.635 4.14 ± 0.228 69.14 ± 3.723 9.27 ± 0.853 2.03 ± 0.266 60.14 ± 2.052 109.77 ± 18.858
70.0 28.87 ± 1.411 63.80 ± 5.525 * 64.11 ± 7.049 157.71 ± 12.444 4.05 ± 0.381 70.93 ± 3.119 7.78 ± 0.432 * 2.06 ± 0.252 61.39 ± 1.631 115.69 ± 19.889

140.0 26.46 ± 0.866 * 148.26 ± 9.466 * 133.97 ± 22.060 * 214.042 ± 24.292 * 3.97 ± 0.308 66.87 ± 3.458 * 6.04 ± 0.465 * 2.84 ± 0.462 * 62.10 ± 2.036 112.54 ± 18.587

35th
day

0.0 29.60 ± 0.616 39.60 ± 6.119 63.56 ± 11.527 147.79 ± 7.247 3.98 ± 0.309 71.31 ± 3.050 9.43 ± 1.019 2.09 ± 0.252 61.60 ± 1.910 114.50 ± 15.150
35.0 29.76 ± 0.768 38.64 ± 6.274 64.36 ± 9.727 142.89 ± 7.623 3.89 ± 0.269 70.66 ± 2.667 9.28 ± 0.575 2.07 ± 0.167 60.71 ± 2.023 117.93 ± 18.973
70.0 30.00 ± 0.929 41.17 ± 4.285 66.14 ± 6.432 153.57 ± 10.916 4.03 ± 0.258 72.13 ± 4.162 8.69 ± 0.655 2.13 ± 0.269 62.14 ± 1.682 113.73 ± 11.466

140.0 29.64 ± 0.907 70.00 ± 13.075 * 111.286 ± 6.048 * 186.53 ± 9.739 * 4.08 ± 0.315 71.93 ± 3.949 8.96 ± 0.460 2.32 ± 0.427 61.73 ± 1.227 119.43 ± 18.655

42nd
day

0.0 30.08 ± 0.667 37.96 ± 4.184 65.34 ± 8.383 153.06 ± 17.171 4.02 ± 0.295 71.73 ± 3.899 9.42 ± 0.524 2.19 ± 0.341 62.26 ± 2.811 119.26 ± 16.825
35.0 31.07 ± 0.637 35.49 ± 4.416 62.50 ± 9.637 160.93 ± 11.012 3.97 ± 0.331 71.40 ± 4.477 9.28 ± 0.575 2.22 ± 0.312 61.80 ± 2.131 116.23 ± 13.663
70.0 30.46 ± 0.688 34.07 ± 4.320 67.63 ± 8.176 169.69 ± 13.620 4.11 ± 0.304 72.24 ± 3.644 8.69 ± 0.655 2.15 ± 0.317 62.34 ± 2.609 113.24 ± 12.241

140.0 29.51 ± 1.104 38.79 ± 8.107 91.24 ± 14.434 * 183.40 ± 16.591 * 4.01 ± 0.333 70.00 ± 2.831 8.96 ± 0.460 2.28 ± 0.371 60.60 ± 2.011 117.29 ± 15.093

* Significantly different from the saline control group (0.0 µg/kg MC-RR), p < 0.05.
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Table 7. Antidiuretic hormone (ADH) levels of KM mice in continuous exposure experiment (mean ± SD, n = 7).

MC-RR Dosage
(µg/kg) 7th Day 14th Day 28th Day 35th Day 42nd Day

0.0 203.60 ± 25.491 208.69 ± 33.740 198.60 ± 11.229 196.99 ± 26.105 204.94 ± 35.174
35.0 198.51 ± 13.311 192.44 ± 21.701 189.58 ± 37.184 188.87 ± 24.173 205.29 ± 28.520
70.0 207.17 ± 37.415 218.27 ± 26.093 218.24 ± 22.832 200.12 ± 19.228 196.82 ± 23.195

140.0 198.96 ± 26.346 228.15 ± 24.805 * 267.79 ± 20.126 ** 189.31 ± 17.105 203.78 ± 24.784

* Significantly different from the saline control group (0.0 µg/kg MC-RR), p < 0.05; ** Significantly different from the saline control group
(0.0 µg/kg MC-RR), p < 0.01.

