
Citation: Wang, S.; Wang, X.; Huang,

H.; Tu, T.; Luo, H.; Zhang, Y.; Liu, B.;

Yao, B.; Zhang, W.; Su, X.

Detoxification of the Mycotoxin

Citrinin by a Manganese Peroxidase

from Moniliophthora roreri. Toxins

2022, 14, 801. https://doi.org/

10.3390/toxins14110801

Received: 5 October 2022

Accepted: 16 November 2022

Published: 18 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

toxins

Article

Detoxification of the Mycotoxin Citrinin by a Manganese
Peroxidase from Moniliophthora roreri
Shuai Wang 1, Xiaolu Wang 2, Huoqing Huang 2, Tao Tu 2 , Huiying Luo 2, Yuhong Zhang 1 , Bo Liu 1, Bin Yao 2,
Wei Zhang 1,* and Xiaoyun Su 2,*

1 Biotechnology Research Institute, Chinese Academy of Agricultural Sciences, Beijing 100081, China
2 State Key Laboratory of Animal Nutrition, Institute of Animal Sciences,

Chinese Academy of Agricultural Sciences, Beijing 100193, China
* Correspondence: zhangwei02@caas.cn (W.Z.); suxiaoyun@caas.cn (X.S.); Tel.: +86-10-82106141 (W.Z.);

+86-10-62599910 (X.S.)

Abstract: Citrinin (CIT) is a mycotoxin found in foods and feeds and most commonly discovered in
red yeast rice, a food additive made from ordinary rice by fermentation with Monascus. Currently,
no enzyme is known to be able to degrade CIT effectively. In this study, it was discovered that
manganese peroxidase (MrMnP) from Moniliophthora roreri could degrade CIT. The degradation
appeared to be fulfilled by a combination of direct and indirect actions of the MrMnP with the CIT.
Pure CIT, at a final concentration of 10 mg/L, was completely degraded by MrMnP within 72 h.
One degradation product was identified to be dihydrocitrinone. The toxicity of the CIT-degradation
product decreased, as monitored by the increased survival rate of the Caco-2 cells incubated with
MrMnP-treated CIT. In addition, MrMnP could degrade CIT (with a starting concentration of up
to 4.6 mg/L) completely contaminated in red yeast rice. MrMnP serves as an excellent candidate
enzyme for CIT detoxification.

Keywords: citrinin; manganese peroxidase; mycotoxin; red yeast rice; detoxification

Key Contribution: MrMnP can degrade CIT through a combination of direct and indirect interactions
with the mycotoxin. The degradation of CIT leads to detoxification. MrMnP catalyzes degradation
even in presence of red yeast rice.

1. Introduction

Mycotoxins, produced by certain kinds of fungi, refer to a large number of sec-
ondary metabolites with varying structures. Citrinin (CIT), a polyketide mycotoxin, was
first isolated from a Penicillium citrinum culture in the 1930s and is now known to be mainly
produced by the Monascus, Aspergillus, and Penicillium genera [1]. Although antibacterial
and neuroprotective effects have been documented for CIT [2], many studies in the past
few years have undoubtedly demonstrated that CIT majorly exert negative effects [3]. For
example, CIT disrupts the distribution and function of organelles of mouse oocytes and
significantly reduces their developmental ability [4]. Collectively, the many in vitro and
in vivo studies provide strong evidence supporting the reproductive toxicity, teratogenic-
ity, and embryotoxicity of CIT [5]. In 2019, the European Union amended Section 2.8.1
of the Annex to Regulation (EC) 1881/2006 to provide a maximum legislative level of
100 µg/kg for CIT in food supplements based on rice fermented with red yeast Monascus
purpureus [6,7]. In China and Japan, the maximal limit of CIT in red yeast rice is 50 and
200 µg/kg, respectively [8]. CIT can also be found in feed: in an analysis of 90 chicken
and pig feed samples from Belgium, nearly 50% of the samples have been discovered to be
contaminated with CIT, with the highest concentration being 3.9 µg/kg [9]. In Russia, an
analysis of 1743 feed samples indicated the highest incidence of 30% of CIT contamination
in sunflower meal, with the highest concentration of 998 µg/kg discovered in barley [10].
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Note that CIT in animal feed can be harmful to humans through accumulation in the food
chain [11].

The widespread contamination of the harmful CIT requires elimination of this myco-
toxin in foods and feeds. To remove CIT contamination, physical, chemical, and biological
treatments have been used. Treatment at a high temperature, such as at 140 ◦C, turns CIT
into CIT H1. However, the toxicity of this compound was even higher than that of CIT [12].
Some specific magnetic nanoparticles have been used to adsorb CIT in Monascus-fermented
products [13]. In addition, CIT can be degraded by chemical method. A phosphate-ethanol
mixture was reported to remove 91.6% of CIT from Monascus rice within 70 min [14]. In
addition to degradation, chemical treatment can also inhibit CIT production. For example,
adding flavonoids, such as troxerutin, inhibited CIT production by 53.7–87.9% [15]. It is
worth noting that all of these methods, being expensive, do not completely remove CIT.
These shortcomings have prompted the seeking of other efficient, safe, and environmentally
friendly ways, such as microbial and enzymatic treatments to decompose CIT.

