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Abstract

Acetaminophen (APAP) toxicity threatens human health due to increased mortality
associated with its overdose. Doxycycline (DC) because of its properties such as antioxidant
and anti-inflammatory can be a good therapeutic strategy to treat the acute toxicity induced by
APAP. Male mice were divided into six groups in two periods of 3 h and 24 h as normal saline,
APAP 400 mg/kg, DC 100 mg/kg and groups treated by 25, 50 and 100 mg/kg DC just before
APAP, respectively. At the end of the 3 h and 24 h periods, the hepatic index, biochemical
parameters including serum aspartate transaminase (AST) and alanine transaminase (ALT)
activity and hepatic catalase activity, glutathione (GSH) and malondialdehyde (MDA) levels
in liver and histopathological changes were evaluated. The results indicated that DC had no
apparent effect on the hepatic index but significantly normalized the level of biochemical
parameters and reduced APAP induced liver damage. Overall, it could be concluded that DC
can inhibit or resolve harmful effects of APAP through antioxidant and anti-inflammatory
properties. However, more studies are needed to understand exact mechanism of DC and its
application for clinical use.

Keywords: Acetaminophen; Liver injury; Oxidative stress; Doxycycline; Hepatoprotective;
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Introduction glucuronidation and  sulfation.

However,

Acetaminophen (APAP) or N-acetyl-para-
aminophenol is commonly used as an analgesic
and antipyretic drug (1, 2). At the therapeutic
doses, APAP 1is primarily metabolized by

* Corresponding author:
E-mail: jkhodayar@yahoo.com

during APAP overdose, excessive N-acetyl-
p-benzoquinone imine (NAPQI) as a toxic
metabolite is produced and leads to glutathione
depletion and free radical formation (3). It has
been well confirmed that during liver toxicity
induced by APAP, apoptosis and necrosis
result from oxidant-antioxidant imbalance
(4-7). During the 1960s and 1970s, the first
cases of APAP toxicity were reported due to its



excessive administration in the world, so that it
became a global problem (8, 9). According to
statistics, the administration of more than 4g/
day of APAP among the adult population of the
United States of America has been reported that
about 30000 cases were admitted in hospital
(10). Therefore, the treatment of acetaminophen
poisoning must be a lot of attention. Currently,
N-acetyl-cysteine is used as an antidote for
hepatotoxicity of APAP. Intravenous NAC is
associated dose dependent adverse -effects,
which can lead to treatment interruption (11).
However, modified NAC regimen has led to
a reduction in vomiting, and anaphylactoid
reactions (12). It has been reported that the
current dose of NAC is not sufficient to treat
APAP poisoning in higher plasma concentrations
of APAP, despite prompt treatment (13). Another
strategy to protect liver against APAP toxicity
is induction of autophagy by pharmacologic
agents.  Autophagy protects hepatocytes
against APAP toxicity by removing damaged
mitochondria and APAP protein adducts (14,
15). Doxycycline (DC) is a tetracycline-derived
antibiotic and is mainly used for pulmonary
infections and skin and kidney problems (16).
Interest in DC is because of antioxidant and anti-
inflammatory effects and inhibitory activity on
matrix metalloproteinase (MMP), the activities
distinct from the antibacterial action. Based on
previous studies, DC inhibits metalloproteinase
and in this way affects inflammation, neoplasia,
and fibrosis (17-19). The antioxidant and anti-
inflammatory properties of DC can be important
for management and control of cellular damages
(20). The therapeutic efficacy of DC has been
shown in resolving gingivitis and periodontitis
(21). Therapeutic agents that are presented as a
hepatoprotective should not cause liver damage.
Regarding the association between DC and
hepatotoxicity, it has been reported that DC users
did not show an increased risk of hepatotoxicity
and DC could be a safe tetracycline-derived
antibiotic (22). NAC complications lead to
discontinuation of the drug during the treatment
of APAP poisoning. Furthermore, NAC side
effects increase by increasing its dose, thus the
search for other treatments should be considered.
Given that above studies, probably DC could be
a good candidate for treatment liver toxicity
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induced by APAP. Therefore, the aim of this
study was to assess the effects of DC on APAP-
induced acute liver toxicity in mice.

Experimental

Animals

In this study, seventy-two male BALB/c
mice weighing 25 + 2 g were purchased from the
Animal Center of Ahvaz Jundishapur University
of Medical Science (Ahvaz, Iran). They were
housed in room temperature (25 = 2 °C) and
12/12 h light-dark cycle and given standard
rat chow and drinking water ad libitum. The
mice are fasted overnight to deplete glutathione
(GSH) stores in order to better induce APAP
toxicity (23). Animal care, use, and ethical issues
were based on Ethical Committee Acts of Ahvaz
Jundishapur University of Medical Sciences
(AJUMS) for care and use of laboratory animals
(IR.AJUMS.REC.1395.40).

Experimental procedure

In this study, the effects of different doses
of DC on biochemical and histopathological
parameters of acute APAP hepatotoxicity were
examined in two 3 h and 24 h time periods. For
this purpose, the animals were divided into six
groups (n = 12, six in each time).

Group I (control), the animals were treated by
normal saline; Group I (APAP), the animals were
treated by 400 mg/kg APAP intraperitoneally
(i.p.); Group III-V, DC co-administered with
APAP at doses of 25, 50, and 100 mg/kg and
Group VI (DC 100) received DC 100 mg/
kg. The used doses of DC are based on the
previous studies (24, 25). Doxycycline was
administered i.p. in a single dose just before
APAP. Finally, the mice were euthanized by
cervical dislocation under mild anesthesia in
two periods of 3 h and 24 h and blood sampling
performed by the jugular vein so that six animals
in each period were examined. The serum was
instantly separated using centrifuge (3500 RPM,
15 min) for biochemichal assessment. After
blood sampling, the liver was removed and one
part was considered for hepatic tissue markers
and another was fixed in 10% formalin for
histopathological examination.
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Evaluation of serum liver biomarkers

To evaluate the ALT and AST activity, serum
samples from the animals were tested based on
commercial kit protocol (Pars Azmoon, Tehran,
Iran) through autoanalyzer (Biotechnical
BT-3000 plus Chemistry Analyzer, Italy).

Liver homogenization

At first, liver was homogenized in phosphate
buffer. The obtained suspension was centrifuged
(6000 RPM, 10 min) and supernatant was
removed for subsequent evaluation.

Catalase activity evaluation in liver

For assessment the activity of catalase in
liver, 50 uL supernatant was added to 950 uL
buffer containing hydrogen peroxide 20 mM. In
the next stage, the absorbance amount was read
instantly and after 1 min at 240 nm, respectively.
Then the catalase activity level was reported as
umol H,O,/min/g tissue (26).

Reduced GSH assessment in liver

The reduced GSH level is measured
by Ellman’s reagent (27). In brief, 20%
trichloroacetic acid (TCA) with 1 mM EDTA
was added to homogenized liver. In next stage, it
was centrifuged (10 min, 200 rpm) and isolated
supernatant (200 pL) was added to 0.lmM
Ellman’s reagent (5, 5'-dithio bis-2-nitrobenzoic
acid) (1.8 mL). The absorbance amount was
read at 412 nm by spectrophotometer and GSH
level was reported as umol/g tissue.

Measurement of lipid peroxidation in liver

Lipid peroxidation in the liver is determined
based on the reaction between MDA and
thiobarbituric acid (TBA), which produces a
purple color with maximum absorbance at 532
nm (28). Thereafter, | mL supernatant was added
to 2 mL TBA and placed in 100 c° for 15 min.
After cooling, it was centrifuged (3000 RMP,
10 min) to separate the organic layer. Finally,
the absorbance amount was read at 532 nm and
MDA level was reported as nmol/g tissue.

Histopathological examination

For evaluation of microscopic changes,
the liver was fixed at 10% formalin. Then,
it was dehydrated by soaking in alcohol and
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xylol, respectively. Finally, after preparation of
Su-tissue sections using a rotary microtome,
the haematoxylin and eosin (H&E) staining
was performed. The histopathological changes
including degeneration of hepatocytes, fatty
change in hepatocytes, coagulative necrosis in
hepatocytes, infiltration of inflammatory cells,
and dilated sinusoids were examined using a
light microscope.

Statistical analysis

All statistical analyses were carried out using
the Prism 5.0 (San Diego, CA, USA) statistical
package program. The variables are expressed
as mean = SD. Comparison of mean values was
performed by one-way ANOVA followed by
Tukey’s post-hoc test. Significance was set at P
< 0.05.

Results

Hepatic index

As shown in Figure 1, the hepatic index (as
the ratio of wet liver weight to body weight)
significantly increased 24 h after administration
of APAP compared to normal saline control
group (P < 0.05). However, in all groups treated
with DC there was no significant change in the
level of hepatic index in comparison with APAP

group.

Serum liver biomarkers

The evaluation of serum AST and ALT
biomarkers indicated that DC at the all doses
could normalize their levels to normal range
over a 24 h period (Figure 2). In 3 h-period
treatment, a significant reduction in serum level
of ALT was observed in groups treated by 50
mg/kg DC compared to saline control group (P
< 0.05), while the results obtained from groups
treated with 25 and 100 mg/kg DC were not
significant. Nevertheless, the results confirmed
that DC (all doses) led to significant reduction
of serum liver biomarkers at the end of 24 h time
period, so that decreasing effects in dose of 50
mg/kg DC were higher than doses of 25 and 100
mg/kg DC.

The evaluation of antioxidant conditions
Our findings indicated that APAP is a main



Doxycycline Effects on Hepatotoxicity of Acetaminophen

0.06- %
z O3h
5 @ 24h
£ 2 004
£73
g =
® =
A
=% 0021
b
2
0.00-
NS NS 25 50 100 100,
DC (mg/kg)
L 1
| ]
APAP

Figure 1. Effect of doxycycline (DC) on hepatic index. The animals were treated with DC (25, 50 and 100 mg/kg, i.p.) or normal saline

(NS) just before APAP 400 mg/kg.

“Significantly different from control normal saline group in 24 h period study (P < 0.05).

factor in reducing catalase activity in the liver
so that administration of 400 mg/kg APAP leads
to dramatic reduction of catalase activity in
both periods. In addition, we confirmed that DC
enhances the reduced activity level of catalase
at the end of 24 h treatment period (Figure 3).
APAP leads to a dramatic reduction in GSH
levels in the liver at the end of 24 h-period.
The results confirm beneficial effect of DC in
normalization of glutathione level especially
in dose of 50 mg/kg at the end of 24 h period.
However, glutathione levels were increased in
APAP groups treated with DC 25 and 100, but
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this elevation was not significant in 24 h time
duration (Figure 3). Evaluation of MDA as a
major index of lipid peroxidation confirms that
induction of hepatic toxicity by APAP results in
an increase of malondialdehyde level in the liver.
Indeed, lipid peroxidation is a common event
during APAP-induced liver toxicity. Treatment
with DC at all doses could decrease the MDA
level at the end of 24 h period (Figure 3).

Histopathological findings
As shown in Figures 4 and 5, the liver
structure in group received DC 100 mg/kg was
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Figure 2. Effects of doxycycline (DC) on serum activity of ALT and AST. The animals were treated with DC (25, 50 and 100 mg/kg,

i.p.) or normal saline (NS) just before APAP 400 mg/kg.

#(P <0.001) significantly different from control normal saline group in both times.
‘(P <0.05), (P <0.01) and "*(P0.001 > ) significantly different from APAP treated mice.
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Figure 3. Effects of doxycycline (DC) on the activity of catalase, GSH and MDA levels in the liver. The animals were treated with DC
(25, 50 and 100 mg/kg, i.p.) or normal saline (NS) just before APAP 400 mg/kg.

#(P < 0.05) significantly different from control normal saline group in both times.

‘(P <0.05), (P <0.01) and "(P < 0.001) significantly different from APAP treated mice.

similar to that of the group treated with normal
saline and any pathological changes were not
observed at the end of 3 h and 24 h periods of
treatment. This indicates that in this study the
high dose of DC (100 mg/kg) is causing no
damage and is practically safe. The results also
confirmed that administration of APAP leads to
damages such as the lack of radial arrangement,
the destroying of sinusoids, the presence of
eosinophils, and several necrotic hepatocyte
followed by a 3 h and 24 h periods. At the end of

DE/100+APAP

24 h period, the pyknotic nuclei were also seen.
The photomicrographs examination of animal
groups showed that hepatoprotective effects of
DC are dose-dependent so that by increasing
the DC dose, liver tissue parameters have been
improved.

Discussion

The main objective of our study was to
investigate the protective effect of DC on APAP-
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Figure 4. The liver sections regarding protective effects of doxycycline (DC) on hepatotoxicity of APAP in mice 3h after APAP. The
animals were treated with DC 25, 50 and 100 mg/kg or normal saline (NS) just before APAP 400 mg/kg (H&E x300).
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Figure 5. The liver sections about protective effects of doxycycline (DC) on hepatotoxicity of APAP in mice 24 h after APAP. The
animals were treated with DC 25, 50 and 100 mg/kg or normal saline (NS) just before APAP 400 mg/kg (H&E x300).

induced liver injury in mice. The liver potential
for detoxification of drugs is well known (29).
If APAP administered in therapeutic doses,
there will be no particular side effects in the
liver, but it can be a serious threat for liver
during overdose (30). Indeed, its overdose is
one of the main causes of liver injury through
the production of NAPQI as a toxic substance
by cytochrome P450 activation and ultimately
reactive oxygen species formation (31). We
found that administration of APAP (400 mg/kg)
leads to significant changes in serum biomarkers,
antioxidant status as well as histopathology
parameters in mice. However, these changes
are more evident at 24h period than 3h. These
findings are analogous to previous studies (29,
32, 33). Our results showed that hepatic index
had not apparent change subsequently treatment
with DC.

Any increase in ALT and AST activity
indicates hepatic injury (34). Evaluation of
serum aminotransferases activity level confirmed
that DC results in the normalization of liver
biomarkers since DC significantly reduced the
activity level of ALT and AST at the end of the
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experiment.

In cells, the protection against free radicals is
performed by antioxidant systems (35). During
liver toxicity induced by APAP, the abnormality
of catalase activity and glutathione content
occur in the liver due to free radicals formation
(3, 32, 36-38). In addition, one of the events to
oxidative stress under APAP toxicity is lipid
peroxidation followed by MDA increase (35).
Our findings revealed that DC has antioxidant
effect on liver toxicity induced by APAP. Indeed,
DC could improve the level of MDA and GSH
as well as activity of catalase to normal range
and the best results were observed to the dose of
50 mg/kg of DC.

It has been demonstrated that APAP
administration results in massive changes in
liver structure in the mice. It is well known that
the mice are a human-relevant model of APAP
hepatotoxicity. Mice are much more sensitive
than rats and rats develop little or no liver injury
(31, 39). In conjunction with histopathological
findings, the results indicated that treatment
with 100 mg/kg DC leads to a clear decrease
in APAP induced hepatic injury. In addition,
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Figure 6. Graphical abstract regarding protective effects of doxycycline on acute APAP induced liver toxicity in mice.

dose of 50 mg/kg could partially reduce these
injuries.

Fujita et al, indicated that DC has anti-
inflammatory and antifibrotic properties agianst
pulmonary injury induced by bleomycin due
to its antioxidant property (19). It has been
reported that DC has neuroprotective effects
in pilocarpine model of convulsion in rats by
antioxidant and the radical scavenging effects
(25). Furthermore, antioxidant properties of
DC lead to improvement of injury induced by
doxorubicin in heart (40), ischemia/reperfusion
in liver (41) acute ischemia/reperfusion (42) and
hypoxia-reoxygenation in the kidney (20). In
confirmation of the mentioned studies, we also
found that DC has antioxidant properties. Based
on study conducted by Kholmukhamedov et al.,
administration of DC improves damage induced
by hemorrhagic shock/resuscitation in the liver
and kidney throug abrogation of apoptosis
and necrosis (43). In this study, DC decreased
infiltration of inflammatory cells to liver tissue.
In confirmation, anti-inflammatory activities of
DC have been shown in experimental models
of nociception and inflammation (24, 44).
The group treated by 50 mg/kg DC had more
improvement in serum and liver biochemical
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markers, therefor, it may consider that it is
most affective dose in improvement of liver
damage induced by APAP. Furthermore, based
on the histopathological examination it seems
that the dose of 100 mg/kg is the most effective
dose. Nevertheless, in a case report study
has been demonstrated that administration of
bupropion and DC lead to jaundice and malaise
in an African American patient (45). Matrix
metalloproteinases have been involved in acute
and chronic liver injury and MMP-9 as an
important agent in recruitment of leukocytes can
be a good target in resolving acute liver injury
(46). It has been reported that DC improves
gap junction remodeling by inhibiting MMP
activity in rat model ligation of the left anterior
descending branch of the coronary artery (47).
However, inhibitor activity of minocycline on
MMP-9 is more than DC and tetracycline (48).
Thus, DC and other tetracyclines may be useful
in preventing and resolving liver disorders.

Conclusion
Finally, APAP as one of the major causes

of hepatotoxicity leads to oxidant-antioxidant
imbalance and subsequently increases the activity



of serum biomarkers and liver tissue oxidative
damages with infiltration of inflammatory cells
(Figure 6). APAP toxicity reaches maximum
after 24 h and 3 h is not enough to cause
prominent damage. Overall, it can be concluded
that DC protect liver against APAP toxicity by
antioxidant and anti-inflammatory effects.

Competing Interests
The authors declare no financial conflicts of
interest for this study.

Acknowledgment

This paper is issued from Pharm. D. degree
thesis of Shirin Soltani and financial support
was provided (Grant number: B-9519) by the
Vice Chancellor of Research, Ahvaz Jundishapur
University of Medical Sciences, Ahvaz, Iran.

References

(1) Ruepp SU, Tonge RP, Shaw J, Wallis N and Pognan F.
Genomics and proteomics analysis of acetaminophen
toxicity in mouse liver. Toxicol. Sci. (2002) 65: 135-
50.

Gupta M, Mazumder UK, Kumar TS, Gomathi P and
Kumar RS. Antioxidant and hepatoprotective effects
of Bauhinia racemosa against paracetamol and carbon
tetrachloride induced liver damage in rats. fran. J.
Pharmacol. Ther. (2004) 3: 12-20.

Khodayar MJ, Kalantari H, Khorsandi L, Rashno
M and Zeidooni L. Betaine protects mice against
acetaminophen  hepatotoxicity =~ possibly  via
mitochondrial complex II and glutathione availability.
Biomed. Pharmacother. (2018) 103: 1436-45.
Vermeulen N, Bessems J and Van de Straat R. Molecular
aspects of paracetamol-induced hepatotoxicity and
its mechanism-based prevention. Drug Metab. Rev.
(1992) 24: 367-407.

Savides MC and Oehme FW. Acetaminophen and its
toxicity. J. Appl. Toxicol. (1983) 3: 96-111.

Moore M, Thor H, Moore G, Nelson S, Moldeus
P and Orrenius S. The toxicity of acetaminophen
and N-acetyl-p-benzoquinone imine in isolated
hepatocytes is associated with thiol depletion and
increased cytosolic Ca2+. J. Biol. Chem. (1985) 260:
13035-40.

Jaeschke H and Bajt ML. Intracellular signaling
mechanisms of acetaminophen-induced liver cell
death. Toxicol. Sci. (2006) 89: 31-41.

Prescott LF and Prescott L, Paracetamol
(acetaminophen): a critical bibliographic review.
Taylor & Francis London (1996).

Spooner J and Harvey J. The history and usage of

@

©)

“4)

©)
(6)

0

®)

)

711

Doxycycline Effects on Hepatotoxicity of Acetaminophen

paracetamol. J. Int. Med. Res. (1976) 4: 1-6.

(10) Blieden M, Paramore LC, Shah D and Ben-Joseph R.
A perspective on the epidemiology of acetaminophen
exposure and toxicity in the United States. Expert Rev.
Clin. Pharmacol. (2014) 7: 341-8.

(11) Sandilands E and Bateman D. Adverse reactions
associated with acetylcysteine. Clin. Toxicol. (2009)
47: 81-8.

(12) Bateman DN, Dear JW, Thanacoody HR, Thomas
SH, Eddleston M, Sandilands EA, Coyle J, Cooper
JG, Rodriguez A and Butcher I. Reduction of adverse
effects from intravenous acetylcysteine treatment for
paracetamol poisoning: a randomised controlled trial.
Lancet (2014) 383: 697-704.

(13) Cairney DG, Beckwith HK, Al-Hourani K, Eddleston
M, Bateman DN and Dear JW. Plasma paracetamol
concentration at hospital presentation has a dose-
dependent relationship with liver injury despite
prompt treatment with intravenous acetylcysteine.
Clin. Toxicol. (2016) 54: 405-10.

(14)Ni HM, Bockus A, Boggess N, Jaeschke H and
Ding WX. Activation of autophagy protects against
acetaminophen-induced hepatotoxicity. Hepatology
(2012) 55: 222-32.

(15)Ni H-M, McGill MR, Chao X, Du K, Williams
JA, Xie Y, Jaeschke H and Ding W-X. Removal of
acetaminophen protein adducts by autophagy protects
against acetaminophen-induced liver injury in mice. J.
Hepatol. (2016) 65: 354-62.

(16) Kogawa AC and Salgado HRN. Doxycycline hyclate:
a review of properties, applications and analytical
methods. Int. J. Life Sci. Pharma Res. (2012) 2: 11-25.

(17) Skidmore R, Kovach R, Walker C, Thomas J, Bradshaw
M, Leyden J, Powala C and Ashley R. Effects of
subantimicrobial-dose doxycycline in the treatment of
moderate acne. Arch. Dermatol. (2003) 139: 459-64.

(18) Pasquale TR and Tan JS. Nonantimicrobial effects
of antibacterial agents. Clin. Infect. Dis. (2005) 40:
127-35.

(19) Fujita M, Ye Q, Ouchi H, Harada E, Inoshima I,
Kuwano K and Nakanishi Y. Doxycycline attenuated
pulmonary fibrosis induced by bleomycin in mice.
Antimicrob. Agents Chemother. (2006) 50: 739-43.

(20) Labossiere JR, Pelletier J-S, Thiesen A, Schulz R,
Bigam DL and Cheung P-Y. Doxycycline Attenuates
Renal Injury In A Swine Model Of Neonatal Hypoxia-
Reoxygenation. Shock (2015) 43: 99-105.

(21) Gorle AP and Khairnar DP. An approach to Improve
Therapeutic Efficacy of Doxycycline Hyclate in
Treatment of Periodontitis. /ran J. Pharm. Res. (2018)
17: 1550.

(22)Heaton P, Fenwick S and Brewer D. Association
between tetracycline or doxycycline and hepatotoxicity:
a population based case—control study. J. Clin. Pharm.
Ther. (2007) 32: 483-7.

(23)Kon K, Kim JS, Jaeschke H and Lemasters
JI. Mitochondrial — permeability transition in
acetaminophen-induced necrosis and apoptosis of
cultured mouse hepatocytes. Hepatology (2004) 40:



Soltani Sh et al. / TIPR (2019), 18 (2): 704-712

1170-9.

(24) Leite LM, Carvalho AGG, Ferreira PLT, Pessoa X,
Gongalves DO, de Aratjo Lopes A, dos Santos Goes
JG, de Castro Alves VC, Leal LKA and Brito GA.
Anti-inflammatory properties of doxycycline and
minocycline in experimental models: an in-vivo and
in-vitro comparative study. Inflammopharmacology
(2011) 19: 99-110.

(25) Nogueira CRA, Damasceno FM, de Aquino-Neto MR,
de Andrade GM, Fontenele JB, de Medeiros TA and
de Barros Viana GS. Doxycycline protects against
pilocarpine-induced convulsions in rats, through its
antioxidant effect and modulation of brain amino
acids. Pharmacol. Biochem. Behav. (2011) 98: 525-32.

(26) Aebi H. Catalase in-vitro. Methods Enzymol. (1984)
105: 121-6.

(27) Ellman GL. Tissue sulthydryl groups. Arch. Biochem.
Biophys. (1959) 82: 70-7.

(28)Uchiyama M and Mihara M. Determination of
malonaldehyde precursor in tissues by thiobarbituric
acid test. Anal. Biochem. (1978) 86: 271-8.

(29) Abdel-Azeem AS, Hegazy AM, Ibrahim KS, Farrag
A-RH and El-Sayed EM. Hepatoprotective, antioxidant,
and ameliorative effects of ginger (Zingiber officinale
Roscoe) and vitamin E in acetaminophen treated rats.
J. Diet. Suppl. (2013) 10: 195-209.

(30) Zakaria ZA, Yahya F, Mamat SS, Mahmood ND,
Mohtarrudin N, Taher M, Hamid SSA, Teh LK
and Salleh MZ. Hepatoprotective action of various
partitions of methanol extract of Bauhinia purpurea
leaves against paracetamol-induced liver toxicity:
involvement of the antioxidant mechanisms. BMC
Complem. Altern. M. (2016) 16: 1.

(31)McGill MR, Williams CD, Xie Y, Ramachandran A
and Jaeschke H. Acetaminophen-induced liver injury
in rats and mice: comparison of protein adducts,
mitochondrial dysfunction, and oxidative stress in
the mechanism of toxicity. Toxicol. Appl. Pharmacol.
(2012) 264: 387-94.

(32)Chen W, Yang C and Yin M. Protective effects
from Houttuynia cordata aqueous extract against
acetaminophen-induced liver injury. Biomedicine.
(2014) 4: 24-8.

(33)Sener G, Toklu HZ, Sehirli AO, Velioglu-Ogiing
A, Cetinel S and Gedik N. Protective effects of
resveratrol against acetaminophen-induced toxicity in
mice. Hepatol. Res. (2006) 35: 62-8.

(34) Ozer J, Ratner M, Shaw M, Bailey W and Schomaker
S. The current state of serum biomarkers of
hepatotoxicity. Toxicology (2008) 245: 194-205.

(35)Madkour FF and Abdel-Daim M. Hepatoprotective
and antioxidant activity of dunaliella salina in
paracetamol-induced acute toxicity in rats. Indian J.
Pharm. Sci. (2013) 75: 642-648.

(36) Arnaiz SL, Llesuy S, Cutrin JC and Boveris A.
Oxidative stress by acute acetaminophen administration
in mouse liver. Free Radical Bio. Med. (1995) 19: 303-
10.

712

(37) Williams CD, McGill MR, Lebofsky M, Bajt ML
and Jaeschke H. Protection against acetaminophen-
induced liver injury by allopurinol is dependent on
aldehyde oxidase-mediated liver preconditioning.
Toxicol. Appl. Pharmacol. (2014) 274: 417-24.

(38) Chen C, Hennig GE, Whiteley HE and Manautou JE.
Protection against acetaminophen hepatotoxicity by
clofibrate pretreatment: role of catalase induction. J.
Biochem. Mol. Toxicol. (2002) 16: 227-34.

(39) Jaeschke H, Xie Y and McGill MR. Acetaminophen-
induced liver injury: from animal models to humans.
J. Clin. Transl. Hepatol. (2014) 2: 153.

(40)Lai H-C, Yeh Y-C, Ting C-T, Lee W-L, Lee H-W,
Wang L-C, Wang K-Y, Lai H-C, Wu A and Liu
T-J. Doxycycline suppresses doxorubicin-induced
oxidative stress and cellular apoptosis in mouse hearts.
Eur. J. Pharmacol. (2010) 644: 176-87.

(41) Schwartz J, Holmuhamedov E, Zhang X, Lovelace
GL, Smith CD and Lemasters JJ. Minocycline and
doxycycline, but not other tetracycline-derived
compounds, protect liver cells from chemical hypoxia
and ischemia/reperfusion injury by inhibition of
the mitochondrial calcium uniporter. Toxicol. Appl.
Pharmacol. (2013) 273: 172-9.

(42) Cortes AL, Gonsalez SR, Rioja LS, Oliveira SS, Santos
AL, Prieto MC, Melo PA and Lara LS. Protective
outcomes of low-dose doxycycline on renal function
of Wistar rats subjected to acute ischemia/reperfusion
injury. Biochim. Biophys. Acta Mol. Basis Dis. (2018)
1864: 102-14.

(43) Kholmukhamedov A, Czerny C, Hu J, Schwartz
J, Zhong Z and Lemasters JJ. Minocycline and
doxycycline, but not tetracycline, mitigate liver and
kidney injury after hemorrhagic shock/resuscitation.
Shock (2014) 42: 256.

(44)Bastos LFS, Merlo LA, Rocha LTS and Coelho
MM. Characterization of the antinociceptive and
anti-inflammatory activities of doxycycline and
minocycline in different experimental models. Eur. J.
Pharmacol. (2007) 576: 171-9.

(45) Tang DM, Koh C, Twaddell WS, von Rosenvinge EC
and Han H. Acute hepatocellular drug-induced liver
injury from bupropion and doxycycline. ACG Case
Rep. J. (2015) 3: 66.

(46) Duarte S, Baber J, Fujii T and Coito AJ. Matrix
metalloproteinases in liver injury, repair and fibrosis.
Matrix Biol. (2015) 44: 147-56.

(47)Fana X-z, Zhu H-j, Wu X, Yan J, Xu J and Wang
D-g. Effects of doxycycline on cx43 distribution
and cardiac arrhythmia susceptibility of rats after
myocardial infarction. /ran J. Pharm. Res. (2014) 13:
613.

(48) Modheji M, Olapour S, Khodayar MJ, Jalili A
and Yaghooti H. Minocycline is more potent than
tetracycline and doxycycline in inhibiting MMP-9
in-vitro. Jundishapur J. Nat. Pharm. Prod. (2016) 11:
e27377.

This article is available online at http://www.ijpr.ir




