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Microcystis aeruginosa is a cyanobacterium that produces a variety of cyclic

heptapeptide toxins in freshwater. The protective effects of the macromolecular container

cucurbit[7]uril (CB7) were evaluated using mouse models of cyanotoxin-induced liver

damage. Biochemical analysis of liver function was performed to gauge the extent of

liver damage after exposure to cyanobacterial crude extract [CCE; LD50 = 35 mg/kg

body weight; intraperitoneal (i.p.)] in the absence or presence of CB7 (35 mg/kg body

weight, i.p.). CCE injection resulted in liver enlargement, potentiated the activities of

alanine aminotransferase (ALT) and glutathione S-transferase (GST), increased lipid

peroxidation (LPO), and reduced protein phosphatase 1 (PP1) activity. CCE-induced liver

enlargement, ALT and GST activities, and LPO were significantly reduced when CB7 was

coadministered. Moreover, the CCE-induced decline of PP1 activity was also ameliorated

in the presence of CB7. Treatment with CB7 alone did not affect liver function, which

exhibited a dose tolerance of 100 mg/kg body wt. Overall, our results illustrated that the

addition of CB7 significantly reduced CCE-induced hepatotoxicity (P < 0.05).

Keywords: cyanobacterial crude extract, chemoprotectant, cucurbituril, Microcystis aeruginosa, liver damage

INTRODUCTION

The use of synthetic macromolecules for biological and medicinal applications has always been
a popular approach (Yin et al., 2021). Accordingly, several studies have demonstrated the non-
toxic and biocompatible nature of synthetic cucurbiturils (CBs) (Uzunova et al., 2010; Zhang
et al., 2018). CBs are molecular containers comprising two hydrophilic carbonyl-lined portals
with a central hydrophobic cavity. They have been synthesized in different sizes (Figure 1 for
cucurbit[7]uril [CB7]) (Lee et al., 2003). Because of these properties, the bioactivity of the CB7
host–guest complexes (Cheng et al., 2018) and their clinical applications in vitro and in vivo have
been confirmed by several studies. For example, a previous study revealed that CB significantly
decreased the hepatotoxicity caused by nitidine chloride (Li W. et al., 2017) as well as trazodone
and its metabolite m-chlorophenylpiperazine (Huang et al., 2018a). Further, the antidotal activity
of CB7 against paraquat, a toxic pesticide, was observed both in vitro and in vivo (Zhang et al.,
2019a,b). Another study reported that a high affinity between CB7 and sorafenib, an anticancer
drug (Yang et al., 2017), and bedaquiline (Kuok et al., 2018) and clofazimine (Li et al., 2016),
antituberculosis drugs, enabled the host to decrease the cardiotoxicity of these drugs without
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affecting their activity in vitro and in vivo in zebrafish models
(Yang et al., 2017). In the same year, it was reported that
CB reduced the neurotoxicity of pentylenetetrazol in zebrafish
and mouse models (Huang et al., 2018b). Additionally, acyclic
CB derivatives were shown to have antidotal activity against
methamphetamine in rats (Ganapati et al., 2017).

Although several macrocyclic hosts have been used to reverse
the effects of poisonous substances (Yin et al., 2021), CB7 as an
antidote to the toxicity of cyanobacterial crude extract (CCE)
has been validated in in vivo studies. Cyanobacteria produce a
wide range of cyclic peptide hepatotoxins, such as microcystins
and nodularin. These secondary metabolites of cyanobacteria
can be detected both in freshwater and marine environments.
Figure 1 presents the chemical structure of microcystin-LR (MC-
LR), a predominant toxin in CCE, as an example (Dittmann
and Wiegand, 2006). Cyanobacteria are responsible for wildlife
fatalities and adverse health effects in humans in countries
where drinking water supplies are contaminated with these
microorganisms (Al-Jassabi, 2005). Alarmingly, some of these
cyanobacterial toxins are powerful promoters of liver tumor
and potent inhibitors of protein phosphatase 1 (PP1) and PP2A
catalytic subunits (PP1c/PP2Ac) that are critical for cytoskeletal
integrity (Goldberg et al., 1995). During cyanobacterial bloom
lysis in aquatic ecosystems, a mixture of toxins and other

FIGURE 1 | The chemical structures for cucurbit[7]uril (CB7) and microcystin-LR (MC-LR). MC-LR is a cyclic heptapeptide toxin comprising (1) methylaspartic acid; (2)

L-arginine; (3) 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid; (4) D-glutamic acid; (5) N-methyldehydro-alanine; (6) D-alanine; and (7) L-leucine.

cyanobacterial and bacterial components are released in the
water, which affects various aquatic organisms.

In this study, we analyzed the effects of CCE on liver function
in mice with and without CB7 co-administration. Previous
studies reported that the maximum tolerated dosage of CB7 is
250 mg/kg in mice, which is at least three-fold less than its
LD50 (Uzunova et al., 2010). The LD50 of CCE in this study
was 35 mg/kg body weight intraperitoneally (i.p.). International
guidelines permit the analysis of doses at least 20-fold less than
the LD50 of CB7 to evaluate its protective activity, which justifies
the use of CB7 as an antidote agent at a dose of 35 mg/kg
body weight.

MATERIALS AND METHODS

Chemicals
All chemicals were purchased from Sigma-Aldrich. To calculate
the CB7 concentrations, the water content in the bottle was
assumed to be 20%, as stated by the supplier.

Microcystis Cells
Different sites of the King Talal reservoir, Jordan, were targeted
as sources of Microcystis aeruginosa during summer (May to
October). We followed previously reported methods for isolating
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the cells and culturing them inmedium (Dittmann andWiegand,
2006). During cultivation, freeze-dried cells were used to extract
cyanobacterial toxins using the method introduced byMazur and
Plinski (2003). To determine the LD50 of the extracted toxin, we
followed the method reported by (Fawell et al., 1999).

Animal Treatment and Blood Sample
Collection
We used 5–7-week-old male BALB/c mice (average weight, 30 g).
Mice were obtained from the animal house unit of the Yarmouk
University and were housed in stainless metal cages, with ad
libitum access to food and tap water for the duration of the study.
The animals were maintained on a 12/12-h light–dark cycle at a
temperature of 23–26◦C. The Animal Care and Use Committee
at Yarmouk University approved the study procedure.

The mice were divided into four groups of 10 animals each.
Group 1 (control) received only a single 0.5-mL i.p. dose of
physiologic saline (neutral pH); group 2 received CB7 injection

FIGURE 2 | Effects of cucurbit[7]uril (CB7) on cyanobacterial crude extract

(CCE)-induced liver damage. Mice were divided into groups 1–4 and the livers

from mice in each group were weighed. Data are presented as mean ± SEM.

Bars with similar letters represent statistically significant differences. Ten mice

per group (n = 10).

(35 mg/kg); group 3 received free toxin CCE (35 mg/kg), and
group 4 received both the toxin and CB7 (35 mg/kg each). Mice
were sacrificed after 24 h. A second set of experiments (groups
5–8) was performed in which the mice received i.p. injections of
CB7 aqueous solutions (2–100 mg/kg) at physiological pH (10
mice for each concentration).

To assess the activities of alanine aminotransferase (ALT) and
glutathione S-transferase (GST), blood was collected from the
animals and the serum was stored at −70◦C. The excess blood
was then removed by perfusing the liver with Hanks’ balanced
salt solution. The IKA Ultra-Turax homogenizer was used to
homogenize liver tissues in phosphate-buffered saline (pH 7.2).
The supernatant in the centrifuged homogenate was stored at
−70◦C to measure PP1 activity and lipid peroxidation (LPO).

ALT Assay
To measure ALT activity in the serum samples, we followed the
method outlined previously by Gehringer et al. (2003).

GST Assay
GST (EC 2.5.1.18) activity was measured in the liver homogenate
using 1-chloro-2,4-dinitrobenzene as a substrate according to the
method outlined by Habig et al. (1974).

LPO Assay
The thiobarbituric acid (TBA) method recommended by
Hosseinzadeh et al. (2007) was used to assess LPO.

PP1 Activity Assay
To determine the activity of PP1, the kinetics of the generation
of a yellow product from the dephosphorylation of para-
nitrophenyl phosphate was estimated using a spectrophotometer,
as described by Yuan et al. (2006).

Statistical Analysis
All results were expressed as mean ± standard error of the
mean (SEM) for 10 mice per group. One-way analysis of
variance followed by Tukey’s post-hoc test was used to determine
the significance of differences between the groups. Statistical
significance was indicated by a P of ≤0.05. All statistical analyses
were performed using SigmaStat statistical software (version 3.5).

RESULTS

Twenty-four hours after the i.p. injection, a significant increase
in the liver mass was observed in group 3 (Figure 2 and

TABLE 1 | Effects of microcystin-LR on the liver function of BALB/c mice in the presence and absence of cucurbit[7]uril (CB7); 10 mice per group (n = 10).

Groups Liver weight (g) ALT (U/L) GST (U/L) LPO (µM) PP1 (U/mg)

Group 1 (Normal) 1.44 ± 0.02 550 ± 5 2.57 ± 0.07 0.067 ± 0.01 0.880 ± 0.01

Group 2 (CB7) 1.43 ± 0.02 620 ± 5 2.59 ± 0.06 0.072 ± 0.01 0.566 ± 0.01

Group 3 (Toxin) 2.77 ± 0.09 1950 ± 51 12.22 ± 0.33 2.152 ± 0.04 0.165 ± 0.002

Group 4 (Toxin + CB7) 1.88 ± 0.05 1485 ± 39 10.34 ± 0.34 1.877 ± 0.04 0.311 ± 0.007

ALT, alanine aminotransferase; GST, glutathione S-transferase; LPO, lipid peroxidation; PP1, protein phosphatase-1.
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TABLE 2 | Effects of various concentrations of cucurbit[7]uril (CB7) on liver function in BALB/c mice; 10 mice per group (n = 10).

Groups Liver weight (g) ALT (U/L) GST (U/L) LPO (µM) PP1 (U/mg)

Group 5 (2 mg/kg) 1.41 ± 0.02 575 ± 5 2.55 ± 0.06 0.071 ± 0.01 0.583 ± 0.01

Group 6 (10 mg/kg) 1.47 ± 0.03 545 ± 5 2.55 ± 0.06 0.069 ± 0.01 0.660 ± 0.01

Group 7 (40 mg/kg) 1.42 ± 0.02 562 ± 6 2.59 ± 0.07 0.078 ± 0.01 0.638 ± 0.02

Group 8 (100 mg/kg) 1.44 ± 0.03 628 ± 7 2.57 ± 0.06 0.097 ± 0.02 0.648 ± 0.02

ALT, alanine aminotransferase; GST, glutathione S-transferase; LPO, lipid peroxidation; PP1, protein phosphatase-1.

Table 1) compared with group 1 (1.44 vs. 2.77 g; P < 0.05). This
increase was attributable to massive intrahepatic hemorrhage
and the pooling of blood in the liver (data not shown). CB7
alone (Table 2) did not significantly affect the liver mass (P >

0.05). However, co-administration of CB7 and CCE significantly
nullified the increase in liver mass that was seen in group 3 (1.88
vs. 2.77 g; P < 0.05), which implies a protective effect of CB7 on
CCE-induced liver enlargement.

The effects of CCE on various biochemical markers of hepatic
function were also determined in the presence and absence
of CB7 (Figure 3A and Table 1). Group 2 did not exhibit a
significant increase in ALT activity; however, group 3 exhibited a
robust increase in ALT activity compared with that in the control
group 1 (1950 vs. 550 U/L; P< 0.05; Figure 3A andTable 1). This
activity was significantly diminished by co-treatment with CB7
(1485 U/L; P < 0.05) (Figure 3A and Table 1). Similarly, GST
activity in the livers was significantly lower in group 4 than in
group 3 (10.34 vs. 12.22 U/L; p < 0.05) (Figure 3B and Table 1).
CB7 alone did not significantly affect GST activity (Figure 3B and
Table 2).

We then assessed LPO by measuring the number of TBA-
reactive substances. Compared with the control group 1, a
marked increase in LPO was observed in group 3 (0.067 vs.
2.152µM; P < 0.001; Figure 4). However, group 4 showed
reduced LPO compared with group 3 (1.877 vs. 2.152µM; P <

0.05). Furthermore, LPO was not significantly affected in group 2
compared with the control (0.072µM; P > 0.05).

Figure 5 and Table 1 present the spectrophotometric
determination of PP1 activity for the four groups. The injection
of CCE alone (group 3) significantly diminished PP1 activity.
This decrease was partially but significantly reversed in group 4.
Surprisingly, CB7 alone (group 2) also decreased PP1 activity,
though not as markedly as CCE.

The safety and toxicity of CB7 in mice were further tested
and validated. The results revealed the absence of any significant
changes in various biochemical markers of hepatic function
(Table 2).

DISCUSSION

The present study illustrated that CB7 can serve as a
chemoprotectant and can effectively diminish CCE-induced liver
damage in mice. This is the first report that demonstrated
the protective role of CB7 against CCE-induced liver damage.
Our results show that CCE induced liver enlargement resulting

FIGURE 3 | (A) The activity of alanine aminotransferase (ALT) and (B)

glutathione S-transferase (GST) in the livers of mice in each group. Data are

presented as mean ± SEM. Bars with similar letters represent statistically

significant differences. Ten mice per group (n = 10).

from massive intrahepatic hemorrhage, which is consistent with
previous findings that MC-LR inhibits PP1, a serine/threonine
phosphatase (Honkanen et al., 1990). Inhibition of PP1
is known to increase cytoskeletal protein phosphorylation
(Ohta et al., 1992), thereby disrupting the liver cytoskeleton
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FIGURE 4 | Levels of thiobarbituric acid (TBA), which is indicative of lipid

peroxidation, calculated from the livers of mice in each group. Data are

presented as mean ± SEM. Bars with similar letters represent statistically

significant differences. Ten mice per group (n = 10).

FIGURE 5 | Protein phosphatase-1 (PP1) activity in the livers of mice in each

group. Data are presented as mean ± SEM. Bars with similar letters represent

statistically significant differences. Ten mice per group (n = 10).

(Hooser et al., 1989, 1991). Our observation that CB7 alone
reduced PP1 activity without affecting liver size suggests that
the hyperphosphorylation of cytoskeletal proteins was not
sufficiently robust to significantly disrupt the integrity of hepatic
cells. However, the detailed mechanism of such interactions
remains to be investigated, especially considering that the crude
extract contains several other components. In fact, the low water
solubility of the crude sample precludes a nuclear magnetic
resonance measurement that is necessary to determine the site
or mode of interactions. It is also notable that CB7 is not

entirely soluble in organic solvents (Uzunova et al., 2010).
Therefore, regardless of the chemical tool used, the binding
patterns can only be studied by monitoring the interaction
of CB7 containers with standard MC-LR (Harada et al.,
1990).

ALT is a routinely used clinical indicator of hepatocellular
injury. The present study illustrated that CB7 protects mice
against CCE-induced liver damage by reducing ALT activity
upon the coadministration of CB7 and CCE. Similar results were
observed for GST, a phase II detoxification enzyme, which was
also revealed to detoxifyMC-LR (Pflugmacher et al., 1998). Taken
together, these observations clearly indicate the protective role of
CB7 against CCE-induced liver damage.

The pharmacokinetic profile of CB7 has already been studied
both in Balb/c mice and in Sprague Dawley rats after i.p. or i.v.
administration, respectively. The i.p. plasma clearance inmice fits
a 2-compartment model with exponential decay profile, where
clearances of t1/2α = 17.0min and t1/2β = 270.7min are noted.
Likewise, in Sprague Dawley rats, i.v. administration appeared to
follow a multiphasic clearance model. Bio-distribution of CB7 in
mice following i.p. administration show detection in the spleen,
liver and brain 10min post-administration, while activity in the
kidneys occurred in two phases, at around 20 and 180min. Due
to this significantly higher activity in the kidneys (compared to
that in liver), it was suggested that CB7 is excreted from the
kidneys unchanged. It is worth mentioning that low levels of CB7
accumulate in the spleen and liver compared with the plasma
and kidneys, while the brain accumulates the least activity, likely
indicating that CB7 in unlikely to be able to cross the blood brain
barrier (Li F. et al., 2017).

Conclusion
Based on the biochemical examination of the extracted livers
of mice following CCE treatment with or without CB7, CB7
reduced the toxicity of CCE in vivo. The use of chemoprotectants
against M. aeruginosa cyanobacterial toxicity has been the
subject of several studies. However, the novelty of the present
study lies on the use of a synthetic organic receptor instead
of free radical scavengers, Ca2+ channel blockers, or enzyme
inducers (Hermansky et al., 1991; Atencio et al., 2009). We
demonstrated the potential application of CB7 as an adjuvant in
toxicological pharmacology.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal house
unit of Yarmouk University.

Frontiers in Chemistry | www.frontiersin.org 5 April 2021 | Volume 9 | Article 660927

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Saleh et al. CB7 Ameliorates CCE-Induced Liver Damage

AUTHOR CONTRIBUTIONS

NS created the idea and wrote the final draft. NS and SA-J
conducted all experimental work. AE andWN evaluated the final
draft and added more references. All authors contributed to the
article and approved the submitted version.

FUNDING

The financial support from the Deutsche Forschingsgesellschaft
(DFG, NA 686/4-1), Yarmouk University (2008/4),
and UAE University (grant number 12R025) are
gratefully acknowledged.

REFERENCES

Al-Jassabi, S. (2005). Biochemical studies on the role of lycopene in the

protection of mice against microcystin toxicity. Chem. Ecol. 21, 143–148.

doi: 10.1080/02757540500093089

Atencio, L., Moreno, I., Jos, A., Prieto, A. I., Moyano, R., Blanco, A.,

et al. (2009). Effects of dietary selenium on the oxidative stress and

pathological changes in tilapia (Oreochromis niloticus) exposed to a

microcystin-producing cyanobacterial water bloom. Toxicon 53, 269–282.

doi: 10.1016/j.toxicon.2008.11.011

Cheng, Q., Yin, H., Rosas, R., Gigmes, D., Ouari, O., Wang, R., et al. (2018). A

pH-driven ring translocation switch against cancer cells. Chem. Commun. 54,

13825–13828. doi: 10.1039/C8CC08681H

Dittmann, E., and Wiegand, C. (2006). Cyanobacterial toxins–occurrence,

biosynthesis, and impact on human affairs. Mol. Nutr. Food Res. 50, 7–17.

doi: 10.1002/mnfr.200500162

Fawell, J. K., Mitchell, R. E., Everett, D. J., and Hill, R. E. (1999). The toxicity of

cyanobacterial toxins in the mouse: I microcystin-LR. Hum. Exp. Toxicol. 18,

162–167. doi: 10.1177/096032719901800305

Ganapati, S., Grabitz, S. D., Murkli, S., Scheffenbichler, F., Rudolph, M. I., Zavalij,

P. Y., et al. (2017). Molecular containers bind drugs of abuse in vitro and reverse

the hyperlocomotive effect of methamphetamine in rats. ChemBioChem 18,

1583–1588. doi: 10.1002/cbic.201700289

Gehringer, M. M., Downs, K. S., Downing, T. G., Naudé, R. J., and

Shephard, E. G. (2003). An investigation into the effect of selenium

supplementation on microcystin hepatotoxicity. Toxicon 41, 451–458.

doi: 10.1016/S0041-0101(02)00362-8

Goldberg, J., Huang, H. B., Kwon, Y. G., Greengard, P., Nairn, A. C., and Kuriyan,

J. (1995). Three-dimensional structure of the catalytic subunit of protein

serine/threonine phosphatase-1. Nature 376, 745–753. doi: 10.1038/376745a0

Habig, W. H., Pabst, M. J., and Jakoby, W. B. (1974). Glutathione S-transferases.

The first enzymatic step in mercapturic acid formation. J. Biol. Chem. 249,

7130–7139. doi: 10.1016/S0021-9258(19)42083-8

Harada, K., Matsuura, K., Suzuki, M., Watanabe, M. F., Oishi, S., Dahlem,

A. M., et al. (1990). Isolation and characterization of the minor

components associated with microcystins LR and RR in the cyanobacterium

(blue-green algae). Toxicon 28, 55–64. doi: 10.1016/0041-0101(90)

90006-S

Hermansky, S. J., Stohs, S. J., Eldeen, Z. M., Roche, V. F., and Mereish, K.

A. (1991). Evaluation of potential chemoprotectants against microcystin-LR

hepatotoxicity in mice. J. Appl. Toxicol. 11, 65–73. doi: 10.1002/jat.25501

10112

Honkanen, R. E., Zwiller, J., Moore, R. E., Daily, S. L., Khatra, B. S., Dukelow,

M., et al. (1990). Characterization of microcystin- LR, a potent inhibitor of

type 1 and type 2A protein phosphatases. J. Biol. Chem. 265, 19401–19404.

doi: 10.1016/S0021-9258(17)45384-1

Hooser, S. B., Beasley, V. R., Lovell, R. A., Carmichael, W. W., and Haschek,

W. M. (1989). Toxicity of microcystin LR, a cyclic heptapeptide hepatotoxin

from Microcystis aeruginosa to rats and mice. Vet. Pathol. 26, 246–252.

doi: 10.1177/030098588902600309

Hooser, S. B., Beasley, V. R., Waite, L. L., Kuhlenschmidt, M. S., Carmichael,

W. W., and Haschek, W. M. (1991). Actin filament alterations in rat

hepatocytes induced in vivo and in vitro by microcystin-LR, a hepatotoxin

from the blue-green alga, Microcystis aeruginosa. Vet. Pathol. 28, 259–266.

doi: 10.1177/030098589102800401

Hosseinzadeh, H., Parvardeh, S., Asl, M. N., Sadeghnia, H. R., and Ziaee,

T. (2007). Effect of thymoquinone and nigella sativa seeds oil on lipid

peroxidation level during global cerebral ischemia-reperfusion injury in rat

hippocampus. Phytomedicine 14, 621–627. doi: 10.1016/j.phymed.2006.12.

005

Huang, Q., Kuok, K. I., Zhang, X., Yue, L., Lee, S. M. Y., Zhang, J., et al.

(2018b). Inhibition of drug-induced seizure development in both zebrafish

and mouse models by a synthetic nanoreceptor. Nanoscale 10, 10333–10336.

doi: 10.1039/C8NR02041H

Huang, Q., Li, S., Yin, H.,Wang, C., Lee, S.M. Y., andWang, R. (2018a). Alleviating

the hepatotoxicity of trazodone via supramolecular encapsulation. Food Chem.

Toxicol. 112, 421–426. doi: 10.1016/j.fct.2017.12.016

Kuok, K. I., In Ng, P. C., Ji, X., Wang, C., Yew, W. W., Chan, D. P. C., et al.

(2018). Supramolecular strategy for reducing the cardiotoxicity of bedaquiline

without compromising its antimycobacterial efficacy. Food Chem. Toxicol. 119,

425–429. doi: 10.1016/j.fct.2017.12.022

Lee, J. W., Samal, S., Selvapalam, N., Kim, H. J., and Kim, K. (2003). Cucurbituril

homologues and derivatives: new opportunities in supramolecular chemistry.

Acc. Chem. Res. 36, 621–630. doi: 10.1021/ar020254k

Li, F., Gorle, A. K., Ranson, M., Vine, K. L., Kinobe, R., Feterl, M., et al.

(2017). Probing the pharmacokinetics of cucurbit[7, 8, and 10]uril:

and a dinuclear ruthenium antimicrobial complex encapsulated in

cucurbit[10]uril. Org. Biomol. Chem.15, 4172–4179. doi: 10.1039/C7OB00

724H

Li, S., Chan, J. Y.-W., Li, Y., Bardelang, D., Zheng, J., Yew, W. W., et al.

(2016). Complexation of clofazimine by macrocyclic cucurbit[7]uril reduced

its cardiotoxicity without affecting the antimycobacterial efficacy. Org. Biomol.

Chem. 14, 7563–7569. doi: 10.1039/C6OB01060A

Li, W., Yin, H., Bardelang, D., Xiao, J., Zheng, Y., and Wang, R. (2017).

Supramolecular formulation of nitidine chloride can alleviate its hepatotoxicity

and improve its anticancer activity. Food Chem. Toxicol. 109, 923–929.

doi: 10.1016/j.fct.2017.02.022

Mazur, H., and Plinski, M. (2003). Nodularia spumigena blooms and the

occurrence of hepatotoxin in the Gulf of Gdansk. Oceanologia 45,

305–316.

Ohta, T., Nishiwaki, R., Yatsunami, J., Komori, A., Suganuma, M., and

Fujiki, H. (1992). Hyperphosphorylation of cytokeratins 8 and 18 by

microcystin-LR, a new liver tumor promoter, in primary cultured rat

hepatocytes. Carcinogenesis 13, 2443–2447. doi: 10.1093/carcin/13.12.

2443

Pflugmacher, S., Wiegand, C., Oberemm, A., Beattie, K. A., Krause, E., Codd, G. A.,

et al. (1998). Identification of an enzymatically formed glutathione conjugate of

the cyanobacterial hepatotoxin microcystin-LR: the first step in detoxification.

Biochim. Biophys. Acta 1425, 527–533. doi: 10.1016/S0304-4165(98)

00107-X

Uzunova, V. D., Cullinane, C., Brix, K., Nau, W. M., and Day, A. I. (2010).

Toxicity of cucurbit[7]uril and cucurbit[8]uril: an exploratory in vitro

and in vivo study. Org. Biomol. Chem. 8, 2037–2042. doi: 10.1039/b925

555a

Yang, X., Huang, Q., Bardelang, D., Wang, C., Lee, S. M. Y., and Wang,

R. (2017). Supramolecular alleviation of cardiotoxicity of a small-molecule

kinase inhibitor. Org. Biomol. Chem. 15, 8046–8053. doi: 10.1039/C7OB

01505D

Yin, H., Bardelang, D., and Wang, R. (2021). Macrocycles and

related hosts as supramolecular antidotes. Trends Chem. 3, 1–4.

doi: 10.1016/j.trechm.2020.08.008

Yuan, M., Carmichael, W. W., and Hilborn, E. D. (2006). Microcystin analysis in

human sera and liver from human fatalities in Caruaru, Brazil 1996. Toxicon

48, 627–640. doi: 10.1016/j.toxicon.2006.07.031

Frontiers in Chemistry | www.frontiersin.org 6 April 2021 | Volume 9 | Article 660927

https://doi.org/10.1080/02757540500093089
https://doi.org/10.1016/j.toxicon.2008.11.011
https://doi.org/10.1039/C8CC08681H
https://doi.org/10.1002/mnfr.200500162
https://doi.org/10.1177/096032719901800305
https://doi.org/10.1002/cbic.201700289
https://doi.org/10.1016/S0041-0101(02)00362-8
https://doi.org/10.1038/376745a0
https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.1016/0041-0101(90)90006-S
https://doi.org/10.1002/jat.2550110112
https://doi.org/10.1016/S0021-9258(17)45384-1
https://doi.org/10.1177/030098588902600309
https://doi.org/10.1177/030098589102800401
https://doi.org/10.1016/j.phymed.2006.12.005
https://doi.org/10.1039/C8NR02041H
https://doi.org/10.1016/j.fct.2017.12.016
https://doi.org/10.1016/j.fct.2017.12.022
https://doi.org/10.1021/ar020254k
https://doi.org/10.1039/C7OB00724H
https://doi.org/10.1039/C6OB01060A
https://doi.org/10.1016/j.fct.2017.02.022
https://doi.org/10.1093/carcin/13.12.2443
https://doi.org/10.1016/S0304-4165(98)00107-X
https://doi.org/10.1039/b925555a
https://doi.org/10.1039/C7OB01505D
https://doi.org/10.1016/j.trechm.2020.08.008
https://doi.org/10.1016/j.toxicon.2006.07.031
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Saleh et al. CB7 Ameliorates CCE-Induced Liver Damage

Zhang, X., Huang, Q., Zhao, Z. Z., Xu, X., Li, S., Yin, H.,

et al. (2019a). An eco- and user-friendly herbicide. J.

Agric. Food Chem. 67, 7783–7792. doi: 10.1021/acs.jafc.9b0

0764

Zhang, X., Xu, X., Li, S., Li, L., Zhang, J., and Wang, R.

(2019b). A synthetic receptor as a specific antidote for

paraquat poisoning. Theranostics 9, 633–645. doi: 10.7150/thno.

31485

Zhang, X., Xu, X., Li, S., Wang, L. H., Zhang, J., andWang, R. (2018). A systematic

evaluation of the biocompatibility of cucurbit[7]uril in mice. Sci. Rep. 8:8819.

doi: 10.1038/s41598-018-27206-6

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Saleh, Al-Jassabi, Eid and Nau. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 7 April 2021 | Volume 9 | Article 660927

https://doi.org/10.1021/acs.jafc.9b00764
https://doi.org/10.7150/thno.31485
https://doi.org/10.1038/s41598-018-27206-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Cucurbituril Ameliorates Liver Damage Induced by Microcystis aeruginosa in a Mouse Model
	Introduction
	Materials and Methods
	Chemicals
	Microcystis Cells
	Animal Treatment and Blood Sample Collection
	ALT Assay
	GST Assay
	LPO Assay
	PP1 Activity Assay
	Statistical Analysis

	Results
	Discussion
	Conclusion

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