To date, the micro-organisms that are reported to be able to degrade CIT effectively
include Cryptococcus podzolicus Y3 [16], Rhizobium borbori [17], and Klebsiella pneumonia [18],
with the decomposition rate reaching as high as 97.9% [18]. However, note that in microbial
treatment, the presence of a large number of residual cells and high concentrations of
metabolites after treatment may change the final quality of the product. It is noted that
the key elements involved in microbial detoxification are actually the enzymes. Enzymes
appear to be superior to microbes in that there are no unwanted cells or their metabolites
after treatment. However, even in CIT-degrading bacteria, the enzyme(s) responsible for
eliminating CIT have not been clearly identified, thus hindering the use of enzymes to
detoxify CIT.

Manganese peroxidase (MnP) is a special heme-containing peroxidase that can oxidize
phenolic lignin molecules via direct interaction or non-phenolic lignin molecules through
the assistance of Mn3+ [19]. The ability of MnP to detoxify a variety of feed and food
mycotoxins, including aflatoxin, zearalenone, deoxynivalenol, fumonisin, and patulin,
have been demonstrated before [20]. CIT is a small mycotoxin and bears a phenolic
hydroxyl group, appearing to be a suitable substrate of MnP. However, the ability of MnP
to degrade CIT is still unclear. Therefore, in order to know whether manganese peroxidase
can degrade CIT and whether this degradation leads to detoxification, in this study, the
ability of a manganese peroxidase MrMnP from Moniliophthora roreri [21] to degrade CIT
was explored. One degradation product, i.e., dihydrocitrinone, was identified by mass
spectrometer and the toxicity of the degradation products was determined. In addition,
red yeast rice, a Monascus-fermented rice product popular in Asia as a food staple, was
used as a model to investigate if the MrMnP-catalyze CIT degradation would be affected
by possible interfering compounds in the foods.

2. Results and Discussion
2.1. Effect of the Buffer Used on CIT Degradation by MrMnP

In order to test the ability of manganese peroxidase to inactivate CIT, MrMnP was
heterologously produced in Pichia pastoris and the recombinant protein was affinity purified
and then incubated with CIT in different buffers. The buffer system is well-known to largely
affect the manganese peroxidase-catalyzed degradation of mycotoxins, such as patulin. In
this study, six different buffers were tested and they included acetate (monocarboxylic acid),
malonate and oxalate (dicarboxylic acid), citrate (tricarboxylic acid), lactate (α-hydroxy
carboxylic acid), phosphate (inorganic acid) and MES and HEPES (amphoteric ion buffers,
which represent 2-morpholine ethanesulfonic acid and represent 2-[4-(2-hydroxyethyl)-1-
piperazinyl] ethanesulfonic acid, respectively).

Unlike patulin, the degradation of CIT as unveiled in a time-course analysis in the mal-
onate, lactate, phosphate, MES, and HEPES buffers were very similar, gradually growing to
a rate of above 90% (90.2 ± 2.2%~100%, Figure 1a) at the end of the reaction. In acetate and
oxlate buffers, the degradation was slightly reduced to 80.6 ± 1.5% and 77.0 ± 0.9, respec-
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tively. Although the Mn3+ generated during the oxidation of Mn2+ by MrMnP can chelate
with malonate and oxlate to form stable complexes, it could not chelate with acetate, phos-
phate, MES, and HEPES. This suggested that CIT degradation could be through a direct
interaction of the enzyme with the substrate. It was also possible that, in CIT degradation,
the oxidized Mn3+ itself, but not the Mn3+-acid chelate and the subsequently generated
radicals generated from the organic acids, could rapidly react with this mycotoxin. The
lowest degradation rate (10.4 ± 0.5%) at 72 h was observed for the citrate buffer. After 72 h
of incubation, MrMnP still remained a residual enzyme activity of 190 U/L. The pKa for
each of the buffers used in the study is: malonate, 2.8 and 5.7; acetate, 4.7; oxalate, 1.3 and
4.3; citrate: 3.1, 4.8, and 6.4; lactate: 3.9; phosphate: 2.2, 7.2, and 12.3; MES: 6.1; HEPES: 7.6.
Therefore, it is hard to notice a strong relationship of the pKa of a buffer with the ability of
MrMnP to degrade citrinin. It is thus postulated that other mechanisms (such as effect on
MrMnP’s stability, etc.) might affect the ability of MrMnP to degrade citrinin. Note that
when no MrMnP was added, there was almost no degradation of CIT observed (Figure 1b).
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Figure 1. Effects of the buffer components on CIT degradation. (a) Degradation of CIT by MrMnP in
presence of various buffers. (b) Degradation of CIT when no MrMnP was added. The reactions were
carried out by incubating 10 mg/L of CIT and 500 U/L with or without MrMnP in one of the buffers
containing malonate, acetate, oxalate, citrate, lactate, phosphate, MES, and HEPES at 30 ◦C for 72 h.
The data shown is the average ± standard deviation.

Previously, we have shown that the composition of the buffer solution affects the effi-
ciency of manganese peroxidase. In the study for the four major feed mycotoxins (aflatoxin
B1, zearalenone, deoxynivalenol, and fumonisin B), the used buffers were malonate, acetate,
and lactate [20]. In a more recent study focusing on degradation of patulin, six different
buffers (the same as above) were tested [22]. Note that in these buffer solutions, MrMnP
acted most efficiently in the malonate buffer, suggesting that this dicarboxylic acid was
involved in the reaction.

