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Abstract

This study aimed to determine the effects of dexamethasone and minocycline alone and com-
bined treatment with N-acetylcysteine (NAC) and vitamin E on serum coenzyme Q10 (CoQ10)
and matrix metalloproteinase-9 (MMP-9) levels in rats administered aflatoxin B1 (AFBI1).
The study was carried out on 66 male Wistar rats. Following the intraperitoneal (IP) administra-
tion of AFB1 at dose of 2 mg/kg, minocycline (45 and 90 mg/kg, IP) and dexamethasone (5 and
20 mg/kg, IP) were administered alone and combined with NAC (200 mg/kg, IP) and vitamin E
(600 mg/kg, IP). CoQ10 and MMP-9 levels were analyzed using the HPLC-UV method and
a commercial kit by ELISA, respectively. AFB1 increased MMP-9 level and decreased CoQ10
level compared to the control group. After dexamethasone and minocycline administration, there
is no increase in CoQ10 level, which is caused by AFB1. However, dexamethasone and mino-
cycline combined with NAC+vitamin E caused significant increases in CoQ10 levels. Dexameth-
asone and minocycline alone and combined with NAC+vitamin E decreased MMP-9 levels com-
pared to the single AFB1 treated group. The use of MMPs inhibitors and oxidative stress-reducing
agents is anticipated to be beneficial in the poisoning with AFBI1.
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Introduction

Aflatoxin B1 (AFB1), which is a well- known hepa-
tic carcinogen, is one of the most toxic mycotoxins.
AFB1, a common food contaminant, causes immunode-
ficiency, reproductive problems, growth impairment,
acute toxication, economic losses, and damage to organs
such as the heart, kidney, brain (Tras et al. 2017, Shan
2020) It was reported that AFB1 passes into the brain
and has a toxic effect on the central nervous system
with its effect on both nerve cells and the blood-brain
barrier (Qureshi et al. 2015, Mehrzad et al. 2017, Tras
et al. 2017). In addition, AFB1 has destructive effects
on subcellular organelles such as mitochondria and
molecules such as DNA (Ge et al. 2017, Shan 2020).

Matrix metalloproteinases (MMPs), which are a zinc-
-linked endopeptidases and break down most extracel-
lular matrix proteins, are considered to play a major
role in the etiology of tissue injury, inflammation, brain
edema, metastasis, and neurodegenerative diseases.
It is reported that MMP9 and 2 isoforms found in ves-
sels, especially MMP9, are activated by pathophysio-
logical events caused by hemorrhages and traumas
of the brain, stroke and impairment of blood-tissue bar-
riers such as the blood brain barrier (Swann et al. 2007,
Bolognin et al. 2009, Hayashi et al. 2009, Tianand
Kyriakides 2009, Li et al. 2013, Yang et al. 2013). Seve-
ral toxic agents, including some mycotoxins, activate
MMPs by increase in the efficiency of tyrosine kinase
mediated by oxidative stress and cytokine secretion
(Haorah et al. 2008, Jayaraj et al. 2011, Weinberger
etal. 2011, Agrawal et al. 2012, Chen et al. 2013, Wang
et al. 2014). It is stated that the acute intoxication with
mycotoxins may cause brain hemorrhages and sudden
death due to it (Bergmann et al. 1988, Sabater-Vilar
et al. 2004, Puel et al. 2010, Jayaraj et al. 2011, Agrawal
et al. 2012). Free oxygen radicals (ROS) are important
factor in the MMPs activation and the disruption
of the blood-brain-barrier (BBB) (Kamada et al. 2007).
Myecotoxins such as trichothecene, zearalonon and
fusarium impair the blood-brain barrier by increasing
cytokine and ROS production and MMP activity
(Jayaraj et al. 2011, Wan et al. 2013, Jia et al. 2014).

The fragmentation of the basal membrane protein
and the impairment of the BBB caused by the increase
in MMP activity are inhibited by MMP inhibitors
(Haorah et al. 2008). It is stated that the synthetic tetra-
cyclines such as minocycline and doxycycline, which
are defined as nonspecific MMP inhibitors, improve
BBB function and are useful in the brain edema
treatment (Amin et al. 1996, Yenari et al. 2006, Zhao
et al. 2007, KaurandLing 2008, Homsi et al. 2009,
Weinberger et al. 2011). The combination of mino-
cycline, which is indicated to inhibit brain poly-ADP

ribose polymerase-1, cyclooxygenase-2, inducible
nitric oxide synthetase (INOS), metalloproteinase and
NADPase, with N-acetylcysteine (NAC) has been
shown to protect against the brain trauma-related
perception and memory deficit in rats through the inhi-
bition of neuroinflammation (Haber et al. 2013).
The inhibitor effects of corticosteroids, which are used
in the treatment of the brain edema and have been
reported to restore BBB, on MMPs may be considered
as the basis for the brain edema (Wolkowitz et al. 1990,
Hoshino et al. 1999, Karssen et al. 2005, De Paiva et al.
2006, Green et al. 2009, Manzo-Avalosand Saavedra-
-Molina 2010, SandercockandSoane 2011, Wang et al.
2014). It has been shown that dexamethasone by
decreasing the expression of MMP-2 and 9 improves
the toxic effects of hydrogen sulfite causing acute lung
injury (Wang et al. 2014). It has been experimentally
proved that the antioxidant compounds such as Vita-
mins E and C, NAC and edaravon reduce MMP-9 acti-
vity and the damage of the BBB and have protective
effects against the mitochondrial damage (Sokol et al.
1998, Yavuz et al. 2004, Manzo-Avalosand Saaved-
ra-Molina 2010, Wang et al. 2012, Ashor et al. 2014,
Miyamoto et al. 2014). Glutathione precursor NAC,
which has thiol group and mucolytic, antioxidant and
antiinflammatory effect, inhibits interleukin-8 and
MMP-9 synthesis and supports mitochondrial ATP
production at high doses (Kim et al. 2000, Woo et al.
2004, Radomska-Le$niewska et al. 2010, Saito et al.
2010, Tsai et al. 2010, McGill et al. 2014).

Coenzyme Q10 (CoQ10), also known as ubiquinone,
is found especially in mitochondria and is one of the
most important components of the electron transport
chain and has protective properties on different mem-
branes of the cell due to its antioxidant effect.
The serum and tissue levels of CoQ10 decrease in me-
tabolic and neurodegenerative diseases and poisonings
(Miyake et al. 1999, Shults 2005, Abdallah et al. 2010,
Coppadoro et al. 2013). The impairment of the BBB
and increasing of mitochondrial ROS levels are obser-
ved in poisonings, hypoxia and chemical stress cases
(Yeh et al. 2007, KaurandLing 2008, Zehendner et al.
2013, Ribas et al. 2014). No report is available about
the effects of aflatoxins, which cause acute poisoning
symptoms such as sudden death, bloody stool, epistaxis
and convulsions on MMPs activity and CoQ10 level
(Bortell et al. 1983, Chao et al. 1991).

This study is the first experimental research on the
effect of AFB1 on MMP activity and CoQ10 levels
in rat. Therefore, the aim of the present study was;
1) to investigate the effect of the AFB1 on MMP-9
and CoQIl0 Ilevels and 2) to evaluate the effect
of combinations of MMP inhibitors (minocycline,
dexamethasone) and antioxidant-effective agents
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Table 1. Substances administered and their doses in groups of rats.

Group No Group Name Substances applied* Dose
1 CNT Corn oil 100 uLL
2 AF Aflatoxin B1 2 mg/kg
3 AF+LD Dexamethasone 5 mg/kg
4 AF+HD Dexamethasone 20 mg/kg
5 AF+LM Minocycline 45 mg/kg
6 AF+HM Minocycline 90 mg/kg
7 AF+LD+NE Dexamethasone + N-acetylcysteine + Vitamin E 5+250 + 600 mg/kg
8 AF+HD+NE Dexamethasone + N-acetylcysteine + Vitamin E 20 + 250 + 600 mg/kg
9 AF+LM+NE Minocycline + N-acetylcysteine + Vitamin E 45 +250 + 600 mg/kg
10 AF+HM+NE Minocycline + N-acetylcysteine + Vitamin E 90+ 250 + 600 mg/kg
11 AF+HD+HM Dexamethasone + Minocycline 20 + 90 mg/kg

CNT: Control, AF:Aflatoxin, AF+LD: Aflatoxin+Low Dose Dexamethasone, AF+HD: Aflatoxin+High Dose Dexamethasone, AF+LM:
Aflatoxin+Low Dose Minocycline, AF+HM: Aflatoxin+High Dose Minocycline, AF+LD+NE: Aflatoxin+Low Dose Dexametha-
sone+N-acetylcysteine+Vitamin E, AF+HD+NE: Aflatoxin+High Dose Dexamethasone+N-acetylcysteine+Vitamin E, AF+LM+-
NE: Aflatoxin+Low Dose Minocycline+N-acetylcysteine+Vitamin E, AF+HM+NE: Aflatoxin+High Dose Minocycline+N-acety-
Icysteine+Vitamin E, AF+HD+HM: Aflatoxin+High Dose Dexamethasone+High Dose Minocycline.

* All substances were administered intraperitoneally.

Drugs were administered at 3 h after administration of aflatoxin B1

(NAC, vitamin E) on plasma levels of MMP-9, which
cause tissue damage and disruption of the BBB, and
CoQ10, which is important for mitochondrial function,
in AFB1 administered rats.

Materials and Methods

Chemicals and solutions

Dexamethasone (Decort, 4 mg/ml IM/1V, Injectable
Solution, Deva Holding Inc., Turkey), Vitamin E
(150 mg/ml, IM, Evigen, Aksu Farma Medicinal Prod-
ucts and Pharmaceuticals Co., Turkey), N-acetylcyste-
ine (100 mg/ml, IV/IM, Hisnli Arsan Drugs A.S.,
Turkey) and minocycline hydrochloride (Sigma-
-Aldrich Co. LLC, Darmstadt, Germany), AFB1 (Acros
Organics, Thermo Fisher Scientifics, Germany).
For animal applications, AFB1 (2 mg/ml) and minocy-
cline hydrochloride (90 mg/ml) were dissolved
in corn oil and sterile physiological saline, respectively.
Chemicals with analytical purity were used in the study.

Experimental animals

A total of 66 Wistar male rats, 8-12 weeks old,
obtained from Selcuk University Experimental Medical
Application and Research Center were used in the
study. During the study, animals were housed individu-
ally in polysulfone cages at 244+1°C, 60% atmospheric
humidity and 12 hours of light/12 hours of darkness.

Feed and water were provided ad libitum. The permit
(2015/33) to the procedures to be performed on animals
was obtained from Selcuk University Experimental
Medical Application and Research Center Ethics Com-
mittee.

In the study, 66 rats were randomly divided into
11 groups with 6 animals in each group. The groupings,
applied substances and their doses following AFB1
administration are presented in Table 1. A dose of
2 mg/kg of AFB1 was chosen to produce a non-lethal
acute poisoning in rats. The doses of the drugs used
in the study were determined according to the studies
performed on rats in this area (Donald et al. 2003,
Coskun et al. 2005, Golestani et al. 2006, Yenari et al.
2006, Zhao et al. 2007, Wrotek et al. 2011, Ekerbicer et
al. 2016, Tripathi et al. 2020). Drugs were administered
3 h after administration of AFBI1. In this study, blood
samples from the heart of animals under thiopental so-
dium (40 mg/kg/bw, IP) anesthesia were taken 12 h fol-
lowing AFB1 administration. Then, the animals were
sacrificed by cervical dislocation. The blood samples
were placed into tubes containing gel to obtain serum
and centrifuged at 5000 rpm for 10 min. Serum samples
were stored at -70 °C until analysis.

CoQ10 analysis

The serum CoQ10 levels were determined by the
HPLC-UV system using the commercial HPLC kit
(Eagle Biosciences Inc., New Hampshire, USA) inclu-
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Fig. 1. The effects of administrations of dexamethasone and minocycline alone and in combination with N-acetylcysteine+vitamin E

on the serum CoQ10 levels in aflatoxin B1 treated rats (n=6).

CNT: Control, AF:Aflatoxin, AF+LD: Aflatoxin+Low Dose Dexamethasone, AF+HD: Aflatoxin+High Dose Dexamethasone, AF+LM:
AflatoxintLow Dose Minocycline, AF+HM: Aflatoxin+High Dose Minocycline, AF+LD+NE: Aflatoxin+Low Dose Dexa-
methasone+N-acetylcysteine + Vitamin E, AF+HD+NE: AflatoxintHigh Dose Dexamethasone+N-acetylcysteine+Vitamin E,
AF+LM+NE: Aflatoxin+Low Dose Minocycline+N-acetylcysteine+Vitamin E, AF+HM+NE: Aflatoxin+High Dose Minocycli-
ne+N-acetylcysteine+Vitamin E, AF+HD+HM: Aflatoxin+High Dose Dexamethasone+ High Dose Minocycline.

Data are shown as the mean = SD. Values with the different symbols indicate significant differences.

" Statistically different from the CNT group (p<0.05).
™ Statistically different from the AF group (p<0.05).

ding calibrator and internal standard (IS). The HPLC
system (Shimadzu, Tokyo, Japan) consisted of a pump
(LC-20AT controlled by CBM-20A system), degasser
(DGU-14A), autosampler (SIL-10AD), column oven
(CTO-10A) and an SPD-20A UV detector. Column
oven was set at 30°C. Autosampler was kept at room
temperature. CoQ10 separation was performed with
Ubichinon column (125x4 mm; ImmuChrom GmbH)
and the wavelength was set at 275 nm. The flow rate of
mobile phase in HPLC kit ingredient was 1 ml/min.
Samples added IS were extracted according to HPLC
kit procedure. A 100 pL of sample was injected to into
HPLC system. HP PC-controlled LC solution software
program (Shimadzu, Japan) was used for data analysis.
The quantification is performed by following formula:
CoQ10 concentration in sample = (Peak area of
CoQ10 in sample x Concentration of CoQ10 standard/
/Peak area of IS added to sample) x Peak area of IS
added to calibrator/ Peak area of CoQ10 in calibrator.
The stock solution of CoQl0 (>98%, Sigma,
Aldrich) was prepared in 2-propanol to obtain a concen-
tration of 1 mg/ml. Calibration standards (0.02-10 pg/ml)
and quality control samples were prepared by adding
standard solutions of CoQ10 and IS into the rat
serum. Calibration standards were assayed in triplicate

on 3 days to demonstrate the linearity of results.
The calibration standards were linear with a correlation
coefficient of >0.9993. The quality control samples,
which were prepared in three replicate analyses of each
level at the concentration of 0.04, 0.4 and 4 pg/ml
within 1 day or on 3 consecutive days, were used
to determine the recovery, precision, and accuracy.
The recovery of CoQ10 from rat serum ranged from
89% to 103%. The low limit of quantification (LLOQ)
was 0.02 pg/ml with an acceptable coefficient of varia-
tion (<20%) and bias (+ 15%). The intraday and inter-
day coefficients of variation for CoQ10 were <6.82%
and <8.17%, respectively. The biases calculated for
intraday and interday accuracy ranged from -5.92
to 6.12%.

Matrix metalloproteinase-9 analysis

The serum MMP-9 levels were determined using
the commercial ELISA kit (Elabscience Biotechnology
Co., Ltd.,, Wuhan, PRC). The standard curve range
and sensitivity of the test were 7.81-500 ng/mL and
4.69 ng/mL, respectively. The correlation coefficient
of the standard curve range was >0.9990. Intraday
variability determined with three repetitive analyses
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Fig. 2. The effects of administrations of dexamethasone and minocycline alone and in combination with N-acetylcysteine + vitamin E

on the serum matrix metalloproteinase-9 in aflatoxin B1 treated rats (n=6).

CNT: Control, AF:Aflatoxin, AF+LD: Aflatoxin+Low Dose Dexamethasone, AF+HD: Aflatoxin+High Dose Dexamethasone, AF+LM:
AflatoxintLow Dose Minocycline, AF+HM: Aflatoxin+High Dose Minocycline, AF+LD+NE: Aflatoxin+Low Dose Dexa-
methasone+N-acetylcysteine + Vitamin E, AF+HD+NE: AflatoxintHigh Dose Dexamethasone+N-acetylcysteine+Vitamin E,
AF+LM+NE: Aflatoxin+Low Dose Minocycline+N-acetylcysteine+Vitamin E, AF+HM+NE: Aflatoxin+High Dose Minocycli-
ne+N-acetylcysteine+Vitamin E, AF+HD+HM: Aflatoxin+High Dose Dexamethasone+ High Dose Minocycline.

Data are shown as the mean + SD. Values with the different symbols indicate significant differences.

# Statistically different from the CNT group (p<0.05).
¢ Statistically different from the AF group (p<0.05).

of low (10 ng/mL), medium (100 ng/mL) and high
(500 ng/mL) concentrations was accepted, with CVs
(precision) of 4.37-12.05% and bias (accuracy) from
-7.12% to 8.75%. Interday variability determined with
three repetitive analyses of the each level on 3 different
days was acceptable, with precision ranging from
5.64% to 13.92% and bias from -8.61% to 11.09%.

Statistical analysis

All data are presented as mean+tSD. The Mann-
-Whitney U test was used to assess the group differen-
ces in the serum CoQ10 and MMP-9 levels. The serum
CoQ10 and MMP-9 levels were compared between
control and other groups or AF group and other groups.
The SPSS 22.0 program (IBM Corp, Armonk, NY) was
used for statistical analysis. Statistical significance was
assigned at p<0.05.

Results

The effects of administrations of dexamethasone
and minocycline as alone and in combination with NAC
+ vitamin E on the serum CoQ10 levels in rats receiving
AFBI1 are presented in Fig 1. AFBI1 significantly
decreased the serum level of CoQ10 compared to the

control group. In the case of single dexamethasone and
minocycline administration, there is no increase in the
level of CoQ10, which is caused by AFB1 (p>0.05).
However, dexamethasone and minocycline combined
with NAC+vitamin E increased significantly in serum
CoQ10 levels (p<0.05).

The effects of administrations of dexamethasone
and minocycline as alone and in combination with NAC
+ vitamin E on the serum MMP-9 levels in rats receiv-
ing AFB1 are presented in Fig 2. AFBI1 significantly
increased the serum level of MMP-9 compared to the
control group (p<0.05). The administration of the single
and combined with NAC + vitamin E of dexametha-
sone and minocycline decreased MMP-9 levels com-
pared to the single AFBI1 treated group (p<0.05).

Discussion

In this study, AFB1 caused an increase in the serum
MMP-9 levels at the dose administered. It is indicated
that poisoning, trauma and various stress factors stimu-
late MMP-9 expression through ROS and inflammatory
mediators, and increase the activity of the relevant
enzyme (David et al. 2008, Haorah et al. 2008, Jayaraj
etal. 2011, Weinberger et al. 2011, Agrawal et al. 2012,
Chen et al. 2013, Wang et al. 2014, Yang et al. 2015,
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Lundberg et al. 2016). Drug and drug combinations
in all trial groups caused a statistically significant
decrease in MMP-9 level compared to AF group.
Previous studies have shown that the substances used
in the trial lead to a decrease in MMP-9 levels and their
effects are mediated by antiinflammatory and antioxi-
dant activities (Zhang et al. 2008, Ramaesh et al. 2012,
Sanches et al. 2013, Li et al. 2014, Lundberg et al.
2016). Similar to that reported by Lundberg et al,
it was found in this study that the effects of mino-
cycline and dexamethasone on MMP-9 were dose-relat-
ed. We have observed that minocycline and dexametha-
sone, which have antiinflammatory and antioxidant
effects, have a synergistic effect on MMP-9.

AFBI caused a statistically significant decrease
in serum CoQ10 level in this study. While single dexa-
methasone and minocycline treatment at the different
doses decreased serum CoQI10 levels, the addition
of NAC and vitamin E increased serum CoQ10 levels
in all treatment groups. The increase provided by vita-
min E and NAC may be related to the use of vitamin E
and NAC instead of CoQ10 in oxidative mechanisms
or the increase in CoQ10 synthesis. It has been indica-
ted that vitamin E increases the tissue concentrations
of CoQ10 and vitamin E-like tocotrienols increase
CoQ10 synthesis (Bentinger et al. 2010). In addition,
a positive correlation between the plasma concentra-
tions of vitamin E and CoQ10 has been found (Gazdik
et al. 2002). It is stated that the plasma concentration
of CoQ10, expressed in organelles such as the mito-
chondria and peroxisomes of the cell, decreased in the
patients receiving long-term corticosteroid therapy and
this decrease was related to the disruption of the mito-
chondrial function by corticosteroids. In addition,
it has been indicated that long-term use of corticoste-
roids causes dysfunction and oxidative damage in the
skeletal muscle mitochondria (Mitsui et al. 2002).
We found that the reducing effects of dexamethasone
and minocycline on CoQ10 were reversed with NAC
and vitamin E.

Conclusions

AFBI caused increase in MMP activity and decrease
in CoQ10 level. As oxidative stress and increasing
in MMPs activity in the poisonings cause damage in
tissues and impairment of the BBB, the use of MMPs
inhibitors and oxidative stress-reducing agents is anti-
cipated to be beneficial in the cases of exposure to AFB1.

Acknowledgements

This study was supported by The Scientific and
Technological Research Council of Turkey (TUBITAK,
2150397) and presented in abstract form on the 1. Inter-
national Veterinary Biochemistry and Clinical Bioche-
mistry Congress, Hatay, Turkey, 12-15 April, 2018.

References

Abdallah GM, El-Sayed el-SM, Abo-Salem OM (2010) Effect
of lead toxicity on coenzyme Q levels in rat tissues. Food
Chem Toxicol 48: 1753-1756.

Agrawal M, Yadav P, Lomash V, Bhaskar A, Lakshmana Rao
PV (2012) T-2 toxin induced skin inflammation and cuta-
neous injury in mice. Toxicology 302: 255-265.

Amin AR, Attur MG, Thakker GD, Patel PD, Vyas PR,
Patel RN, Patel IR, Abramson SB (1996) A novel mecha-
nism of action of tetracyclines: effects on nitric oxide syn-
thases. Proceedings of the National Academy of Sciences
USA 93: 14014-14019.

Ashor AW, Lara J, Mathers JC, Siervo M (2014) Effect
of vitamin C on endothelial function in health and
disease: a systematic review and meta-analysis of ran-
domised controlled trials. Atherosclerosis 235: 9-20.

Bentinger M, Tekle M, Dallner G (2010) Coenzyme Q-bio-
synthesis and functions. Biochem Biophys Res Commun
396: 74-79.

Bergmann F, Soffer D, Yagen B (1988) Cerebral toxicity
of the trichothecene toxin T-2, of the products of its
hydrolysis and of some related toxins. Toxicon
26: 923-930.

Bolognin M, Kirschvink N, Leemans J, De Buscher V,
Snaps F, Gustin P, Peeters D, Clercx C (2009) Characte-
risation of the acute and reversible airway inflammation
induced by cadmium chloride inhalation in healthy dogs
and evaluation of the effects of salbutamol and predniso-
lone. Vet J 179: 443-450.

Bortell R, Asquith RL, Edds GT, Simpson CF, Aller WW
(1983) Acute experimentally induced aflatoxicosis in the
weanling pony. Am J Vet Res 44: 2110-2114.

Chao TC, Maxwell SM, Wong SY (1991) An outbreak of afla-
toxicosis and boric acid poisoning in Malaysia: a clinico-
pathological study. J Pathol 164: 225-233.

ChenY, Nie YC, Luo YL, Lin F, Zheng YF, Cheng GH, Wu H,
Zhang KJ, Su WW, Shen JG (2013) Protective effects
of naringin against paraquat-induced acute lung injury
and pulmonary fibrosis in mice. Food Chem Toxicol
58: 133-140.

Coppadoro A, Berra L, Kumar A, Pinciroli R, Yamada M,
Schmidt UH, Bittner EA, Kaneki M (2013) Critical ill-
ness is associated with decreased plasma levels of coen-
zyme Q10: a cross-sectional study. J Crit Care 28: 571-
576.

Coskun O, Armutcu F, Kanter M, Kuzey GM (2005) Protec-
tion of endotoxin induced oxidative renal tissue damage
of rats by vitamin E or/and EGb 761 treatment. J App
Toxicol 25: 8-12.

David DB, Reznick AZ, Srouji S, Livne E (2008) Exposure
to pro-inflammatory cytokines upregulates MMP-9 syn-



IS

www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

The effects of dexamethasone and minocycline alone ...

425

thesis by mesenchymal stem cells-derived osteoprogeni-
tors. Histochem Cell Biol 129: 589-597.

De Paiva CS, Corrales RM, Villarreal AL, Farley WI,
Li D-Q, Stern ME, Pflugfelder SC (2006) Corticosteroid
and doxycycline suppress MMP-9 and inflammatory
cytokine expression, MAPK activation in the corneal
epithelium in experimental dry eye. Exp Eye Res
83:526-535.

Donald S, Verschoyle RD, Greaves P, Gant TW, Colombo T,
Zaffaroni M, Frapolli R, Zucchetti M, D’Incalci M,
Meco D, Riccardo R, Luis LL, Jose J, Andreas JG (2003)
Complete protection by high-dose dexamethasone against
the hepatotoxicity of the novel antitumor drug yondelis
(ET-743) in the rat. Cancer Res 63: 5902-5908.

Ekerbicer N, Gurpinar T, Tarakci F, Turkoz Uluer E, Inan S
(2016) Effects of high doses of dexamethasone on
hemodynamic and immunohistochemical characteristics
of acute paraquat intoxication in rat kidneys. Biotech
Histochem 91: 151-160.

Gazdik F, Gvozdjakova A, Nadvornikova R, Repicka L,
Jahnova E, Kucharska J, Pijak M, Gazdikova K (2002)
Decreased levels of coenzyme Q(10) in patients with
bronchial asthma. Allergy 57: 811-814.

Ge J, Yu H, Li J, Lian Z, Zhang H, Fang H, Qian L (2017)
Assessment of aflatoxin B1 myocardial toxicity in rats:
mitochondrial damage and cellular apoptosis in cardio-
myocytes induced by aflatoxin Bl. J Int Med Res
45:1015-1023.

Golestani A, Rastegar R, Shariftabrizi A, Khaghani S,
Payabvash SM, Salmasi AH, Dehpour AR, Pasalar P
(2006) Paradoxical dose-and time-dependent regulation
of superoxide dismutase and antioxidant capacity by vita-
min E in rat. Clin Chim Acta 365: 153-159.

Green JA, Tran CT, Farrar JJ, Nguyen MT, Nguyen PH,
Dinh SX, Ho ND, Ly CV, Tran HT, Friedland JS (2009)
Dexamethasone, cerebrospinal fluid matrix metallopro-
teinase concentrations and clinical outcomes in tubercu-
lous meningitis. PLoS One 4: €7277.

Haber M, Baki SGA, Grin’kina NM, Irizarry R, Ershova A,
Orsi S, Grill RJ, Dash P, Bergold PJ (2013) Minocycline
plus N-acetylcysteine synergize to modulate inflamma-
tion and prevent cognitive and memory deficits in a rat
model of mild traumatic brain injury. Exp Neurol
249: 169-177.

Haorah J, Schall K, Ramirez SH, Persidsky Y (2008) Activa-
tion of protein tyrosine kinases and matrix metallo-
proteinases causes blood brain barrier injury: Novel
mechanism for neurodegeneration associated with alco-
hol abuse. Glia 56: 78-88.

Hayashi T, Kaneko Y, Yu S, Bae E, Stahl CE, Kawase T,
van Loveren H, Sanberg PR, Borlongan CV (2009)
Quantitative analyses of matrix metalloproteinase activity
after traumatic brain injury in adult rats. Brain Res
1280: 172-177.

Homsi S, Federico F, Croci N, Palmier B, Plotkine M, March-
and-Leroux C, Jafarian-Tehrani M (2009) Minocycline
effects on cerebral edema: relations with inflammatory
and oxidative stress markers following traumatic brain
injury in mice. Brain Res 1291: 122-132.

Hoshino M, Takahashi M, Takai Y, Sim J (1999) Inhaled
corticosteroids decrease subepithelial collagen deposition
by modulation of the balance between matrix metallopro-

teinase-9 and tissue inhibitor of metalloproteinase-1
expression in asthma. J Allergy Clin Immunol
104: 356-363.

Jayaraj R, Mona A, Nimesh G, Lakshmana Rao PV (2011)
Alteration of blood brain barrier permeability by T-2
toxin: Role of MMP-9 and inflammatory cytokines. Toxi-
cology 280: 44-52.

Jia Z, Liu M, Qu Z, Zhang Y, Yin S, Shan A (2014) Toxic
effects of zearalenone on oxidative stress, inflammatory
cytokines, biochemical and pathological changes induced
by this toxin in the kidney of pregnant rats. Environ
Toxicol Pharmacol 37: 580-591.

Kamada H, Yu F, Nito C, Chan PH (2007) Influence of hyper-
glycemia on oxidative stress and matrix metalloprotein-
ase 9 activation after focal cerebral ischemia/reperfusion
in rats: Relation to blood-brain barrier dysfunction. Stroke
38: 1044-1049.

Karssen AM, Meijer OC, De Kloet ER (2005) Corticosteroids
and the blood brain barrier. Techn Behav Neural Sci
15: 329-340.

Kaur C, Ling EA (2008) Blood brain barrier in hypoxic-
-ischemic conditions. Curr Neurovasc Res 5: 71-81.

Kim H, Seo JY, Roh KH, Lim JW, Kim KH (2000) Suppres-
sion of NF-kappaB activation and cytokine production
by N-acetylcysteine in pancreatic acinar cells. Free Radic
Biol Med 29: 674-683.

Li DD, Song JN, Huang H, Guo XY, An JY, Zhang M, Li Y,
Sun P, Pang HG, Zhao YL (2013) The roles of MMP-9/
/TIMP-1 in cerebral edema following experimental acute
cerebral infarction in rats. Neurosci Lett 550: 168-172.

Li L, Cui JH, Chen XJ, Fan JH (2014) Effects of different
antioxidants on MMP-9 protein expression in fetal mem-
brane tissue. Chin J Pathophysiol 30: 909-913.

Lundberg AK, Jonsson S, Stenmark J, Kristenson M,
Jonasson L (2016) Stress-induced release of matrix
metalloproteinase-9 in patients with coronary artery
disease: The possible influence of cortisol. Psychoneuro-
endocrinology 73: 117-124.

Manzo-Avalos S, Saavedra-Molina A (2010) Cellular and
mitochondrial effects of alcohol consumption. Int J Envi-
ron Res Public Health 7: 4281-4304.

McGill MR, Li F, Sharpe MR, Williams CD, Curry SC, Ma X,
Jaeschke H (2014) Circulating acylcarnitines as bio-
markers of mitochondrial dysfunction after acetamino-
phen overdose in mice and humans. Arch Toxicol
88:391-401.

Mehrzad J, Malvandi AM, Alipour M, Hosseinkhani S (2017)
Environmentally relevant level of aflatoxin B1 elicits
toxic pro-inflammatory response in murine CNS-derived
cells. Toxicol Lett 279: 96-106.

Mitsui T, Azuma H, Nagasawa M, Iuchi T, Akaike M,
Odomi M, Matsumoto T (2002) Chronic corticosteroid
administration  causes  mitochondrial  dysfunction
in skeletal muscle. J Neurol 249: 1004-1009.

Miyake Y, Shouzu A, Nishikawa M, Yonemoto T, Shimizu H,
Omoto S, Hayakawa T, Inada M (1999) Effect of treat-
ment with 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors on serum coenzyme Q10 in diabetic
patients. Arzneimittelforschung 49: 324-329.

Miyamoto N, Pham LD, Maki T, Liang AC, Arai K (2014)
A radical scavenger edaravone inhibits matrix metallo-
proteinase-9 upregulation and blood-brain barrier break-



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

426

B. Tras et al.

down in a mouse model of prolonged cerebral hypoperfu-
sion. Neurosci Lett 573: 40-45.

Puel O, Galtier P, Isabelle PO (2010) Biosynthesis and toxico-
logical effects of patulin. Toxins (Basel) 2: 613-631.
Qureshi H, Hamid SS, Ali SS, Anwar J, Siddiqui AA,
Khan NA (2015) Cytotoxic effects of aflatoxin Bl
on human brain microvascular endothelial cells of the

blood-brain barrier. Med Mycol J 53: 409-416.

Radomska-Lesniewska DM,  Skopinska-Rézewska E,
Jankowska-Steifer E, Sobiecka M, Sadowska AM,
Hevelke A, Malejczyk J (2010) N-acetylcysteine inhibits
IL-8 and MMP-9 release and ICAM-1 expression
by bronchoalveolar cells from interstitial lung disecase
patients. Pharmacol Rep 62: 131-138.

Ramaesh T, Ramaesh K, Riley SC, West JD, Dhillon B (2012)
Effects of N-acetylcysteine on matrix metalloproteinase-9
secretion and cell migration of human corneal epithelial
cells. Eye (Lond) 26: 1138-1144.

Ribas V, Garcia-Ruiz C, Fernandez-Checa JC (2014) Gluta-
thione and mitochondria. Front Pharmacol 5: 151.

Sabater-Vilar M, Maas RF, De Bosschere H, Ducatelle R,
Fink-Gremmels J (2004) Patulin produced by an Asper-
gillus clavatus isolated from feed containing malting res-
idues associated with a lethal neurotoxicosis in cattle.
Mycopathologia 158: 419-426.

Saito C, Zwingmann C, Jaeschke H (2010) Novel mecha-
nisms of protection against acetaminophen hepatotoxicity
in mice by glutathione and N acetylcysteine. Hepatology
51: 246-254.

Sanches LD, Santos SA, Carvalho JR, Jeronimo GD,
Favaro WJ, Reis MD, Felisbino SL, Justulin LAJ (2013)
Protective effect of y tocopherol enriched diet on N
methyl N nitrosourea induced epithelial dysplasia in rat
ventral prostate. Int J Exp Pathol 94: 362-372.

Sandercock PA, Soane T (2011) Corticosteroids for acute
ischaemic stroke. Cochrane Database Syst Rev
2011: CD000064.

Shan Y (2020). The toxic effects of aflatoxin B1: an update.
In: L. Xi Dai(ed) Aflatoxin B1 occurrence, detection and
toxicological effects. IntechOpen, London, UK, 119-140.

Shults CW (2005) Therapeutic role of coenzyme Q(10)
in Parkinson’s disease. Pharmacol Ther 107: 120-130.

Sokol RJ, McKim JMJ, Goft MC, Ruyle SZ, Devercaux MW,
Han D, Packer L, Everson G (1998) Vitamin E reduces
oxidant injury to mitochondria and the hepatotoxicity
of taurochenodeoxycholic acid in the rat. Gastroentero-
logy 114: 164-174.

Swann K, Berger J, Sprague SM, Wu Y, Lai Q, Jimenez DF,
Barone CM, Ding Y (2007) Peripheral thermal injury
causes blood-brain barrier dysfunction and matrix
metalloproteinase (MMP) expression in rat. Brain Res
1129: 26-33.

Tian W, Kyriakides TR (2009) Matrix metalloproteinase-9
deficiency leads to prolonged foreign body response
in the brain associated with increased IL-1 beta levels
and leakage of the blood-brain barrier. Matrix Biol
28: 148-159.

Tras B, Cetin G, Uney K, Dik B, Corum O, Atalay S (2017)
Effects of BCRP and P-gp Modulators on the Penetration
of Aflatoxin B1 into the Mouse Brain. Kafkas Univ Vet
Fak Derg 23: 95-100.

Tripathi A, Thangaraj A, Chivero ET, Periyasamy P,

Burkovetskaya ME, Niu F, Guo ML, Buch S (2020)
N-Acetylcysteine reverses antiretroviral-mediated micro-
glial activation by attenuating autophagy-lysosomal
dysfunction. Front Neurol 11: 840.

Tsai JP, Yang FL, Wang CH, Fang TC, Lee RP, Hsu BG (2010)
Effect of intravenous N-acetylcysteine on plasma total
homocysteine and inflammatory cytokines during high
flux hemodialysis. Tzu Chi Med J 22: 90-95.

Wan L-YM, Woo C-SJ, Turner PC, Wan JM-F, El-Nezami H
(2013) Individual and combined effects of Fusarium
toxins on the mRNA expression of pro-inflammatory
cytokines in swine jejunal epithelial cells. Toxicol Lett
220: 238-246.

Wang J, Zhang H, Su C, Chen J, Zhu B, Zhang H, Xiao H,
Zhang J (2014) Dexamethasone ameliorates H2S-induced
acute lung injury by alleviating matrix metalloproteinase
2 and 9 expression. PLoS One 9: €94701.

Wang N, Qian HY, Zhou XQ, Li YB, Sun ZW (2012)
Mitochondrial energy metabolism dysfunction involved
in reproductive toxicity of mice caused by endosulfan
and protective effects of vitamin E. Ecotoxicol Environ
Saf 82: 96-103.

Weinberger B, Laskin JD, Sunil VR, Sinko PJ, Heck DE,
Laskin DL (2011) Sulfur mustard-induced pulmonary
injury: therapeutic approaches to mitigating toxicity.
Pulm Pharmacol Ther 24: 92-99.

Wolkowitz OM, Papadopoulos NM, Costello R, Breier A,
Doran AR, Pickar D, Rubinow D (1990) Prednisone
effects on blood-brain barrier permeability and CNS IgG
synthesis in healthy humans. Psychoneuroendocrinology
15: 155-158.

Woo CH, Lim JH, Kim JH (2004) Lipopolysaccharide
induces matrix metalloproteinase-9 expression via
a mitochondrial reactive oxygen species-p38 kinase-acti-
vator protein-1 pathway in Raw 264.7 cells. J Immunol
173: 6973-6980.

Wrotek S, Jedrzejewski T, Potera-Kram E, Kozak W (2011)
Antipyretic activity of N-acetylcysteine. J Physiol Phar-
macol 62: 669-675.

Yang C-M, Hsieh H-L, Yu P-H, Lin C-C, Liu S-W (2015)
IL-1pB induces MMP-9-dependent brain astrocytic migra-
tion via transactivation of PDGF receptor/NADPH
oxidase 2-derived reactive oxygen species signals. Mol
Neurobiol 52: 303-317.

Yang J, Wang G, Gao C, Shao G, Kang N (2013) Effects
of hyperbaric oxygen on MMP-2 and MMP-9 expression
and spinal cord edema after spinal cord injury. Life Sci
93:1033-1038.

Yavuz T, Delibas N, Yildirim B, Altuntas I, Candir O, Cora A,
Karaman N, Ibrisim E, Kutsal A (2004) Vascular wall
damage in rats induced by methidathion and ameliorating
effect of vitamins E and C. Arch Toxicol 78: 655-659.

Yeh WL, Lu DY, Lin CJ, Liou HC, Fu WM (2007) Inhibition
of hypoxia-induced increase of blood-brain barrier
permeability by YC-1 through the antagonism of HIF-1
alpha accumulation and VEGF expression. Mol Pharma-
col 72: 440-449.

Yenari MA, Xu L, Tang XN, Qiao Y, Giffard RG (2006)
Microglia potentiate damage to blood-brain barrier
constituents: improvement by minocycline in vivo and
in vitro. Stroke 37: 1087-1093.

Zehendner CM, Librizzi L, Hedrich J, Bauer NM,



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

The effects of dexamethasone and minocycline alone ...

427

Angamo EA, De Curtis M, Luhmann HJ (2013) Moderate
hypoxia followed by reoxygenation results in blood-brain
barrier breakdown via oxidative stress-dependent
tight-junction protein disruption. PLoS One §: e82823.
Zhang S, Chai FY, Yan H, Guo Y, Harding JJ (2008) Effects
of N-acetylcysteine and glutathione ethyl ester drops

on streptozotocin-induced diabetic cataract in rats. Mol
Vis 14: 862-870.

Zhao C, Ling Z, Newman MB, Bhatia A, Carvey PM (2007)
TNF-a knockout and minocycline treatment attenuates
blood-brain barrier leakage in MPTP-treated mice.
Neurobiol Dis 26: 36-46.