3.2.5. Visceral Coefficients

In the whole experiment, the kidney visceral coefficient in all tested mice in any group
did not show significant differences. The autopsies of the subjects on days 14 and 28
showed that the liver visceral coefficient in the high-dose group increased compared to
the control (p = 0.004, p = 0.000, respectively). After administration was stopped, the liver
visceral coefficients returned to normal. A significant increase in liver visceral coefficient in
the medium-dose group was seen on day 28, but no statistical differences were found in
the low-dose group (Table 4).

3.2.6. Histopathologic Alteration

In both HE and PAS stained sections of mouse kidneys (Figure 5), kidney microstruc-
ture was intact and clear for all tested groups. No significant lesions were detected on
these kidneys in histology. In the HE stained section of mouse liver of the high-dose group,
cellular swelling, ballooning changes, sinusoidal dilation, and infiltration of inflammatory
cells were present on day 28 of treatment, as shown in Figure 6. For the medium- and
low-dose groups, hepatic histopathologic changes were not found.
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4. Discussion

As we know, microcystins are hepatoxins that have been confirmed in many species
and reported in a number of studies [14,39–42]. Some papers have reported that the toxins
also targeted other organs of tested animals [24,43–45]. However, more data are needed to
support firm conclusions on the toxicity to other organs, such as kidneys. The kidney is
a critical organ to keep water metabolism normal. Abnormal water metabolism is often
identified by water intake and output, and attributed to kidney injury. However, water
metabolism is a complicated process that involves several organizational systems. Kidney
injury is not the only way to change water metabolism. Previous studies had various
conclusions on the nephrotoxicity of MCs, but paid less attention to water metabolic
changes. In the present study, the effects of MC-RR on water metabolism and the relevant
nephrotoxicity in the two animals (SD rats and KM mice) were examined and compared at
the same time.

In the single-dose test, the highest dose of the MC-RR was 3/4 LD50 with which we
could better observe possible nephrotoxicity and avoid the death of the subjects. Both
animals were sensitive to the given toxin and showed a series of pathological changes
within 24 h. For example, rats administered 574.7 µg/kg of MC-RR (high dose) showed
abnormal behaviors, such as lethargy state and anorexia. However, only rats in the high-
dose group showed abnormal water metabolism, polyuria, and polydipsia. The slowed
down weight gain in this group was mainly attributed to the increased urine excretion
6 h after administration started and loss of appetite. Together with the unusual urinary
excretion, gross hematuria appeared in rats 12 h after administration. This means that
damage might be present in the urinary system.

Further urinalysis showed a notable increase in bilirubin/urobilinogen, microalbumin,
protein, and creatinine in rats given a high dose, suggesting that the toxin injured both
the liver and kidney. The increased bilirubin/urobilinogen in urine came from the liver
damage and the increased microalbumin, protein, and creatinine in urine pointed to kidney
injury. The histologic examination strongly supported this judgment. Kidney sections
stained with H&E from high-dose rats demonstrated various histopathologic changes,
such as necrosis and detachment of cells, and destruction of normal kidney structures.
Milutinović’s research reported damage to the kidney cortex and medulla of rats with a
long-term MC-LR and MC-YR treatment in a single low dose [25]. Although the kinds of
MC and the experimental method in Milutinović’s study differ from this study, kidney
damage was observed after MC treatment in both. The kidney tubule is the place where
water and salt reabsorption occur [46]. Damage to the kidney tubules resulted in polyuria
and high Na+ with low K+ in urine in this study, especially in the high-dose group. Serious
polyuria then caused the polydipsia.
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In the medium-dose (287.3 µg/kg) group of rats, urine protein and occult blood
were detected with histologic alteration of inflammable cell infiltration, but such toxic
effect was definitely mild compared to the high-dose group. Although the symptoms
and histopathologic changes were not observed in rats given the low dose (143.7 µg/kg)
group, the abnormal higher concentration of Na+ and lower K+ in urine found in this group
may be more sensitive indices that reflected the early or slight damage of the kidney by
MC-RR. Within 24 h, from clinical symptoms to histopathology and laboratory analysis,
all examination evidence proved that the rat kidneys were targeted by high, medium,
and low doses of MC-RR to some extent. These results are similar to Lowe’s report, in
which he used only a single dose of MC-LR to observe the nephrotoxicity [47]. Although
the toxin and dosage used were different between his study and this one, the pathologic
changes in rats were similar. In this study, gradient dosages were used so that a dose effect
could be observed. However, no dysfunction or pathologic alteration in the mouse urinary
system and kidney were observed with any toxin dosage given, whereas liver damage
was prominent.

The serologic analysis showed that many key enzymatic activities reflecting the func-
tion of the kidney and liver in rats were higher or lower in the high- and medium-dose
groups than the control, indicating that the related organs were damaged and the enzymes
were released into the blood. For mice, nonspecific enzymes, such as ALT, AST, ALP, and
LDH were abnormally in the blood serum in the high-dose group, suggested certain organ
damage. Combined with the increased TC and decreased GLU in the high-dose group,
the liver injury was mostly confirmed. The histopathologic liver changes in the high-dose
group also confirmed liver damage. However, no kidney-related specificity index was
found to have an abnormal level in mice. The Na+ in blood of the high-dose rat group was
lower and the K+ level was higher than the control. Such a trend echoed their levels in
urine, but this urine change could be observed in all rat groups, not exclusively limited to
the high dose-group. The Na+ and K+ changes in blood lagged behind those in urine. The
large amount of water and Na+ lost from the urine in the high-dose group was the main
reason why the changes of Na+ and K+ levels in blood in this group were more obvious
than in other groups.

In terms of the pathogenic symptoms and possible mechanisms, the intervention
measure, DXM, was used to examine the offset effects on pathogenic phenomena in the
present investigation. When different doses of DXM (50.0, 10.0, and 2.0 mg/kg) combined
with 574.7 µg/kg of MC-RR was administered to rats, the overall pathologic symptoms and
histopathologic lesions were improved, showing a good dose-response relationship. These
results suggest that DXM, a universal anti-inflammatory drug, could counter the acute
damage caused by MC-RR. From another angle, the polydipsia polyuria relief occuring
under DXM administration also suggests that the polydipsia polyuria observed in rats was
mainly caused by kidney injury. There was corroboration between this part of the results
and Nobre’s study, which reported that the DXM could block the increased glomerular
filtration rate and urinary flow caused by MC-LR in the isolated perfused rat kidney [19].
The differences in the kidney effect between rats and mice under single dose MC-RR
treatment were obvious and in sharp contrast. Though the high dose for the two animals
was 3/4 LD50, the nephrotoxocity was explicit in rats but was not reflected in mice, implying
that SD rat kidney is more sensitive than KM mouse kidney to MC-RR exposure. The
reasons for this difference in the two animals have not been fully clarified. Previous
studies suggested that the MCs enter the cells or tissues through organic anion transporting
polypeptides (Oatps), which include several members [43,48–50]. The kinds of Oatps
distributed in rat and mouse kidneys are not exactly the same [51–55]. Maybe the types
and content of Oatps in the two animals’ kidneys are part of the reasons for the different
response to MC-RR.

Since abnormal water metabolism in rats was found to be mainly caused by the kidney
damage in the single dose toxicity experiment, the continuous exposure test was performed
on the mice in the present study. In the continuous exposure experiment, the weight gain
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of mice in receiving a high dose (140.0 µg/kg) started to slow down on day 9 and water
intake increased on the same day, because the urine output was increased on day 8 ahead
of the weight loss and increased water intake. The three symptoms became worse with
repeated administration until the toxin was stopped on day 29, indicating that there was a
problem in water metabolism. It seems that the urinary system and kidney function should
be responsible for such pathologic phenomena, since the symptoms were quite like rat
intoxication. However, further urine and serum analysis did not support this assumption,
because the indices reflecting kidney function in urine and blood were almost all within
normal ranges, except specific gravity and levels of Na+ and K+ in mouse urine; in the
urine of mice in the high-dose group, they were significant lower than the control simply
due to the large volume of urine diluting them.

A different scenario could be seen with rats in this experiment, in that their levels of
Na+ and K+ were quite opposite to their abnormal level, caused by kidney damage. The
histological examination of mice given a high dose showed that the structure of the kidney
under the microscope was intact and well arranged just like the control group. Therefore,
the evidence to associate kidney damage with water metabolic dysfunction was not yet
found in mice, even though the toxicity test extended to the 42nd day. Hooser and Qin’s
research may support this part of the results, that no significant kidney injury was found
in mice after MC administration in the acute experiment [56] or long-term exposure [26],
although these studies used MC-LR and paid no attention to the related water metabolism.
The dysfunction of water metabolism in rats and mice treated with MC-RR was compared
for the first time in the present study.

We expected that the toxin would affect the livers of mice in the high-dose group
when samples were collected for the first time on day 7, showing increasing serum ALT.
Other serum indices (AST, ALP, and TC) started to increase around day 14 and returned
to normal or were relieved one or two weeks after administration was stopped on day 29.
This trend was also shown in histologic liver changes. When the toxin was given, the liver
sections from mice in the high-dose group showed various lesions; however, when the
toxin was stopped, the histologic liver changes did not show evident lesions any more. The
continuous exposure experiment demonstrated that the liver damage in mice by high-dose
toxin was reversible. As long as the mice were not exposed to the MC-RR, all the abnormal
values went back to normal levels.

The polydipsia polyuria of the mice in the high-dose group showed the same change
trend as the liver damage, suggesting that the abnormal water metabolism was synchronous
with the MC-RR exposure and more related to the abnormal liver system rather than the
kidney. The changes of ADH in the high-dose group were mainly considered as feedback
regulation. Water metabolism involves several organs and systems, not only the kidney [57].
When water metabolism is found to be abnormal, it implies injury to the relative systems.
In Zhong’s study, water metabolism dysfunction induced by MC-RR in mice was thought
to be caused by liver damage [58]. Zhao’s research reported similar polydipsia induced
by MC-LR and attributed the polydipsia to the thyroid dysfunction, but they did not
pay attention to the urine volume [59]. Those two reports suggested that the polydipsia
was caused by dysfunction of the thyroid or liver, not the kidney. On the other hand, Yi
evaluated the influence of chronic exposure to MC-LR on mouse kidney, and found kidney
injury after three months [30]. Thus, although the kidney damage indices were not found
in our study, the possibility of dysfunction originating from the kidney cannot be easily
excluded. The real mechanism of polydipsia polyuria that occurred in mice intoxicated by
MC-RR is not yet clear. The normal level K+ in blood indicated that the polydipsia polyuria
was not a result of hypokalemia and aldosteronism. The low blood glucose levels and
increased ADH in mice also exclude diabetes and diabetes insipidus, which are common
causes of polydipsia polyuria [60,61]. The outcomes from the present study offer two
possible causes: dysfunction originating in the kidney without parenchymal damage, and
liver-related metabolic dysfunction. More extensive and detailed research is needed to find
the mechanism.
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5. Conclusions

In the present study, possible abnormal water metabolism induced by microcystin-
RR in SD rats and KM mice was explored and compared. The results show that rats
administered MC-RR intraperitoneally at a dose of 574.7 µg/kg (3/4 LD50 dose) exhibited
polydipsia and polyuria with gross hematuria, urinary microalbumin and protein, and
histopathologic kidney changes within 24 h. On the contrary, mice administered MC-
RR at a dose of 210.0 µg/kg (3/4 LD50 dose) did not display obvious abnormalities in
drinking and urination in a single-dose toxicity test. Kidney injury was not demonstrated
in mice with negative outcomes by macro- and micro-examination. DXM could neutralize
the nephrotoxicity caused by the toxin and effectively alleviate the pathologic kidney
symptoms and signs in rats. A continuous exposure experiment was performed on mice
for 42 days. Mice receiving 140.0 µg/kg MC-RR daily showed polydipsia polyuria on
day 9 that became worse with time. Nevertheless, the water metabolic dysfunction was
reversible when administration of the toxin was stopped. The overall examination of
the mice, including postmortem, serum enzymes and histopathology, did not show an
association of the symptoms with the kidney. The changing patterns of polydipsia polyuria
were consistent with liver damage under MC-RR treatment, indicating that some other MC-
triggered metabolic pathways or liver-related metabolic route might play a role. In a word,
polydipsia and polyuria may be induced by MC-RR in SD rats and KM mice with different
causes or metabolic pathways. The SD rat kidney is more sensitive to MC-RR compared
with the KM mice kidney. High-dose MC-RR can cause water metabolic dysfunction in rats
by damaging the kidney, but cannot affect the drinking volume and urine volume of mice
in single-dose exposure. Continuous exposure of high-dose MC-RR can induce abnormal
water metabolism in mice without significant kidney injury.
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