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Magnesium isoglycyrrhizinate (MgIG), which has been widely employed to treat chronic
hepatitis, is synthesized from 18-β glycyrrhizic acid, a main component of traditional
Chinese medicine Glycyrrhiza uralensis Fisch. Although the protective effects of
MgIG on methotrexate (MTX)-induced liver toxicity have been well-documented, the
underlying mechanism remains elusive. MTX was initially used to treat pediatric acute
leukemia, and has been widely applied to psoriasis therapy. However, its clinical
applications are limited due to hepatotoxicity and intestinal toxicity. Herein, prophylactic
administration of MgIG (9 and 18 mg/kg/day) significantly reduced the levels of
aspartate aminotransferase and alanine aminotransferase in the serum of rats receiving
intravenous injection of MTX (20 mg/kg body weight). MgIG also attenuated MTX-
induced hepatic fibrosis. Moreover, it better protected against MTX-induced hepatocyte
apoptosis and decreased the serum level of malondialdehyde than reduced glutathione
(80 mg/kg/day) did. Interestingly, MTX-induced cyclooxygenase-2 (COX-2) expression,
intestinal permeability and inflammation were attenuated after MgIG administration.
In addition, MgIG (9 and 18 mg/kg) reduced MTX-induced colocalization of zonula
occludens-1 (ZO-1) and connexin 43 (Cx43) in intestinal villi. In conclusion, MgIG
exerted beneficial effects on MTX-induced hepatotoxicity and intestinal damage, as
a potentially eligible drug for alleviating the hepatic and intestinal side effects of MTX
during chemotherapy.

Keywords: magnesium isoglycyrrhizinate, methotrexate, hepatotoxicity, intestinal damage, inflammation, COX-2,
ZO-1, Cx43

INTRODUCTION

Magnesium isoglycyrrhizinate (MgIG) is a novel α-isomer compound synthesized by isomerization
and salification from 18 β-glycyrrhizic acid, a main component of traditional Chinese medicine
Glycyrrhiza uralensis Fisch with well-known detoxifying effects (Gu et al., 2014). MgIG has mainly
been used for treating chronic viral hepatitis, combating inflammation, protecting the liver cell
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membrane and improving liver functions (Xie et al., 2015).
It is well-documented that MgIG was able to mitigate
hepatotoxicity induced by lipopolysaccharide (Jiang et al., 2017b),
ethanol (Lu et al., 2017), concanavalin A (Yang et al., 2016),
cyclophosphamide (Jiang et al., 2017a), paclitaxel (Chen et al.,
2014), and free fatty acid (Cheng et al., 2009).

Methotrexate (MTX) was first used to treat pediatric acute
leukemia, and has been applied to psoriasis and rheumatoid
arthritis therapies worldwide (Bastian et al., 2011; Rajitha et al.,
2017; Jenko et al., 2018). However, it has a well-defined toxicity
profile of which hepatotoxicity has been considered to be the
most important (Visser and van der Heijde, 2009; Conway and
Carey, 2017). MTX can increase hepatic transaminase level,
change liver histology, and lead to fibrosis and cirrhosis (Conway
and Carey, 2017). The clinical applications of MTX are limited
owing to hepatotoxicity (Visser and van der Heijde, 2009).

Accumulating evidence has verified the protective effects
of MgIG on MTX-induced liver toxicity (Wu et al., 2017;
Kong, 2018). Nevertheless, the underlying mechanism is still
largely unknown. MTX is a stable derivative of aminopterin,
the first folate antimetabolite, which can inhibit the synthesis
of purines and pyrimidine, and decrease DNA synthesis, repair
and cellular replication (Philips et al., 1973). Additionally, MTX
damages the intestinal mucosa, thereby disrupting the intestinal
barrier functionality and allowing bacterial translocation to
the liver to induce hepatotoxicity (Song et al., 2006; Duman
et al., 2013). The increase in intestinal permeability is positively
correlated with diarrhea, and MTX-induced high permeability
significantly participates in liver inflammation (Tran-Minh et al.,
2017). Interestingly, Hu et al. (2003) demonstrated that MgIG
is mainly excreted into bile in unchanged form. Thereby
motivated, we herein studied the effects and the underlying
mechanisms of MgIG on methotrexate-induced hepatotoxicity
and intestinal toxicity.

MATERIALS AND METHODS

Animal Treatment and Experimental
Design
Male Wistar (SCXK 2012-0001) rats weighing 180–220 g were
obtained from Beijing Vital River Laboratory Animal Technology
Co., Ltd (Beijing, China). All animal procedures were performed
according to the guidelines for the Institutional Animal Ethics
Committee and approved by the Institutional Animal Committee
of Nanjing University of Chinese Medicine (Supplementary
Data Sheets S5, S6). The rats were housed under standard
laboratory conditions for approximately one week before
experimentation. The rats were injected intravenously with a
single dose of MTX (20 mg/kg) (Miyazono et al., 2004; Khalifa
et al., 2017).

The recommended daily dosage of MgIG for clinical use is
100–200 mg/d, so we herein selected the best dosages of 9 and
18 mg/kg/d for rats. Thirty rats were randomly divided into
five groups: (1) Control group, (2) MTX group (20 mg/kg, i.v.,
once), (3) MTX (20 mg/kg, i.v., once) + glutathione (GSH,
80 mg/kg/d, i.v., injection using vial, seven consecutive days)

group, (4) MTX (20 mg/kg, i.v., once)+ MgIG (9 mg/kg/d,
i.v., seven consecutive days) group, and (5) MTX (20 mg/kg,
i.v., once) + MgIG (18 mg/kg/d, i.v., seven consecutive days)
group. On the first day, the rats were administered with MTX.
MgIG/GSH was given through the caudal vein every day, and
the control group was treated with an equal volume of saline.
After one week, the rats were anesthetized by urethane (1.0 g/kg)
intraperitoneally, and blood was collected from the abdominal
aorta, left still for 4 h at room temperature and centrifuged
to separate the serum. The levels of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT)-related liver function
parameters were measured.

Chemicals and Reagents
MgIG (purity > 98%) was provided by Chia Tai Tianqing
Pharmaceutical Group Co., Ltd. (China). GSH was purchased
from Chongqing Pharmaceutical Co., Ltd. (China) and dissolved
in 0.9% normal saline for in vivo rat treatments. MTX was
purchased from Jiangsu Hengrui Medicine Co., Ltd. (China).

Biochemical Measurement
Serum levels of AST and ALT were determined by Hitachi
7020 automatic blood biochemical analyzer (Tokyo, Japan).
Malondialdehyde (MDA), superoxide dismutase (SOD), GSH
and glutathione peroxidase (GPx) levels were measured using
standard kits purchased from Nanjing Jiancheng Bioengineering
Institute (China) by PerkinElmer EnSpire multifunctional
microplate reader (Waltham Mass, United States).

Western Blot Analysis
The protein extracts of liver tissue were separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis gels and
then transferred to polyvinylidene difluoride membranes
(Millipore, United States). Protein concentration was quantified
by the BCA method using the BCA protein kit (Beyotime
Institute of Biotechnology, China). The proteins were probed
with cyclooxygenase-2 (COX-2), caspase-3, Bax, Bcl-2, PARP
and cleaved-PARP (Cell Signaling Technology, United States;
1:1,000), and detected by enhanced chemiluminescence.
Secondary antibodies were used at a dilution of 1:10000. Protein
bands were imaged using Bio-Rad Bio-Spectrum Gel Imaging
System (Hercules, CA, United States), and the intensities were
quantified by Photoshop CS6 software (Adobe, United States).
All protein bands were normalized to that of GAPDH protein.

HE, Sirius Red and
Immunohistochemical Staining
Liver and intestinal tissues were cut into small pieces and fixed
in 10% neutral-buffered formalin for 24 h. Afterward, the tissue
specimens were embedded in paraffin according to standard
histological procedures. Tissue sections (thickness: 3 µm) were
stained with HE. The liver damage severity was evaluated
based on congestion of red blood cells (RBCs), inflammatory
cell infiltration and pyknosis (Mehrzadi et al., 2018), and the
mucosal damage severity was assessed as described previously to
evaluate the parenchymal and stromal structures of liver tissues
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(Xian et al., 1999). The sections were observed under a light
microscope, and the images were analyzed using ImageJ software
(National Institutes of Health, Bethesda, MD, United States) The
percentage (%) of intensity in sirius red staining was calculated
with the following formula: fibrosis area/whole area × 100
The immunohistochemical assays of COX-2 (Cell Signaling
Technology, United States; 1:500) and collagen I (Abcam,
United States; 1:500) have been described before. The mean
DAB intensity was quantified by Mantra Quantitative Pathology
Workstation (PerkinElmer, United States).

Terminal dUTP Nick End Labeling
(TUNEL) Assay
DNA strand breaks were assessed by using one-step TUNEL
apoptosis assay kit (Beyotime Institute of Biotechnology,
China) following the manufacturer’s protocol. Nuclei were
counterstained with 10 g/mL 4,6-diamidino-2-phenylindole
(DAPI) (Beyotime Institute of Biotechnology, China). Cells
stained by TUNEL were imaged and evaluated under Mantra
fluorescent microscope (PerkinElmer, United States) at the
excitation wavelength of 488 nm and the emission wavelength
of 530 nm. Positive and total hepatocytes in each section were
counted in 6 randomly selected high-power fields (× 200)

under the light microscope, and the positive rates of TUNEL
were calculated.

Measurement of Intestinal Permeability
The rats were moved to metabolic cages to collect their 6 h
urine after intragastric administration of a complex solution
containing 120 mg lactulose and l80 mg/L mannitol on the
seventh day after MgIG treatment. The urine was quantitatively
analyzed by evaporative light-scattering detection (ELSD). Then
100 mg lactulose (Sigma Aldrich, United States) and 50 mg
mannitol (Sigma-Aldrich, United States) were mixed in 2 mL
of normal saline. The resulting test solution was administered
orally. All urine samples were collected for 6 h and mixed
thoroughly. A 2 mL sample was taken from the pooled urine
and frozen at −20◦C until analysis. Urinary lactulose and
mannitol concentrations were measured by high-performance
liquid chromatography-ELSD. NH2 column (No. C9815105191,
Hanbon Science & Technology Co., Ltd., Huaian, China) was
used with the mobile phase of 80% acetonitrile-water for
gradient elution.

Immunofluorescence Microscopy
Tissue sections (thickness: 3 µm) were subjected to
immunofluorescence staining as previously reported. Briefly,

FIGURE 1 | Effect of MgIG and MTX on body weight and liver weight/body weight ratio. (A) Experimental protocols for MTX-induced hepatotoxicity in rats pretreated
with MgIG and GSH; (B) body weight; (C) liver weight/body weight ratio [Liver/wt ratio (%)]; (D) effects of treatment with MgIG and GSH on histopathological lesions
in liver tissues following MTX-induced hepatotoxicity. Microscopic views from the pericentral zone of rat liver stained with HE are shown; magnifications: ×400.
Values of body weight and liver weight are shown as mean ± SD, n = 6. Significance: Compared with control: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; compared with
MTX group: #P < 0.05, ##P < 0.01, ###P < 0.001; compared with GSH group: $P < 0.05. The arrow means congestion of RBCs, infiltration of inflammatory cells
and pyknosis in liver.
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paraffin sections of liver tissue (thickness: 3 mm) were
deparaffinized and antigen-retrieved. Subsequently, the sections
were blocked with 1% bovine serum albumin and incubated
with antibodies at 4◦C overnight. The unbound antibody
was washed with PBS and then incubated with fluorescently
labeled anti-rabbit or anti-mouse IgG antibody for 2 h at
room temperature, followed by nuclear labeling with Hoechst,
washing and fluorescence observation under Nikon fluorescence
microscope (Tokyo, Japan).

Statistical Analyses
Analyses were performed with GraphPad software (GraphPad
Software Inc., La Jolla, CA, United States). Comparisons among
multiple groups were conducted by one-way analysis of variance,
and those between two groups were carried out with the
Dunnett’s test. P < 0.05 was considered statistically significant.

RESULTS

MgIG Reversed MTX-Induced
Hepatotoxicity
Treatment with 9 and 18 mg/kg/d MgIG or 80 mg/kg/d GSH
increased the body weight compared to that of the MTX
group, and 18 mg/kg/d MgIG also significantly elevated the

body weight compared to that of the 80 mg/kg/d GSH group
(P < 0.05) (Figures 1A,B and Supplementary Tables S1, S2). The
liver weight/body weight ratio of the MTX group significantly
exceeded that of the MgIG or GSH group (Figure 1C). The
MTX group had significantly higher levels of AST and ALT
than those of the control group (Figures 2A,B). The rats
pretreated with 9 and 18 mg/kg/d MgIG or 80 mg/kg/d GSH
for seven consecutive days had significantly lower serum levels
of ALT and AST than those of the MTX group (##P < 0.01,
##P < 0.01, #P < 0.05; ###P < 0.001, ###P < 0.001 and
#P < 0.05, respectively). Furthermore, HE staining revealed that
liver tissue of the MTX group suffered from congestion of RBCs,
infiltration of inflammatory cells and pyknosis. Compared with
the MTX group, the histopathological lesions were effectively
mitigated after pretreatment with MgIG or GSH (Figure 1D and
Supplementary Data Sheet S1).

Effect of MgIG Administration on Hepatic
Oxidative Stress Markers in MTX-Treated
Rats
Oxidative stress plays a critical role in MTX-induced
hepatotoxicity (Kelleni et al., 2016). To evaluate the antioxidant
activity in liver tissue, the liver GSH level and activities of SOD
and GPx were measured. Administration of MTX significantly
decreased GSH level and activities of SOD and GPx compared to

FIGURE 2 | Effects of MgIG and MTX administration on serum and hepatic enzymatic levels (A–D) Effects of MgIG and MTX administration on serum ALT, AST, MDA
and GSH levels; (E,F) effects of MgIG and MTX administration on activities of SOD and GPx. The results are shown as mean ± SD of six rats per group. Compared
with control group: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; Compared with MTX group: #P < 0.05, ##P < 0.01, ###P < 0.001; compared with GSH group:
$$P < 0.01.
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those of the control group. In contrast, the values significantly
(P < 0.001) increased in MgIG and GSH groups (Figures 2D–F).
Besides, pretreatment with MgIG at 9 and 18 mg/kg for seven
consecutive days significantly decreased MDA level compared to
that of the MTX group (P < 0.001) (Figure 2C).

MgIG Alleviated MTX-Induced Apoptosis
and Collagen Deposition in Hepatic
Tissue
Methotrexate can induce apoptosis and block the biosynthesis
of cell DNA by inhibiting dihydrofolate reductase (Bajt et al.,
2011; Xie et al., 2016). To investigate whether MgIG affected

MTX-induced apoptosis in rat liver tissue, we first detected the
apoptosis of hepatocytes by TUNEL assay and Western blot after
MgIG and MTX exposures. The MTX group had significantly
more TUNEL-positive cells than those in the control group
(P < 0.001) (Figures 3A,B and Supplementary Table S3). The
protein expression levels of caspase-3, cleaved caspase-3, Bax,
Bcl-2, PARP and cleaved PARP were detected by Western blot.
The expression levels of cleaved caspase-3, Bax and cleaved PARP
proteins in the MTX group were up regulated compared with
those of the control group, but the level of Bcl-2 decreased
(Figure 3C and Supplementary Data Sheet S2). The percentage
of TUNEL-positive cells in liver tissue significantly decreased
after administration with 9 and 18 mg/kg MgIG (P < 0.05,

FIGURE 3 | Effects of MgIG on MTX induced apoptosis in hepatic tissue: (A) Liver tissue sections from different treatment groups were stained with TUNEL (green)
and counterstained with DAPI to localize the nuclei (blue), and colocalized green and blue cells in the same view indicated TUNEL-positive cells, scale bar = 50 µm;
(B) semiquantitative analysis of TUNEL-positive cells, n = 6; (C) western blotting of liver caspase-3, cleaved-caspase-3, Bax, Bcl-2, PARP and cleaved-PARP protein
expression. The results are shown as mean ± SD, n = 3. Compared with control group: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; compared with MTX group:
#P < 0.05, ##P < 0.01, ###P < 0.001.
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P < 0.001, respectively). In addition, the protein levels of cleaved
caspase-3, Bax and cleaved PARP in 9 and 18 mg/kg MgIG groups
reduced compared with those of the MTX group, whereas the
level of hepatic Bcl-2 increased.

Sirius red staining exhibited that collagen deposition
was aggravated in the MTX group compared to that
in the control group (P < 0.001) (Figures 4A,B).
Compared to the MTX group, collagen deposition was
attenuated after administration with 9 and 18 mg/kg
MgIG (P < 0.05 and P < 0.001, respectively). Moreover,
the Immunohistochemical staining of collagen I showed
that MgIG effectively relieved MTX-induced pathological
changes of liver tissue, possibly being associated with
fibrosis (Figures 4A,C).

Hepatoprotective Effect of MgIG on
MTX-Induced Hepatotoxicity May Be by
Reducing COX-2
Decrease of COX-2 can effectively reverse MTX-induced
liver damage (Ali et al., 2017). To investigate the
relationship between COX-2 and the protective effects of
MgIG on hepatotoxicity induced by MTX, we detected
COX-2 expression in the liver by immunohistochemical
assay. The MTX group had significantly higher COX-2
expression level in hepatic tissue than that of the control
group (P < 0.001). After administration with 9 and
18 mg/kg MgIG for 7 days, the expression of COX-2
significantly reduced compared to that of the MTX group

FIGURE 4 | Effect of MgIG on MTX induced collagen deposition and expression of COX-2 in hepatic tissue. (A) Histological observation of collagen deposition by
Sirius red staining and immunohistochemistry of collagen I and COX-2 in rat liver sections under light microscope, magnifications: × 200; (B) percentage (%) of
intensity in Sirius red staining was calculated with the following formula: fibrosis area/whole area × 100; (C,D) quantification of percentage of collagen I and COX-2
positive cells (pos cells). The results are shown as means ± SD of three rats per group. Compared with control group: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001;
compared with MTX group: #P < 0.05, ##P < 0.01, ###P < 0.001.
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FIGURE 5 | Effect of MgIG on MTX induced intestinal damage (A) Immunofluorescence analysis of ZO-1 (green); (B) intestinal sections were stained with HE; (C)
chromatograms of lactose and mannitol; (D) lactulose and mannitol excretion in the urine of rats. The results are shown as means ± SD of six rats per group.
Compared with control group: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; compared with MTX group: #P < 0.05, ##P < 0.01, ###P < 0.001.
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(P < 0.05 and P < 0.001, respectively) (Figures 4A,D and
Supplementary Table S4).

Effect of MgIG on MTX-Induced
Intestinal Damage
The MTX group underwent severe diarrhea. Administration
of MTX significantly increased lactulose/mannitol ratio
(L/M ratio) compared to that of the control group
(∗∗∗P < 0.001). In contrast, the ratio significantly

decreased after administration with 9 and 18 mg/kg MgIG
compared to that of the MTX group (###P < 0.001 and
###P < 0.001, respectively) (Figures 5C,D and Supplementary
Table S5). The regression equations of mannitol and
lactose were Y = 3219X – 191.75 (r2 = 0. 9978) and
Y = 2812.2X – 175.05 (r2 = 0. 9966), respectively. Zonula
occludens-1 (ZO-1) is a key protein that maintains tight
junctions in the intestinal tract. Immunofluorescence
assay showed that MTX reduced the expression level
of ZO-1 protein in intestinal tissue. However, the levels

FIGURE 6 | Hepatoprotective effect of MgIG on MTX-induced intestinal toxicity by regulating COX-2 and colocalization of ZO-1 and Cx43: (A) Effect of MgIG on
MTX induced damage in intestinal tissue and immunohistochemistry of COX-2 in rat intestinal sections (Magnifications: × 200); (B) quantification of percentage of
COX-2 positive cells (pos cells); (C) immunofluorescence analysis of Cx43 (red) and ZO-1 (green). The results are shown as means ± SD of three rats per group.
Compared with control group: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; compared with MTX group: #P < 0.05, ##P < 0.01, ###P < 0.001. The arrow means
colocalization of ZO-1 and connexin 43 in liver.
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of 9 and 18 mg/kg MgIG groups were significantly
higher than those of the MTX group (Figure 5A). In
addition, there were inflammatory cell infiltration and
crypt loss in the MTX group. Compared with the MTX
group, the histopathological lesions were mitigated after
pretreatment with 9 or 18 mg/kg MgIG (Figure 5B
and Supplementary Data Sheet S3).

MgIG Relieved MTX-Induced Intestinal
Damage May Be by Reducing COX-2 and
Colocalization of ZO-1 and Connexin
43 (Cx43)
COX-2 predominantly regulates colorectal inflammation
and participates in MTX-induced intestinal injury
(Natarajan et al., 2018). In this study, the MTX group
had significantly higher COX-2 expression in intestinal
tissue than that of the control group (∗∗∗P < 0.001). After
administration with 9 and 18 mg/kg MgIG for seven days,
the expressions of COX-2 significantly decreased compared
to that of the MTX group (#P < 0.05 and ##P < 0.01,
respectively) (Figures 6A,B, Supplementary Table S6,
and Supplementary Data Sheet S4).

Cx43 protein is abnormally expressed in the case
of inflammation-induced intestinal epithelial cell injury
(Chotikatum et al., 2018). Herein, Cx43 was colocalized
with ZO-1 at the top of intestinal villi after MTX treatment,
with enhanced fluorescence. However, the colocalization
of Cx43 and ZO-1 was barely observed after MgIG
intervention (Figure 6C). Hence, MTX induced intestinal
injury probably by affecting the localization of Cx43
and ZO-1, which may be restored by MgIG through the
colocalization of them.

DISCUSSION

Hepatotoxicity results from various pathogenic factors (e.g.,
physical, chemical, and biological factors), leading to liver
cell degeneration, necrosis and liver function changes (Wilke
et al., 2007). MTX has been used to treat various cancers
and inflammatory diseases (Bleyer, 1978). Nevertheless,
hepatotoxicity is the most serious side effect of long-term
MTX treatment, which is related to the accumulation of
7-hydroxymethotrexate, the main metabolite (West, 1997).
Moreover, the hepatotoxicity and intestinal toxicity of MTX
seriously affect the clinical therapeutic effects of MTX, thus
requiring effective therapies. In this study, the effects of MgIG
on MTX-induced hepatotoxicity and intestinal toxicity in rats
were evaluated.

After MTX administration, rats underwent significant weight
loss and increase of liver weight/body weight ratio, which
were significantly restored by pretreatment with MgIG or GSH.
Injecting MTX into the tail caused severe liver injury, manifested
as augmented activities of ALT and AST, hepatocyte apoptosis,
collagen deposition, intestinal permeability and liver pathological
changes which were significantly alleviated by administration
with 9 and 18 mg/kg MgIG. In other words, the liver
functions were ameliorated. It has been demonstrated that MTX
increased MDA in the liver, which then cause morphological
and functional changes (Khafaga and El-Sayed, 2018). In our
study, pretreatment with MgIG significantly decreased MDA
level, whereas increased SOD, GSH and GPx levels in the liver
compared to those of the MTX group, indicating that the toxic
effects of MTX were attenuated.

Apoptosis of cells is an important phenomenon of liver injury
(Mohamed and Magdy, 2017), and MTX-induced liver injury
is also accompanied by hepatocyte apoptosis (Ali et al., 2017).

FIGURE 7 | Mechanism of protective effect of MgIG on MTX-induced hepatotoxicity and intestinal damage: MgIG reduced MTX-induced abnormal expression of
COX-2 in the liver and intestinal tissues, affecting collagen deposition in the liver and intestinal permeability. It also weakened MTX-induced colocalization of ZO-1
and Cx43. The increase in intestinal permeability was also essentially involved in MTX-induced liver injury. As evidenced by the inhibitory effects on MTX-induced
intestinal damage, MgIG alleviated MTX-induced liver damage via multiple pathways.
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As mentioned above, MgIG exerted hepatoprotective effects by
inhibiting MTX-induced apoptosis of liver cells. On the other
hand, collagen is the main component of connective tissue,
but the increase of collagen content or deposition in hepatic
tissue dominantly induces hepatic fibrosis (Mak et al., 2012).
MgIG can reduce collagen deposition and COX-2 expression
in the liver. Collagen deposition is mainly responsible for
liver fibrosis, and COX-2 can promote MTX-induced hepatic
inflammatory response and activation of hepatic stellate cells,
further accelerating the progression of liver fibrosis (Fayez
et al., 2018). Additionally, MTX is often first used to control
rheumatism by modifying the immune system, and commonly
prescribed with other drugs, including NSAIDs such as aspirin
(Fries et al., 1990). COX-2 is the target for aspirin to exert
anti-inflammatory effects (Strand, 2007). Our results suggested
that MgIG decreased the expression level of COX-2 in the
liver and attenuated MTX-induced increase in the intestinal
permeability. In addition, MgIG relieved intestinal inflammation
and decreased the expression of COX-2 in intestinal tissue.

Intestinal damage is also one of the main toxic effects of
MTX in clinical practice. It damages the gastrointestinal tract
mucosa, thereby disrupting the intestinal barrier functionality
and allowing bacterial translocation to the liver to induce
infections (Wiest et al., 2014). The sugar absorption test is
based on the oral administration of lactulose and mannitol
that differentially cross the impaired intestinal barrier into the
circulation, after which they are rapidly cleared into urine
(Sequeira et al., 2015). In our study, administration of MgIG
significantly decreased L/M ratio compared to that of the MTX
group. In addition, MgIG increased MTX-induced expression
of ZO-1, a key protein maintaining intestinal tight junctions,
in intestinal tissue compared to that of the MTX group.
Furthermore, MgIG weakened MTX-induced colocalization of
ZO-1 and Cx43, also verifying the protective effects of MgIG
on the intestinal tract. As an important binding partner of
Cx43 (Giepmans and Moolenaar, 1998), ZO-1 interacts with
Cx43 and binds the periphery of GJ plaques where newly
synthesized channels accrue, possibly affecting cell cycle stage
(Singh et al., 2005).

At present, the protective effects of MgIG on liver injury are
mainly attributed to STAT3 (Zhao Z. et al., 2017), hedgehog
(Lu et al., 2017), NF-κB signaling pathway (Xu et al., 2016;
Jiang et al., 2017a; Zhao X.J. et al., 2017) and phospholipase
A2/arachidonic acid pathway (Xie et al., 2015). We herein,
for the first time, proved that MgIG protected against MTX-
induced hepatotoxicity and intestinal toxicity, and that it
inhibited MTX-induced intestinal toxicity probably by regulating
the expression of COX-2 and the colocalization of ZO-1 and
Cx43. As suggested by the protective effects on MTX-induced
intestinal damage, MgIG alleviated MTX-induced liver damage
via multiple pathways (Figure 7).

Collectively, MgIG relieved not only MTX-induced increase
in intestinal permeability, but also concomitant intestinal
inflammation and COX-2 expression abnormalities. We
postulated that MgIG protected against MTX-induced
hepatotoxicity and intestinal damage by reducing abnormal
liver and intestinal expressions of COX-2, as well as affecting

collagen deposition in the liver and intestinal permeability. In
summary, mitigating MTX-induced hepatotoxicity is of great
significance to the improvement of life quality and treatment
success rate. Given all histological and biochemical results, MgIG
is a feasible drug for reducing the hepatic side effects of MTX
during chemotherapy.

AUTHOR CONTRIBUTIONS

YL and YC conceived and designed the experiments. YC, HS,
YX, and YFW performed the experiments. YC, JW, WC, and
AW analyzed the data. ZS, XL, and YYW contributed reagents,
materials, and analysis tools.

FUNDING

This project was supported in part by National Natural Science
Foundation of China (Nos. 81403260, 81573859, 81673725,
81703765, 81673795, and 81673648), China Postdoctoral Science
Foundation (Nos. 2014M551639, 2016M601865), Natural
Science Foundation of Jiangsu Province (BK20151567), Natural
Science Foundation of Higher School of Jiangsu Province
(No. 17KJA360003), Postdoctoral funding in Jiangsu Province
(No. 1401138C), 2013’ Program for Excellent Scientific and
Technological Innovation Team of Jiangsu Higher Education,
Top-notch Academic Programs Project of Jiangsu Higher
Education Institutions (No. PPZY2015A070), a project of the
Priority Academic Program Development of Jiangsu Higher
Education Institutions (PAPD), Natural Science Foundation
of Jiangsu Province (No. BK20141243) and Jiangsu College
graduate research and innovation projects (No. KYLX_0972).
Jiangsu Key Laboratory for Pharmacology and Safety Evaluation
of Chinese Materia Medica (No. JKLPSE201501).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2019.
00119/full#supplementary-material

TABLE S1 | Original data for body weight and liver weight/body weight ratio.

TABLE S2 | Original data for serum and hepatic enzymatic levels.

TABLE S3 | Original data for semi-quantitative analysis of TUNEL-positive cells.

TABLE S4 | Original data for quantification of sirius red staining, collagen I and
COX-2 positive cells in liver sections.

TABLE S5 | Original data for lactulose and mannitol excretion.

TABLE S6 | Original data for quantification of COX-2 positive cells.

DATA SHEET S1 | Original data for liver histopathological lesions.

DATA SHEET S2 | Original data for western blotting.

DATA SHEET S3 | Original data for intestinal histopathological lesions.

DATA SHEET S4 | Original data for immunohistochemistry of intestinal COX-2.

DATA SHEETS S5, S6 | Standard biosecurity and institutional safety procedures.

Frontiers in Pharmacology | www.frontiersin.org 10 March 2019 | Volume 10 | Article 119

https://www.frontiersin.org/articles/10.3389/fphar.2019.00119/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2019.00119/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00119 March 22, 2019 Time: 13:55 # 11

Cao et al. MgIG Protects Hepatic and Intestines

REFERENCES
Ali, N., Rashid, S., Nafees, S., Hasan, S. K., Shahid, A., Majed, F., et al. (2017).

Protective effect of Chlorogenic acid against methotrexate induced oxidative
stress, inflammation and apoptosis in rat liver: an experimental approach.
Chem. Biol. Interact. 272, 80–91. doi: 10.1016/j.cbi.2017.05.002

Bajt, M. L., Ramachandran, A., Yan, H. M., Lebofsky, M., Farhood, A., Lemasters,
J. J., et al. (2011). Apoptosis-inducing factor modulates mitochondrial oxidant
stress in acetaminophen hepatotoxicity. Toxicol. Sci. 122, 598–605. doi: 10.1093/
toxsci/kfr116

Bastian, L., Einsiedel, H. G., Henze, G., Seeger, K., and Shalapour, S. (2011). The
sequence of application of methotrexate and histone deacetylase inhibitors
determines either a synergistic or an antagonistic response in childhood
acute lymphoblastic leukemia cells. Leukemia 25, 359–361. doi: 10.1038/leu.
2010.259

Bleyer, W. A. (1978). The clinical pharmacology of methotrexate: new applications
of an old drug. Cancer 41, 36–51. doi: 10.1002/1097-0142(197801)41:1<36::
AID-CNCR2820410108>3.0.CO;2-I

Chen, K. J., Chen, W. Y., Chen, X., Jia, Y. M., Peng, G. Q., and Chen, L.
(2014). Increased elimination of paclitaxel by magnesium isoglycyrrhizinate in
epithelial ovarian cancer patients treated with paclitaxel plus cisplatin: a pilot
clinical study. Eur. J. Drug Metab. Pharmacokinet. 39, 25–31. doi: 10.1007/
s13318-013-0136-y

Cheng, Y., Zhang, J., Shang, J., and Zhang, L. (2009). