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� The excretion pattern of MCRR-GSH was firstly quantitatively studied using LC-MS.
� MCRR-GSH was excreted mainly through urine in the form of the MCRR-Cys conjugate.
� MC conjugation with GSH/Cys was demonstrated to be a reversible process in rat.
� GSH pathway could help to explain the more sensitivity of rat to MC.
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a b s t r a c t

The excretion route and dynamics of the glutathione (GSH) conjugate of microcystin-RR (MCRR), MCRR-
GSH, were quantitatively studied in Sprague Dawley rat exposed with MCRR-GSH via liquid chroma-
tography electrospray ionization mass spectrometry (LC-ESI-MS). In the MCRR-GSH-treated rat, the
average MCRR-Cysteine (MCRR-Cys)/MCRR-GSH ratio reached as high as 105.3, which indicated that the
intermediate conjugate MCRR-GSH was rapidly converted to the product compound MCRR-Cys. Besides,
MCRR was consistently detected in MCRR-GSH-treated rat, which suggested that MCRR can be dissoci-
ated from the MCRR-GSH conjugate and the reversibility of the MC-GSH conjugate. Results of total MC
contents analysis in excrement showed that the total MC contents in urine were significantly higher than
those in feces. The ratio of the total MC content in urine to feces was as high as 129.3, which demon-
strates that the urine is the main route of excretion after MCRR-GSH-treatment. In urine, the MCRR-Cys
concentration was 27.8-fold, 19.4-fold higher than MCRR-GSH and MCRR, respectively. Our results, for
the first time, quantitatively found that MCRR-GSH was rapidly converted to MCRR-Cys after exposed to
rat, and was excreted mainly through urine in the form of the MCRR-Cys conjugate. This study suggests
that the GSH detoxification pathway of MCs could help to explain the greater sensitivity of mammals to
MCs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The cyanobacterial blooms often occurred in eutrophic fresh and
brackish water environments around the world. The mass devel-
opment of cyanobacteria is a source of nuisance both visually and
smelly due to released odor compounds. Whereas the toxins, such
as microcystins (MCs), arouse more concerns (Dittmann and
ping@ihb.ac.cn (P. Xie).
Wiegand, 2006). MCs, cyclic peptides with a molecular weight
about 1000 Da, are considered to be the most common and
dangerous cyanotoxin. They can cause poisonings even death of
fish, domestic and wild animals, as well as human due to their
exposure to MCs (Chen et al., 2017; Malbrouck and Kestemont,
2006; Azevedo et al., 2002). For example, MCs were detected in
the serum (average 0.228 ng MC-LReq/ml) of a chronically exposed
human population (fishermen at Lake Chaohu, China) together
with indication of hepatocellular damage (Chen et al., 2009). And
even chronic exposure to low-level MCLR which is the current
guideline for MCs in drinking water may result in nonalcoholic
steatohepatitis disease (He et al., 2017).
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The poisoning incidents of exposure to MCs emphasize the ne-
cessity to pay more attention to the detoxification mechanism of
MCs. When MCs were absorbed and transported into aquatic or-
ganisms (fish, mussels or snail), the biotransformation of these
compounds starts by conjugation to the intracellular tripeptide,
glutathione (GSH), via glutathione-S-transferase (Kondo et al.,
1992, 1996; Pflugmacher et al., 1998, 2001). And this conjugation
was suggested to be the first step in the detoxification process of
MCs. Subsequently, the MC-GSH conjugate is further metabolized
by gamma-glutamyltransferase and dipeptideases to yield a MC-
Cys conjugate. To quantitatively study the role of GSH in the
detoxification of MCs in animals, several analytical methods have
been established to simultaneously quantify MC and its glutathione
and cystine conjugates in various tissues using liquid chromatog-
raphy electrospray ionization mass spectrometry (LC-ESI-MS) (Dai
et al., 2008; Wu et al., 2010). Applying above methods to quantify
MC and its metabolites, however, studies revealed significant dif-
ference between the concentrations of MC-GSH and MC-Cys in
aquatic animals in both field and laboratory conditions (He et al.,
2012; Zhang et al., 2009, 2012). In Lake Taihu of China, Zhang
et al. (2009) found that the MCLR-GSH content was usually not
detectablewhile theMCLR-Cys concentrationswere relatively quite
high in snail (Bellamya aeruginosa), shrimp (Macrobrachium nip-
ponensis) and silver carp (Hypohthalmichthys molitrix). Similarly,
extremely low concentrations of MCLR/RR-GSH and high concen-
trations of MCLR/RR-Cys were also observed in tissues of bighead
carp i. p. injected with either 50 or 200 mg MC-LReq kg�1 bw (He
et al., 2012).

In order to explain why the content of MC-GSH was much
lower than that of MC-Cys in aquatic animals, in our recent work,
the synthetic conjugate, MCRR-GSH was firstly exposed to bighead
carp to trace the toxicokinetics of this conjugate (Li et al., 2014a).
Fortunately, we found that the MCRR-Cys content increased
almost 100-fold from 0.25 to 0.5 h post-injection in kidney
demonstrating that MCRR-GSH could act as a reactive intermedi-
ate and could be rapidly converted into MCRR-Cys. This charac-
teristic of the glutathione conjugate makes GSH an important role
in the detoxification of MCs in vivo in bighead carp. For the GSH
detoxification pathway, nevertheless, so far, there has been little
literature to quantitatively investigate the excretion pattern of
MCs, as the excrement (e.g. feces and urine) are very hard to
collect in aquatic animals. Furthermore, MCs poses a health risk to
terrestrial animals or human beings from consumption of MC-
contaminated water or aquatic products, and the toxicity of MCs
was quite higher in mammals (e.g. rat or mice) compared with fish
(Ibelings et al., 2005; Rabergh et al., 1991; Tencalla et al., 1994;
Wang et al., 2008). For MCLR, Kondo et al. (1992) reported that
the LD50 value was 38 ± 9 mg/kg by intravenous injection in male
5-week old mice while the values of the MCs extracts in rat was
about 80.0 mg/kg body weight. In contrast, the 24 h LD50 value of
MCLR was 400e550 mg/kg following intraperitoneal injection in
rainbow trout (Oncorhynchus mykiss). Thus, a great deal of results
has pointed to the fact that mammals are more susceptible to MCs
than fish.

In the present study, the MCRR-GSH conjugate was synthetized
and was i. p. injected with the dose of 0.55 mmol/kg into Sprague
Dawley rat. The main goals of this study are to (1) trace the tox-
icokinetics of the MCRR-GSH conjugate in vivo in mammals and
quantitatively determine the excretion pattern of MCs in rat; (2)
identify the differences of the glutathione detoxification in MCs
between mammals and fish and provide the possible information
regarding the toxic mechanism of mammals more susceptible to
MCs.
2. Materials and methods

2.1. Chemicals

MCRR was extracted and purified from freeze-dried surface
blooms collected from Lake Dianchi in China with an improved
method described in Dai et al. (2008). The content of purifiedMCRR
was over 95%, as determined by high performance liquid chroma-
tography (HPLC, LC-20 A, Shimadze, Kyoto, Japan). The identity of
MCRR was confirmed using liquid chromatography-electrospray
ionization-mass spectrometry (LCeMS, Thermo Electron, Wal-
tham, MA, USA).

L-Glutathione (L-GSH) and L-cysteine (L-Cys) were purchased
from Acros Organics (Geel, Belgium), and the purity of both was
greater than 99%. The glutathione and cysteine conjugates of MCs,
MCRR-GSH and MCRR-Cys, were formed by the method detailed
described in Wu et al. (2010) and Li et al. (2014a). Briefly, MC-RR
(>95%) reacted with L-GSH/Cys in 5% potassium carbonate
aqueous solution while stirring for 2 h at room temperature. The
reaction mixture was first applied to an ODS C18 cartridge (2 g,
Waters, Milford, MA, USA) and thenwas purified further by a semi-
pre-LC (Waters 600, USA). The purity levels of the two conjugates
were over 95%, and the impure percentage (<5%) was not the
parent MCRR but instead an unknown compound, as determined
by HPLC and LC-MS.

Methanol and acetonitrile were of HPLC grade applied by Fisher
Scientific International, Inc. (Fairfield, OH, USA). Water was
collected from a Milli-Q water purification system (Millipore,
Bedford, MA, USA). All other reagents used were of analytical re-
agent grade.

2.2. Animals

All experimental protocols were approved by the Animal Care
and Use Committee of The Institute of Hydrobiology, Chinese
Academy of Sciences, and all experimental methods were per-
formed in accordance with the National Institute of Health Guide
for the care and Use of Laboratory Animals (NIH Publication
no.8203). Male Sprague Dawley rats (8 weeks of age) were pur-
chased from animal experiment center of Wuhan University/Ani-
mal Biosafety Level-III Laboratory, China. Experimental animals
were also housed at a certified specific pathogen-free animal fa-
cility of animal experiment center of Wuhan University, and accli-
mated for 7 days in an air-conditioned room with temperature
maintained at 20 ± 2 �C, a relative humidity of 40e60% and a 12 h
light-dark cycle. All rats were given free access to stand rodent
pellet diet (WuHanWQJX Bio-Technology Co. Ltd, China) andwater.
For the healthy rats, no MCRR-GSH, MCRR-Cys or MCRR was
detected throughout the study.

2.3. Time course of MCRR-GSH and metabolites distribution

After 7 days adaption, animals were randomly separated into
treatment group (weighting 194.0 ± 4.7 g) and control group
(weighting 195.4 ± 4.9 g). In the treatment group, rats were
administered an i. p. injection of approximately 1 mL suspension of
the MCRR-GSH conjugate dissolved by the 0.9% (w/v) saline solu-
tion. This exposure dosage was 0.55 mmol/kg body weight, which
was maintained an equimolar dose with our previous experiment
(Li et al., 2014a). The exposure dosage was calculated to be equiv-
alent to about 0.084 LD50 of MCRR-GSH in rat (Table 1). And it was
estimated based on the LD50 values of MCs and its glutathione and
cysteine conjugates in fish and mammals. The control group was i.
p. injected with the same volume of the vehicle (0.9% saline).

Before animals were anesthetized, urine and feces samples were



Table 1
Toxicity of microcystins and their glutathione and cystein conjugatesa

Species Toxin LD50 (mg/kg) Reference

Mice (i.p.) MC-LR 43 Gupta et al., 2003
MC-YR 110.6
MC-RR 235.4

Crucian carp (i.p.) MC-LR 250 Jia et al., 2014
Rat (i.p.) MC-LR 82.7 Chen et al., 2014
Mice (i.v.) MC-LR 38 ± 9 Kondo et al., 1992

MC-LR-GSH 630 ± 69
MC-LR-Cys 267 ± 88

a Generally, the LD50 of MC-RRwas about 5 times ofMC-LR, and the LD50 ofMC-LR
in rat was calculated to be 413.5 mg/kg. In the present study, the exposure dose
0.55 mmol/kg of MC-RR-GSH was estimated to be 0.084 LD50 of MC-RR-GSH as the
ratio of the LD50 of MC-LR-GSH to MC-LR was 16.5.
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collected. The rat was placed on a table which is covered with a
sheet of plastic film. Lift the rat's tail with one hand, rub the back
with the other hand and then the rat excreted urine. It could collect
about 0.5e0.8 mL urine from the plastic film by the micro pipette.
When stoking the abdomen, the rat excreted feces which were
collected into a tube. Then animals were sacrificed by cervical
dislocation under anesthesia, and blood, liver, kidney and intestine
(no content) were immediately removed at 0.25, 0.5, 0.75, 1, 2, 6,
24 h post-injection. Heparin (12 IU/mL) was added to the blood and
plasma was separated by centrifugation at 3500 r/min at 4 �C.
Considering that the compounds may not appear at the early stage,
for urine and feces samples, two time-points, 48 and 72 h, were
added in the experiment. All the samples were stored at �80 �C
ultra-low temperature refrigerator until further analysis.
2.4. Quantification of MCRR-GSH and its metabolites

Tissue samples, such as liver, kidney and intestine, and feces,
were freeze-dried by Alpha 2e4 Freezer Dryer (Martin Christ,
Osterode, Germany). Extraction and analysis of lyophilized samples
(n ¼ 3 per time point) were performed using an improved method.
Briefly, 0.2 g of the lyophilized powder was extracted three times
with 5mL of the extraction solvent (water containing 0.01M EDTA-
Na2, 5% acetic acid and 3 M NaCl) by sonicating 3 min at 0 �C (30%
amplitude, 60 W, 20 kHz, Branson Digital Sonifier, Danbury, CT,
USA), and then centrifuged at12,000 r/min (Sigma, 3e18 K, USA) for
10 min at 4 �C. Subsequently, the supernatant was applied to an
Oasis MCX cartridge (3 cm3/60 mg, Waters, MA, USA), which was
washed with 30 mL 2% aqueous formic acid and 6 mL 90% MeOH in
sequence and then eluted with 15 mL of 15% aqueous ammonia in
methanol. The eluent was evaporated to dryness and the residue
was redissolved in 100 mL of the mobile phase. For the analyses of
liquid samples, such as plasma and urine, were prepared following
the method of Li et al. (2014b). However, resources (e.g. urine at
0.5 h post-injection) did not allow analysis of individual replicate
rat. Therefore, we pooled, respectively, and obtained the triplicate
composite samples.

Qualitative and quantitative analysis of MCRR-GSH, MCRR-Cys
and MCRR in samples of rat were performed by a Surveyor HPLC
system (Thermo Electron Corporation, San Jose, CA, USA)
comprising pump, autosampler and photoelectric diode array de-
tector (PDA) combined with a LCQ Advantage MAX ion trap mass
spectrometer (Thermo Electron Corporation, San Jose, CA, USA)
equipped with electrospray ionization (ESI) interface. The param-
eters of this Finnigan LCeMS system were set up according to the
method detailed described in Wu et al. (2010). Quantification of
MCRR-GSH, MCRR-Cys and MCRR was performed using the
selected reaction monitoring (SRM) mode. For quantification pur-
poses, the [Mþ2H]2þ atm/z 673.6 and 580.6 were used as precursor
ion of MCRR-GSH and MCRR-Cys with the product ions at m/z
608.9, 536.9 and at m/z 513.3, 519.9, respectively, while for MCRR
the precursor ion was m/z 520.1 with the product ions atm/z 453.1,
886.7. The limit of detection of MCRR-GSH, MCRR-Cys and MCRR
was 0.005 mg g�1 Dry Weight (DW).

2.5. Recovery experiment

Recovery experiments were carried out in quadruplicate spiking
0.2 g the lyophilized rat liver powder with MCRR-GSH, MCRR-Cys
and MCRR solution at 1.0 mg mL �1. The recovery was calculated by
comparing the peak area, obtained from blank samples spiked
before extraction, with that of quality control (QC) samples.

2.6. Histopathology

Livers and kidneys were collected at 1, 6 and 24 h post-injection
to investigate the histopathological changes of the MCRR-GSH-
exposed rats. Portions of the samples were fixed in 10% formalin,
cut into 4 mm paraffin sections, embedded in paraffin, and stained
with hematoxylin and eosin (H&E) for histopathological examina-
tion under an optical microscope.

2.7. Statistical analysis

The results were expressed as mean ± S.D. (standard deviation).
Datasets did not allow for verification of normal distribution (ac-
cording to the ShapiroeWilk test), so non-parametric statistical
analysis of SPSS for Windows (Ver. 13.0, Chicago, IL, USA) was used
for the analysis of variance. The differences were considered to be
significant at p < 0.05.

3. Results

3.1. LCeMS/MS analysis of MCRR-GSH, MCRR-Cys and MCRR

In this study, as expected, the MCRR-GSH conjugates were
converted not only to the major metabolite MCRR-Cys but also to
free MCRR in rat, which was consistent with the results of our
previous study in bighead carp (Li et al., 2014a). Chemical charac-
terization of (þ) ESI LC/MS2 analysis of MCRR-GSH, MCRR-Cys and
MCRR, in the urine of rat at 2 h post-injection as an example, is
shown in Fig. 1. Based on SRM chromatogrammonitored [Mþ2H]2þ

ion at m/z 673.70, and the product ions at m/z 537.04 and 608.68,
the peak obtained at 9.64 min was derived from MCRR-GSH. And
the relative retention times of MCRR-Cys and MCRR were 9.83 and
10.51 min, respectively. The precursor [Mþ2H]2þ ions present atm/
z 580.00 was the MCRR-Cys conjugate with the product ions at m/z
513.04 and 519.80 while the product ions of MCRR were at m/z
453.05 and 886.74 derived from the precursor [Mþ2H]2þ ion atm/z
520.00.

3.2. Excretion of MCRR-GSH in urine and feces

During the study period, MCRR-GSH, MCRR-Cys andMCRRwere
all consistently detected in rat excrement (Fig. 2). In urine, the
content of MCRR-GSH andMCRR both reached the peak at 2 h post-
injection,1.274 ± 0.012 and 1.802 ± 0.065 mgmL�1, respectively, and
exhibited almost the same trend during the 72 h experiment.
However, the MCRR-Cys levels rapidly reached as high as
36.709 ± 3.446 mg mL�1 at 2 h post-injection, and then sharply
decreased from 2 h to 72 h post-injection. At 2 h, the ratio of MCRR-
Cys to MCRR-GSH was as high as 28.8 while the ratio of MCRR-Cys
to MCRR was 20.4. In urine, the MCRR-Cys contents were observed
significantly higher than the levels of MCRR-GSH or MCRR



Fig. 1. ESI LC/MS/MS analysis of urine from SD rat at 2 h post-injection after MCRR-
GSH treatment. Shown are (A) total ion and SRM chromatograms for MCRR-GSH,
MCRR-Cys and MC-RR, and (B) (þ)-ESIeMS/MS spectra for MCRR-GSH, MCRR-Cys
and MC-RR.

Fig. 2. The concentration of MCRR-GSH, MCRR-Cys and MCRR in the excrement in rat
exposed with MCRR-GSH. A: total concentration of urine and feces, B: the
concentration-time course in urine, C: the concentration-time course in feces.
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(p < 0.01), which indicated that the MCRR-Cys conjugate was the
main form in urine excretion. In feces, MCRR was the most abun-
dant, with the maximum value of 0.234 ± 0.089 mg g�1 DW. In
contrast, more stable levels of MCRR-GSH and MCRR-Cys were
observed, ranging from 0.006 ± 0.004 to 0.018 ± 0.005 mg g�1 DW
and 0.013 ± 0.005 to 0.071 ± 0.009 mg g�1 DW.

The total concentration of urine and feces in rat refers to the
combined concentrations of MCRR-GSH, MCRR-Cys and MCRR, and
the concentration-time profile is shown in Fig. 2A. Dramatic change
of total concentration in urinewas observed before 6 h and then the
total concentration maintained quite stable until 72 h post-
injection. However, in feces, the total concentrations stayed rela-
tively stable during the whole 72 h experiment. Total content in
urine was significantly higher than that in feces (p < 0.01), and at
2 h post-injection, the ratio of urine total concentration to feces
total concentration reached as high as 129.3. These data demon-
strate that urine was the main excretion route compared with feces
after exposure to rat.

3.3. Metabolism of MCRR-GSH in tissues

At 0.25 h post-injection, the MCRR-GSH content in blood
reached as high as 0.845 ± 0.170 mg g�1 DW indicating the rapid
osmosis of MCRR-GSH from peritoneal cavity into blood after
MCRR-GSH treatment (Fig. 3). It increased to the maximum at 0.5 h
post-injection, 1.327 ± 0.287 mg g�1 DW, and then gradually
decreased. Similar trends were observed in kidney and intestine.
However, MCRR-GSH in liver accumulated the highest level at
0.25 h, and more stable concentration levels were found between
0.5 and 24 h ranging from 0.006 ± 0.001 to 0.014 ± 0.004 mg g�1

DW.
MCRR-Cys, the downstream product of MCRR-GSH, was abun-

dantly accumulated in rat tissues (Fig. 3). However, MCRR-Cys was
mainly distributed in kidney ranging from 3.205 ± 0.985 to
16.443 ± 0.147 mg g�1 DW, and the average value was
8.635 ± 4.661 mg g�1 DW which was almost 104.3-fold higher than
that of MCRR-GSH. The MCRR-Cys concentrations in the plasma,
intestine and liver were all almost in the same trend, which peaked
at 0.5 h post-injection and generally declined until 24 h post-
injection.

As found in bighead carp, MCRR was dissociated from the



Fig. 3. The contents of MCRR-GSH, MCRR-Cys and MCRR in liver, kidney, intestine and plasma of rat treated with 0.55 mmol/kg dose of MCRR-GSH.
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MCRR-GSH conjugate in vivo in rat, andwas detected in all analyzed
tissues after MCRR-GSH treatment (Fig. 3). In the liver, the MCRR
content was very low near the LOD throughout the experiment
period. Much more MCRR was observed in the kidney than in the
intestine or plasma, with a maximum concentration of
0.348 ± 0.016 mg g�1 DW. In the intestine, MCRR levels remained
stable during the experiment, ranging from 0.013 ± 0.004 to
0.179 ± 0.009 mg g�1 DW. In the plasma, the levels of MCRR ranged
from 0.007 ± 0.003 to 0.286 ± 0.017 mg g�1 DW.
3.4. Relationship between rat and bighead carp

Total liver concentrations refer to the combined concentration
Fig. 4. Total concentrations in liver (A), kidney (B), intestine (C) and plasma (D) of rat
and bighead carp after MCRR-GSH treatment. Total concentrations refer to the com-
bined concentration of MCRR-GSH, MCRR-Cys and MCRR detected at each time point,
and the data of bighead carp was cited from a previous study (Li et al., 2014a).
of MCRR-GSH, MCRR-Cys and MCRR detected at each time point in
the liver of rat. Similarly, it is calculated for total kidney/intestine/
plasma concentrations. Fig. 4 shows the total concentrations found
in liver, kidney, intestine and plasma between rat and bighead carp.
The data of bighead carpwas cited fromour previous study (Li et al.,
2014a). Total plasma concentrations in rat after MCRR-GSH treated
were observed significantly lower than those in bighead carp
(p < 0.01), especially for the contents of MCRR-GSH and MCRR.
However, total kidney concentrations and total intestine concen-
trations were both higher in rat than those in bighead carp whereas
no significant differences were found in liver between rat and
bighead carp. These data suggest that the short detention in blood
of rat might result in an extended availability of MCRR-GSH for
uptake to organs such as kidney, intestine and so on.

3.5. Recoveries

The recovery of an analyte is determined from the ratio of peak
areas, obtained from the spiked biological matrices, with that of the
QC sample. The mean recoveries of MCRR-GSH, MCRR-Cys and
MCRR ranged from 68.7 to 83.1%, 71.8e86.9% and 79.3e90.7%,
respectively. The relative standards deviations (RSDs) of MCRR-
GSH, MCRR-Cys and MCRR were 6.3%, 4.9% and 3.5%, respectively.

3.6. Histopathology

Fig. 5 showed the histopathologic observation in tissues (liver
and kidney) of rat at 24 h post-injection after MCRR-GSH treated. In
liver, no apparent histological changes, such as vacuolation,
condensation of the hepatocytes or apoptotic nuclei, was observed
during the experiment. Similar results were found in the kidney.
Control rats presented with the normal histology.

4. Discussion

After an i. p. injection of 0.55 mmol/kg of MCRR-GSH, the rat
displays normal behavior, and histologically, liver and kidney were



Fig. 5. Light microscopy (400 � ) of representative sections of liver and kidney of rat at
24 h post-injection with 0.55 mmol/kg of MCRR-GSH. Liver (A) and kidney (C) from
control group; liver (B) and kidney (D) from the MCRR-GSH-treated group.
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indistinguishable between control and treated groups (Fig. 5). This
was comparable to the results of previous studies of the higher LD50
of MC-LR in mammal. When the SD rat was exposed with
50 mg kg�1 of MCLR, Bulera et al. (2001) reported that hepatic
changes were not found, and no obvious changes were shown in
serum alanine aminotransferase activity, aspartate aminotrans-
ferase activity and total bilirubin levels at 3 and 6 h post-injection.
Furthermore, exposed to as high as 0.7 LD50 of MCLR in mice, the
plasma levels of lactate dehydrogenase, sorbitol dehydrogenase
and aspartate aminotransferase just showed a transient increase at
6 h, while the liver pathology and levels of urea nitrogen and
alanine aminotransferase were unaffected (Robinson et al., 1991).
These results indicate that this dose of MCRR-GSH in rat had
minimal toxic effects which could not influence the pharmaco-
kinetics of the compound, and the detoxification system can
proceed.

In the present study, direct MC-GSH exposure ensured that the
detected MC-Cys in vivo was derived from MC-GSH. In kidney, the
content of MCRR-Cys was very high and the average MCRR-Cys/
MCRR-GSH ratio reached as high as 105.3. This result demon-
strates that MCRR-GSH, as intermediate metabolite, can be rapidly
converted to the downstream Cysteine conjugate. Similar results
were reported that the S-substituted glutathione derivatives had a
half-life of 3.5 s examined by microperfusion study in rat kidney
(Anders, 1980). This rapid conversion rate occurred in the kidney
but not in liver. The organ distribution of MC is partly governed by
the presence/absence, type and expression level of organic anion
transporters. And it is found that the organic anion transporters are
also highly expressed in kidney, gastrointestinal tract and others
not only in liver. Consequently, these carriers help in the trans-
portation of MCRR-GSH into kidney (Dietrich and Hoeger, 2005;
Fischer et al., 2005; Hagenbuch and Meier, 2003; Lohr et al.,
1998; Meier et al., 1997; Meier and Stieger, 2002). Secondly, in
general, the rate at which a compound is delivered to the metab-
olizing organ may be a significant factor in the metabolism of that
compound. The kidney receives a relatively large portion of cardiac
output (e.g. human adult kidney, approximately 25% of cardiac
output) while the liver receives only about 5% cardiac output via the
hepatic artery, which may play a significant role in determining the
contribution of the amount of MCRR-GSH to the kidney (Eipel et al.,
2010; Greenway and Lautt, 2011; Lautt and Greenway, 1987;
Munshi et al., 2011). Finally, the arriving MCRR-GSH conjugate
was rapidly and effectively converted to MCRR-Cys by gamma-
glutamyltranspeptidase (GGT) and cysteinylglycine dipeptidase
which were found the highest activity in the kidney of mammals
(Elfarra and Anders, 1984; Hughey et al., 1978; Kera et al., 1999).
Reasonably, the above results indicate that the renal metabolism
plays a major role in the metabolic process of MCRR-GSH to MCRR-
Cys in mammals. This finding stresses the importance of the kidney
in the involvement of the biotransformation of xenobiotics, which
is relatively poorly understood, as our present understanding of
metabolic processes is based largely on studies carried out in the
liver.

Aside from the above function of biotransformation, kidney was
traditionally considered to be an excretionary organ. Generally, the
formation of the glutathione conjugates serves to detoxify reactive
electrophilic compounds, as the resulting conjugates are consid-
ered highly polar and are eliminated in the bile or, after conversion
to mercapturic acids, in the urine (Anders, 1980). In the present
study, MCRR-GSH, MCRR-Cys and MCRR were all detected in the
urine and feces. This result show that MCRR-GSH can be eliminated
out of the body not only in the form of parent compound but also
product compounds through urine and feces. However, the total
contents in urine were significantly higher than those in feces and
the ratio of the content in urine to feces was as high as 129.3, which
demonstrate that MCRR-GSH were excreted mainly via urine after
exposure. Then in urine, we found that the MCRR-Cys concentra-
tion was 27.8-fold, 19.4-fold higher than MCRR-GSH and MCRR,
respectively. Similarly, Robinson et al. (1991) also reported that
MCLR and some detoxification products were analyzed in urine and
feces of mice exposed with 35 mg kg�1 of [3H] MCLR. Thus, the
present study, for the first time, quantitatively analyzed the
excretion pattern of MCRR-GSH in urine and feces of mammals, and
we proposed that MCRR-GSH, exposure with mammals, were
excreted mainly through urine in the form of the Cys conjugates of
MC.

In the MCRR-GSH treated rat, the presence of MCRR suggests
that MCRR can be dissociated from the MCRR-GSH conjugate. This
reversible process of MC conjugationwith the thiol of GSH/Cys was
found for the first time in mammals. Consistent results were also
reported in bighead carp exposed with MCRR-GSH or MCRR-Cys (Li
et al., 2014a). Therefore, it is clear that the reversible behavior is the
inherent characteristic of the MC-GSH conjugate, which is unre-
lated to species, because of the a,b-unsaturated carbonyl of Mdha
moiety inMC (Kondo et al., 1992). It is known that the occurrence of
Michael and “retro-Michael” reactions often happened for the
classic substrate, a,b-unsaturated aldehydes or ketones (Monks
et al., 1990). In addition, compounds, such as isocyanates and iso-
thiocyanates, also have been shown to undergo a reversible GSH
conjugation reaction, which were detailed discussed in our previ-
ous study of Li et al. (2014a) (Baillie and Kassahun, 1994; van
Bladeren, 2000).

In the present study, MCRR-GSH, MCRR-Cys and MCRR were
distributed in liver and intestine, but the MCRR concentrations
were obviously lower than MCRR-GSH and MCRR-Cys. This was
consistent with the result observed in the bile of bighead carp (Li
et al., 2014b). Bile acid salts were considered as important organic
anion transporters in the elimination and recirculation of excess
microcystin from the liver of fish and mammals (Fischer et al.,
2005; Hagenbuch and Meier, 2003; Lohr et al., 1998; Meieret al.
1997; Meier and Stieger, 2002). However, in feces, the concentra-
tions of MCRR were significantly higher than MCRR-GSH and
MCRR-Cys. As we all know, compounds distributing in intestines
might not for excretion, but compounds in feces must be trans-
ported from intestines after i. p. injection. Thus, the obvious



W. Li et al. / Chemosphere 191 (2018) 357e364 363
difference in organ distribution (liver, intestine, bile and feces)
suggests that the parent MCRRwas transported across the intestine
faster than its products. This strongly suggests that minimal
structural changes between MC and MC-GSH/Cys have major im-
plications for organ distribution and excretion kinetics, which are
most due to the affinity of the respective MC for the organic anion
transporters. Indeed, using immunostaining, Ito et al. (2002) found
that MCLR-Cys did not prominently appear in a short time during
2 h in the large intestine of mice, and the detection order was
MCRR > MCLR-GSH > MCLR-Cys. Furthermore, when using
different epimers of 3H-dihydro-MCLR, one of the epimers was
taken up and distributed across different organs several times
faster than the other epimers (Meriluoto et al., 1990). In view of
these studies, the feces may play an important role in the elimi-
nation of the parent MC inmammals, although it is a minor route of
excretion compared with the urine.

Mammals have higher blood pressure than fish (Xie, 2005). For
instance, the systolic and diastolic pressures of rat are 129,
91 mmHg, respectively, while in rainbow trout (Oncorhynchus
mykiss) the respective pressure of dorsal aorta and ventral aorta
are 17e16, 30-24 mmHg. Reasonably, the blood irrigated rate of
mammals is much higher than fish, especially highly blood irri-
gated organs like kidney, liver etc. When exposed with the less
toxic and no targeted MCRR-GSH, the blood clearance of the
toxins in rat was more rapid than that in bighead carp, which may
be primarily due to the high blood pressure and circulatory rate of
mammals. This short detention in blood, to some extent, resulted
in an extended availability of MCRR-GSH for uptake to organs
such as kidneys (Stotts et al., 1997), which was consistent with the
results that total contents in kidney and intestine of rat were
obviously higher compared with bighead carp. Similarly, for MC
exposure, the amounts of MC in blood and liver from the victims
of Caruaru were quite lower than that of fish collected from field
or sub-chronic experiments, and the ratios were approximately
0.01, 0.13, respectively (Azevedo et al., 2002; Chen et al., 2009;
Hilborn et al., 2007; Xie et al., 2005). The toxins were rapidly
absorbed and accumulated in blood irrigated organs because of
high blood pressure in mammals, and then pathological changes
were observed in these organs. Additionally, microcystin caused
vascular damage (Hooser et al., 1989), which might be an
important cause of death. Mammals could probably tolerate less
damage to blood vassels before succumbing to the toxin. Conse-
quently, the high blood pressure of mammals perhaps is an
important cause being responsible for the less tolerance to MCs
relative to fish.
5. Conclusion

(1) The excretion pattern of MC was, for the first time, quanti-
tatively studied in rat using liquid chromatography electro-
spray ionization mass spectrometry (LC-ESI-MS).

(2) The quantification of MCRR-GSH, MCRR-Cys andMCRR in the
excrement demonstrates that MCRR-GSH is excreted mainly
through urine in the form of the MCRR-Cys conjugate.

(3) The reactive intermediate MCRR-GSH not only was rapidly
converted to MCRR-Cys but also could reversibly dissociated
the free MCRR.

(4) The GSH detoxification process was suggested to provide
information on the mechanism why the mammals are more
sensitivity to MCs.

Table 1 Toxicity of microcystins and their glutathione and cys-
tein conjugates in fish and mammals.
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