2.2. Effect of Mn2+ on CIT Degradation by MrMnP

To further decipher the mechanisms involved in CIT degradation, the effect of Mn2+

on MrMnP-catalyzed degradation of CIT was investigated. Normally, a manganese per-
oxidase has two substrate channels. One is the δ-heme edge, which is responsible for
oxidizing hydrophobically bound substrates, such as ABTS and phenolic compounds.
The other is the γ-heme edge, which is involved in the catalysis of Mn2+ [23]. Therefore,
MrMnP was incubated with CIT either in presence or in absence of Mn2+. The degradation
rates of CIT were low (but not disappeared) in both malonate (15.6 ± 1.0%) and acetate
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(5.1 ± 1.5% in acetate) buffers without Mn2+. Complete degradation of CIT was observed
only in the presence of malonate and Mn2+ (Figure 2). This suggested that two mechanisms
could be involved in CIT degradation: first, a minus portion of CIT was degraded through
direct interaction of the enzyme with the substrate, representing the observed low degrada-
tion rate in absence of the Mn2+; second, the major part of degradation appeared to be still
Mn2+-dependent, although it appeared that this mechanism could be through direct action
of Mn3+, as well as through the Mn3+-dicarboxylatechelate and the carboxylate-derived
radicals. Therefore, both the δ-heme and γ-heme edges appeared to be involved in CIT
degradation.
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Figure 2. Mn2+ played an important but not exclusive role in degrading CIT. The reactions were
carried out by incubating 500 U/L of MrMnP with 10 mg/L of CIT in the acetate or malonate buffer
either in presence or in absence of Mn2+ at 30 ◦C for 72 h. Then, the reaction products were analyzed
by HPLC. The data demonstrated in the figure were prepared by integrating the HPLC traces from
analyses of multiple reactions. The bar on the left represents a signal of 100 mV.

2.3. CIT Was Detoxified after MrMnP Treatment

To use MrMnP for CIT detoxification, the degradation products need to be less toxic.
One well-known toxicity of mycotoxins to humans and animals is that they can cause
damage to intestinal physiological function by destroying intestinal cells [24]. Caco-2 is
a kind of human colon adenocarcinoma cell, which is similar to differentiated intestinal
epithelial cells in structure and function. Therefore, it has been successfully used as a
model cell line to monitor the toxicity of CIT and its degradation products [25]. The
3-(4-dimethylthiazolyl-2-yl)-2-diphenyltetrazolium (MTT) method was used to determine
the residual toxicity [26]. With this method, 10 mg/L of CIT displayed an obvious toxicity
by inhibiting the growth of Caco-2 cells to 30.1 ± 0.6% (Figure 3). When CIT was treated
with MrMnP, the inhibition of Caco-2 cell growth was reduced to 7.1 ± 0.4%. All samples
were ultrafiltered before being used to treat the Caco-2 cells, thus avoiding direct contact
of the MrMnP enzyme with the cells. This assay indicated that MrMnP can play a role in
detoxifying CIT.



Toxins 2022, 14, 801 5 of 11

Toxins 2022, 14, x FOR PEER REVIEW 5 of 12 
 

 

MrMnP enzyme with the cells. This assay indicated that MrMnP can play a role in detox-

ifying CIT. 

 

Figure 3. MrMnP treatment of CIT led to detoxification as determined by using Caco-2 cell as a 

model. The cells were sub-cultured in 96-well plates with an inoculation density of 1 × 105 cells per 

well. Before mycotoxin treatment, the cells were left for adhesion to the wall for 24 h. CIT was added 

to cells at a concentration of 10 mg/L. Degradation of CIT was achieved by treating with MrMnP for 

72 h. Then, the culture was continued for 48 h. Each value in the panel represents the mean ± SD (n 

= 6). 

2.4. Structural Analysis of the Degradation Products 

The degradation products of CIT as catalyzed by MrMnP were further analyzed by 

UHPLC-MS/MS. Although absorbance scanning of the reaction product from 190 nm to 

400 nm did not reveal an obvious peak, using the UHPLC-MS/MS analysis, dihydroci-

trinone (3,4-dihydro-6,8-dihydroxy-3,4,5-trimethyl-isocoumarin-7-carboxylic acid) was 

identified to be one degradation product. The parent ion appeared at m/z 267.1 [M+H]−, 

producing daughter ions of 223.1 [M+H−CO2]− and 179.2, respectively (Figure 4). The con-

tinuous loss of carbon dioxide of the parent ion produced sub-ions [27,28]. In a previous 

study, Margaret et al. used Penicillium viridicatum to degrade CIT and also obtained dihy-

drocitrinone as one of the degradation products [29]. It is also worth noting that there are 

studies demonstrating the largely decreased toxicity of dihydrocitrinone in comparison 

with CIT [30–32]. 

Figure 3. MrMnP treatment of CIT led to detoxification as determined by using Caco-2 cell as a
model. The cells were sub-cultured in 96-well plates with an inoculation density of 1 × 105 cells
per well. Before mycotoxin treatment, the cells were left for adhesion to the wall for 24 h. CIT was
added to cells at a concentration of 10 mg/L. Degradation of CIT was achieved by treating with
MrMnP for 72 h. Then, the culture was continued for 48 h. Each value in the panel represents the
mean ± SD (n = 6).

2.4. Structural Analysis of the Degradation Products

The degradation products of CIT as catalyzed by MrMnP were further analyzed by
UHPLC-MS/MS. Although absorbance scanning of the reaction product from 190 nm to
400 nm did not reveal an obvious peak, using the UHPLC-MS/MS analysis, dihydroc-
itrinone (3,4-dihydro-6,8-dihydroxy-3,4,5-trimethyl-isocoumarin-7-carboxylic acid) was
identified to be one degradation product. The parent ion appeared at m/z 267.1 [M+H]−,
producing daughter ions of 223.1 [M+H−CO2]− and 179.2, respectively (Figure 4). The
continuous loss of carbon dioxide of the parent ion produced sub-ions [27,28]. In a previ-
ous study, Margaret et al. used Penicillium viridicatum to degrade CIT and also obtained
dihydrocitrinone as one of the degradation products [29]. It is also worth noting that there
are studies demonstrating the largely decreased toxicity of dihydrocitrinone in comparison
with CIT [30–32].

2.5. Removal of CIT in Red Yeast Rice

Some enzymes with the ability to degrade mycotoxins may not effectively degrade
mycotoxins in food or feed. This is because food or feed contains many ingredients that can
either adsorb mycotoxins or act as competitors or even inhibitors of enzymes. For example,
many mycotoxins, including zearalenone and aflatoxin B1, are adsorbed on lignocellulose to
a certain extent, and lignin phenols are naturally the substrates of MnPs and may interfere
with the degradation of mycotoxins [33–37]. CIT has often been found in some traditional
Asian food pigments, such as those made from rice fermented by the fungus Monascus.
These pigments are commonly used in meat preservation and food coloring [38]. In order
to study whether MrMnP can degrade CIT in the real environment with possible interfering
ingredients, first CIT was added to different concentrations of Monascus-fermented pigment.
The Monascus-generated pigment did not affect the degradation of CIT (Figure S1). Then,
the commercially available red yeast rice containing varying concentrations of CIT was
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used as the substrate. CIT in red yeast rice (4.6 and 2.1 mg/L of citrinin in 12.5 and 6.25 g/L
of Brand A, respectively; and 2.4 and 1.2 mg/L of CIT in 12.5 and 6.25 g/L of Brand B,
respectively) could all be degraded by MrMnP within 72 h of incubation (Figure 5), as could
be observed from the disappearance of the CIT peak (with a retention time of 7.625 min) in
HPLC analysis. Therefore, under the tested conditions, MrMnP can be used as a means to
remove CIT in the red yeast rice.
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Figure 4. Identification of dihydrocitrinone as one degradation product of CIT. CIT was incubated
with 500 U/L of MrMnP in 50 mM malonate buffer (pH 5.0) supplemented with 1 mM MnSO4

and 0.1 mM H2O2. The reaction was carried out at 30 ◦C for 72 h. The degradation products were
analyzed by UHPLC–MS/MS and the secondary mass spectrum of the identified degradation product
dihydrocitrinone was shown. In [M+H]−, the M was referring to dihydrocitrinone. Its two daughter
ions were with m/z values of 223.1 and 179.2, respectively, reflecting continuous loss of the carbon
dioxide from dihydrocitrinone.
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Figure 5. MrMnP could degrade CIT in presence of red yeast rice. Two kinds of commercially
available red yeast rice containing different concentrations of CIT (4.6 and 2.1 mg/L of CIT in
12.5 and 6.25 g/L of Brand A, respectively; and 2.4 and 1.2 mg/L of CIT in 12.5 and 6.25 g/L of Brand
B, respectively) were used. MrMnP (500 U/L) was incubated with each of the two kinds of red yeast
rice and the samples taken out at 72 h were analyzed by HPLC. The data demonstrated in the figure
were prepared by integrating the HPLC traces from analyses of multiple reactions. The bar on the left
represents a signal of 100 mV.
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3. Conclusions

In this study, it was demonstrated that MrMnP could degrade CIT and the degradation
appeared to be through a combination of direct interaction and indirect action involving
both the δ-heme and γ-heme edges. MrMnP degraded CIT to dihydrocitrinone and possibly
other unidentified chemicals and the mycotoxin’s toxicity largely decreased after the
enzyme treatment. Intriguingly, MrMnP-catalyzed degradation of CIT (up to 4.6 mg/L)
was not affected by the red yeast rice. While the presented data pinpoint to the potential of
using this enzyme to detoxify CIT contamination in such pigment-containing foods, one
should also be cautious of the manganese introduced in the reaction, which, however, could
be minimized by deliberately designed sample processing (such as extensive washing).

4. Materials and Methods
4.1. Strains and Plasmids

The strain used for gene cloning was Escherichia coli Trans1-T1 (TransGen, Beijing,
China). Moniliophthora roreri is a manganese peroxidase-producing filamentous fungus. One
of the MnPs (i.e., MrMnP used in this study) can be successfully recombinantly expressed in
Pichia pastoris [21,22]. The plasmid used to construct the expression vector was pPICZα(A)
(Invitrogen, Carlsbad, CA, USA). Pichia pastoris X-33 (Invitrogen, Carlsbad, CA, USA)
was used for recombinant expression of the MrMnP, and it was routinely cultured and
maintained on YPD-agar plates (where YPD represents yeast potato dextrose, containing 1%
yeast extract, 2% peptone, 2% glucose). A single colony of P. pastoris strains was inoculated
in the YPD liquid medium in a shaker flask and cultured at 30 ◦C.

4.2. Expression and Purification of MrMnP

The construction of the plasmid for expressing MrMnP was reported earlier [22].
Briefly, the MrMnP manganese peroxidase gene (GenBank accession number: ESK95360.1)
was synthesized by the GenScript Biotech Corp. (Nanjing, China) and ligated to the
pPICZα(A) vector by EcoRI and NotI sites and then the DraI-linearized recombinant expres-
sion vector was introduced into P. pastoris X33 competent cells by electroporation. Positive
transformants were screened on YPD agar plate containing 100 µg/mL of zeocin. The
transformants carrying MrMnP gene were cultured in BMGY liquid medium containing
1% glycerol until OD600 reached 6. The culture was centrifuged (1200× g, 25 ◦C, 5 min)
and then suspended in BMMY medium containing 1% methanol. Methanol at a final
concentration of 1% (v/w) was added every 24 h to induce the production of recombinant
manganese peroxidase.

The MrMnP recombinant protein was purified from the fermentation broth by using a
Ni-NTA column, according to manufacturer’s instructions (QIAGEN, Dusseldorf, Germany).
Briefly, the column was equilibrated with 30 mL of binding buffer (20 mM phosphate buffer,
0.5 M NaCl, pH 7.4). A total of 20 mL of crude enzyme solution was then passed through
the purification column. Impurity proteins were removed with 50 mL of the washing buffer
(20 mM phosphate buffer, 0.5 M NaCl, 20 mM imidazole, pH 7.4). Finally, the proteins were
eluted with elution buffer (20 mM phosphate buffer, 0.5 M NaCl, 0.2 M imidazole, pH 7.4).

4.3. Degradation of CIT by MrMnP

In order to determine the ability of MrMnP to degrade CIT, the manganese peroxidase
activity was first calibrated with 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
which was carried out by monitoring the oxidation of ABTS (ε420 = 36,000 M−1cm−1) in
a buffer containing 50 mM malonate, 1 mM ABTS, 1 mM MnSO4 and 0.1 mM H2O2
(pH 5.0 and 30 ◦C) at 420 nm as described in Qin et al. [39]. Then, MrMnP with an activity
of 500 U/L (equaling to 3.3 mg/L of the recombinant protein) against ABTS was incubated
with 10 mg/L of CIT in 50 mM malonate buffer, 1 mM MnSO4, and 0.1 mM H2O2. The
reaction was carried out at 30 ◦C. At the end of the reaction, 3 volumes of methanol were
added to the mixture to terminate the reaction, and the reaction products were analyzed by
high performance liquid chromatography (HPLC).
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4.4. Effect of the Buffer Systems on Degradation of CIT by MrMnP

To further determine the effect of buffer composition on the degradation of CIT,
malonate (50 mM) was replaced by different buffers at the same concentration, which
included acetate, lactate, citrate, oxalate, phosphate, MES, and HEPES. In all the reaction
systems tested, the pH value of the buffer was adjusted to 5.0. The reaction was carried out
at 30 ◦C for 72 h and then the products were analyzed by HPLC.

4.5. Effect of Mn2+ on Degradation of CIT

In order to decipher the mechanisms involved in degradation of CIT, the effect of Mn2+

on the degradation rate of CIT in malonate and acetate systems was determined. All the
reactions were carried out at 30 ◦C for 72 h and then the samples were taken out for to
analysis in HPLC.

4.6. Toxicity Assay

The human colon cancer Caco-2 cell line (ATCC HTB-37) was purchased from ATCC
(Rockville, Maryland). The culture medium included Dulbecco’s modified Eagle’s medium
(DMEM, Gibro) supplemented with 10% heat inactivated fetal bovine serum (Gibro), 2 mM
L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), 100 mg/L penicillin, and 100 g/mL
streptomycin (Gibro). The cells were incubated with 100% relative humidity and 5% CO2
at 37 ◦C. The cells were sub-cultured in 96-well plates with an inoculation density of
1 × 105 cells per well. Before mycotoxin treatment, the cells were left for adhesion to the
wall for 24 h. CIT was diluted to 10 mg/L in the culture medium and added to cells. Then,
the culture was continued for 48 h. The cells added with medium only were used as control.

The viability of Caco-2 cells treated with mycotoxins and MrMnP-degraded products
was evaluated by 3-(4-dimethylthiazolyl-2-yl)-2-diphenyltetrazolium (MTT) colorimetric
assay [40]. The rationale is that succinate dehydrogenase in the mitochondria of living cells
can reduce exogenous MTT to water-insoluble blue-purple formazan and deposit in the
cells, while dead cells do not have this function. DMSO can dissolve formazan in cells with
a maximal optical absorption at the wavelength of 490 nm. At the end of incubation, 10 µL
of MTT with a final concentration of 5 mg/mL was added to each well and placed in a
moisturizing incubator at 37 ◦C for 4 h. The survival rate of the control group was set as
100%. The cell death rate (%) was calculated as (ODck − ODsample)/ODck × 100%, where
ODck and ODsample were the optical densities of the control and sample cells as measured
at 490 nm, respectively.

4.7. HPLC and LC-MS/MS Analyses

The HPLC analysis of CIT (with a detection limit of 5 µg/L) was carried out using
a SHIMADZU 20A series instrument (Kyoto, Japan). The chromatographic column was
Agilent ZORBAXSB-C18 (5 µm, 4.6 mm × 250 mm). The column temperature was set to
30 ◦C. The mobile phase A with a pH of 3.2 is water with 0.1% acetic acid and the mobile
phase B is acetonitrile. The elution used 65% mobile phase B with a flow rate 0.75 mL/min.
The fluorescence detector was used with the excitation wavelength at 331 nm and the
emission wavelength at 500 nm.

To elucidate the nature of the degradation products of CIT, LC-MS/MS (with a de-
tection limit of 10 ng/L for CIT) was further utilized, which was carried out by coupling
a SHIMADZU Nexera UHPLC system (Kyoto, Japan) to an AB-SCIEX 5600+ Triple TOF
mass spectrometer (Waltham, MA, USA). The chromatographic column was XBrige BHE
C18 (2.5 µm, 2.1 mm × 150 mm), the column temperature was 40 ◦C, the mobile phase A
was acetonitrile, and the mobile phase B was 0.1% formic acid. The injection volume was
1 µL and the flow rate was 0.3 mL/min. The elution procedure was as follows: initial 50%
phase A; 7.0 min, 100% phase A; 9.0 min, 100% phase A; 10.0 min, 50% phase A; 12.0 min,
50% phase A. The detection conditions of mass spectrometry were as follows: positive ion;
TOF-mass (Da) 100–800; ion source: Duo Spray Ion Source; ion source gas 1:50; ion source
gas (nitrogen) 2:50; curtain gas (nitrogen): 25; temperature: 450, IonSpray voltage floating
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(ISVF): 5500; declustering potential: 60.0; collision energy: 35.0; accumulation time: 0.1 s.
ion scanning conditions: declustering potential: 60.0; collision energy: 35.0; collision energy
spread: 15.0; ion release delay: 67; ion release width: 25.

4.8. Determining CIT Degradation by MrMnP in Red Yeast Rice

The Monascus-fermented pigment and red yeast rice were obtained from a local retail
market. CIT reference material (Sigma-Aldrich, St. Louis, MO, USA) with a purity >98%
was used to spike Monascus-fermented pigment at a final concentration of 5 mg/L. CIT
was, however, detected in red yeast rice. The Monascus-fermented pigment is produced
by submerged fermentation of Monascus using the rice and soybean as the carbon sources,
followed by extensive extraction. Red yeast rice is a fermentation mixture of steamed rice
with Monascus and its metabolites. In the presence of 50 mM malonate solution and 1
mM MnSO4, MrMnP with a final concentration of 500 U/L was added to the simulated
CIT-contaminated pigment and red yeast rice (6.25 g/L and 12.5 g/L, respectively). The
reaction was initiated by adding hydrogen peroxide to 0.1 mM. Samples were taken at 0 h
and 72 h for HPLC analysis.

4.9. Statistical Analysis

At least three repetitions were used in this study. The results were expressed as
mean ± standard deviation (SD). The data were analyzed by one-way analysis of variance
(ANOVA) using the software SPSS developed by IBM (Version 17.0; IBM, Armonk, NY, USA).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/toxins14110801/s1, Figure S1: CIT within the Monascus-
fermented pigment could be degraded by MrMnP.

Author Contributions: Conceptualization, W.Z. and X.S.; investigation, S.W., X.W., H.H., T.T., H.L.,
Y.Z., B.L. and B.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Key R&D Program of China (2021YFC2103002,
2021YFC2102400), the National Natural Science Foundation of China (32220103011), the Tianjin Syn-
thetic Biotechnology Innovation Capacity Improvement Project (TSBICIP-CXRC-067), the State Key
Laboratory of Animal Nutrition Project (2004DA125184G2101) and the China Agriculture Research
System of MOF and MARA (CARS-41).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CIT Citrinin
MnP Manganese peroxidases
ABTS 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
MTT 3-(4-dimethylthiazolyl-2-yl)-2-diphenyltetrazolium
H2O2 Hydrogen peroxide
MES 2-Morpholinoethanesulphonic acid
HEPES 2-[4-(2-Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid

https://www.mdpi.com/article/10.3390/toxins14110801/s1


Toxins 2022, 14, 801 10 of 11

References
1. He, Y.; Cox, R.J. The molecular steps of citrinin biosynthesis in fungi. Chem. Sci. 2016, 7, 2119–2127. [CrossRef] [PubMed]
2. Nakajima, Y.; Iguchi, H.; Kamisuki, S.; Sugawara, F.; Furuichi, T.; Shinoda, Y. Low doses of the mycotoxin citrinin protect cortical

neurons against glutamate-induced excitotoxicity. J. Toxicol. Sci. 2016, 41, 311–319. [CrossRef] [PubMed]
3. De Corte, B.L. Underexplored opportunities for natural products in drug discovery. J. Med. Chem. 2016, 59, 9295–9304. [CrossRef]

[PubMed]
4. Sun, M.H.; Li, X.H.; Xu, Y.; Xu, Y.; Pan, Z.N.; Sun, S.C. Citrinin exposure disrupts organelle distribution and functions in mouse

oocytes. Environ. Res. 2020, 185, 109476. [CrossRef]
5. de Oliveira Filho, J.W.G.; Islam, M.T.; Ali, E.S.; Uddin, S.J.; Santos, J.V.O.; de Alencar, M.; Junior, A.L.G.; Paz, M.; de Brito, M.;

JMC, E.S.; et al. A comprehensive review on biological properties of citrinin. Food Chem. Toxicol. 2017, 110, 130–141. [CrossRef]
6. European Commission. Commission Regulation (EU) 2019/1901 of 7 November 2019 amending Regulation (EC) No 1881/2006

as regards maximum levels of citrinin in food supplements based on rice fermented with red yeast Monascus purpureus. Off. J.
Eur. Union 2019, 62, 2–4.

7. European Commission. Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum levels for certain
contaminants in foodstuffs. Off. J. Eur. Union 2006, 364, 5–24.

8. Silva, L.J.G.; Pereira, A.; Pena, A.; Lino, C.M. Citrinin in foods and supplements: A review of occurrence and analytical
methodologies. Foods 2020, 10, 14. [CrossRef]

9. Meerpoel, C.; Vidal, A.; di Mavungu, J.D.; Huybrechts, B.; Tangni, E.K.; Devreese, M.; Croubels, S.; De Saeger, S. Development
and validation of an LC-MS/MS method for the simultaneous determination of citrinin and ochratoxin a in a variety of feed and
foodstuffs. J. Chromatogr. A 2018, 1580, 100–109. [CrossRef]

10. Kononenko, G.P.; Burkin, A.A. A survey on the occurrence of citrinin in feeds and their ingredients in Russia. Mycotoxin Res.
2008, 24, 3–6. [CrossRef]

11. Meerpoel, C.; Vidal, A.; Tangni, E.K.; Huybrechts, B.; Couck, L.; De Rycke, R.; De Bels, L.; De Saeger, S.; Van den Broeck, W.;
Devreese, M.; et al. A study of carry-over and histopathological effects after chronic dietary intake of citrinin in pigs, broiler
chickens and laying hens. Toxins 2020, 12, 719. [CrossRef]

12. BenáTrivedi, A. Formation of a new toxic compound, citrinin H1, from citrinin on mild heating in water. J. Chem. Soc. Perkin
Trans. 1 1993, 18, 2167–2171.

13. Magro, M.; Moritz, D.E.; Bonaiuto, E.; Baratella, D.; Terzo, M.; Jakubec, P.; Malina, O.; Cepe, K.; Aragao, G.M.F.; Zboril, R.; et al.
Citrinin mycotoxin recognition and removal by naked magnetic nanoparticles. Food Chem. 2016, 203, 505–512. [CrossRef]
[PubMed]

14. Lee, C.L.; Chen, W.P.; Wang, J.J.; Pan, T.M. A simple and rapid approach for removing citrinin while retaining monacolin K in red
mold rice. J. Agric. Food Chem. 2007, 55, 11101–11108. [CrossRef]

15. Huang, Z.; Zhang, L.; Wang, Y.; Gao, H.; Li, X.; Huang, X.; Huang, T. Effects of rutin and its derivatives on citrinin production by
Monascus aurantiacus Li AS3.4384 in liquid fermentation using different types of media. Food Chem. 2019, 284, 205–212. [CrossRef]

16. Wang, K.; Lin, Z.; Zhang, H.; Zhang, X.; Zheng, X.; Zhao, L.; Yang, Q.; Ahima, J.; Boateng, N.A.S. Investigating proteome and
transcriptome response of Cryptococcus podzolicus Y3 to citrinin and the mechanisms involved in its degradation. Food Chem. 2019,
283, 345–352. [CrossRef]

17. Kanpiengjai, A.; Mahawan, R.; Lumyong, S.; Khanongnuch, C. A soil bacterium Rhizobium borbori and its potential for citrinin-
degrading application. Ann. Microbiol. 2015, 66, 807–816. [CrossRef]

18. Chen, Y.-H.; Sheu, S.-C.; Mau, J.-L.; Hsieh, P.-C. Isolation and characterization of a strain of Klebsiella pneumoniae with citrinin-
degrading activity. World J. Microbiol. Biotechnol. 2010, 27, 487–493. [CrossRef]

19. Roy, B.P.; Paice, M.G.; Archibald, F.S.; Misra, S.K.; Misiak, L.E. Creation of metal-complexing agents, reduction of manganese
dioxide, and promotion of manganese peroxidase-mediated Mn(III) production by cellobiose:quinone oxidoreductase from
Trametes versicolor. J. Biol. Chem. 1994, 269, 19745–19750. [CrossRef]

20. Wang, X.; Qin, X.; Hao, Z.; Luo, H.; Yao, B.; Su, X. Degradation of four major mycotoxins by eight manganese peroxidases in
presence of a dicarboxylic acid. Toxins 2019, 11, 566. [CrossRef]

21. Bronikowski, A.; Koschorreck, K.; Urlacher, V.B. Redesign of a New Manganese Peroxidase Highly Expressed in Pichia pastoris
towards a Lignin-Degrading Versatile Peroxidase. Chembiochem 2018, 19, 2481–2489. [CrossRef]

22. Wang, S.; Wang, X.; Penttinen, L.; Luo, H.; Zhang, Y.; Liu, B.; Yao, B.; Hakulinen, N.; Zhang, W.; Su, X. Patulin detoxification by
recombinant manganese peroxidase from Moniliophthora roreri expressed by Pichia pastoris. Toxins 2022, 14, 440. [CrossRef]

23. Gumiero, A.; Murphy, E.J.; Metcalfe, C.L.; Moody, P.C.; Raven, E.L. An analysis of substrate binding interactions in the heme
peroxidase enzymes: A structural perspective. Arch. Biochem. Biophys. 2010, 500, 13–20. [CrossRef]

24. Smith, M.C.; Gheux, A.; Coton, M.; Madec, S.; Hymery, N.; Coton, E. In vitro co-culture models to evaluate acute cytotoxicity of
individual and combined mycotoxin exposures on Caco-2, THP-1 and HepaRG human cell lines. Chem. Biol. Interact. 2018, 281,
51–59. [CrossRef]

25. Romero, A.; Ares, I.; Ramos, E.; Castellano, V.; Martinez, M.; Martinez-Larranaga, M.R.; Anadon, A.; Martinez, M.A. Mycotoxins
modify the barrier function of Caco-2 cells through differential gene expression of specific claudin isoforms: Protective effect of
illite mineral clay. Toxicology 2016, 353–354, 21–33. [CrossRef] [PubMed]

http://doi.org/10.1039/C5SC04027B
http://www.ncbi.nlm.nih.gov/pubmed/29899939
http://doi.org/10.2131/jts.41.311
http://www.ncbi.nlm.nih.gov/pubmed/26961616
http://doi.org/10.1021/acs.jmedchem.6b00473
http://www.ncbi.nlm.nih.gov/pubmed/27331414
http://doi.org/10.1016/j.envres.2020.109476
http://doi.org/10.1016/j.fct.2017.10.002
http://doi.org/10.3390/foods10010014
http://doi.org/10.1016/j.chroma.2018.10.039
http://doi.org/10.1007/BF02985263
http://doi.org/10.3390/toxins12110719
http://doi.org/10.1016/j.foodchem.2016.01.147
http://www.ncbi.nlm.nih.gov/pubmed/26948644
http://doi.org/10.1021/jf071640p
http://doi.org/10.1016/j.foodchem.2019.01.109
http://doi.org/10.1016/j.foodchem.2019.01.052
http://doi.org/10.1007/s13213-015-1167-1
http://doi.org/10.1007/s11274-010-0478-4
http://doi.org/10.1016/S0021-9258(17)32084-7
http://doi.org/10.3390/toxins11100566
http://doi.org/10.1002/cbic.201800500
http://doi.org/10.3390/toxins14070440
http://doi.org/10.1016/j.abb.2010.02.015
http://doi.org/10.1016/j.cbi.2017.12.004
http://doi.org/10.1016/j.tox.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27153755


Toxins 2022, 14, 801 11 of 11

26. Wan, L.Y.; Turner, P.C.; El-Nezami, H. Individual and combined cytotoxic effects of Fusarium toxins (deoxynivalenol, nivalenol,
zearalenone and fumonisins B1) on swine jejunal epithelial cells. Food Chem. Toxicol. 2013, 57, 276–283. [CrossRef] [PubMed]

27. Malysheva, S.V.; Di Mavungu, J.D.; Boonen, J.; De Spiegeleer, B.; Goryacheva, I.Y.; Vanhaecke, L.; De Saeger, S. Improved
positive electrospray ionization of patulin by adduct formation: Usefulness in liquid chromatography–tandem mass spectrometry
multi-mycotoxin analysis. J. Chromatogr. A 2012, 1270, 334–339. [CrossRef]

28. Gerding, J.; Cramer, B.; Humpf, H.U. Determination of mycotoxin exposure in Germany using an LC-MS/MS multibiomarker
approach. Mol. Nutr. Food Res. 2014, 58, 2358–2368. [CrossRef] [PubMed]

29. Patterson, M.F.; Damoglou, A.P. Conversion of the mycotoxin citrinin into dihydrocitrinone and ochratoxin A by Penicillium
viridicatum. Appl. Microbiol. Biotechnol. 1987, 26, 574–578. [CrossRef]

30. Foellmann, W.; Behm, C.; Degen, G. Metabolic conversion of the mycotoxin citrinin to dihydrocitrinone: Impact on toxicity. In
Proceedings of the Naunyn-Schmiedebergs Archives of Pharmacology, Halle/Saale, Germany, 5–7 March 2013; p. S22.

31. Follmann, W.; Behm, C.; Degen, G.H. Toxicity of the mycotoxin citrinin and its metabolite dihydrocitrinone and of mixtures of
citrinin and ochratoxin A in vitro. Arch. Toxicol. 2014, 88, 1097–1107. [CrossRef]

32. Bergmann, D.; Hubner, F.; Wibbeling, B.; Daniliuc, C.; Cramer, B.; Humpf, H.U. Large-scale total synthesis of (13)C3-labeled
citrinin and its metabolite dihydrocitrinone. Mycotoxin Res. 2018, 34, 141–150. [CrossRef] [PubMed]

33. Kapich, A.N.; Korneichik, T.V.; Hatakka, A.; Hammel, K.E. Oxidizability of unsaturated fatty acids and of a non-phenolic
lignin structure in the manganese peroxidase-dependent lipid peroxidation system. Enzyme Microb. Technol. 2010, 46, 136–140.
[CrossRef]

34. Kong, W.; Chen, H.; Lyu, S.; Ma, F.; Yu, H.; Zhang, X. Characterization of a novel manganese peroxidase from white-rot fungus
Echinodontium taxodii 2538, and its use for the degradation of lignin-related compounds. Process Biochem. 2016, 51, 1776–1783.
[CrossRef]

35. Wang, X.; Yao, B.; Su, X. Linking enzymatic oxidative degradation of lignin to organics detoxification. Int. J. Mol. Sci. 2018,
19, 3373. [CrossRef] [PubMed]

36. Crestini, C.; D’Annibale, A.; Sermanni, G.G.; Saladino, R. The reactivity of phenolic and non-phenolic residual kraft lignin model
compounds with Mn (II)-peroxidase from Lentinula edodes. Bioorg. Med. Chem. 2000, 8, 433–438. [CrossRef]
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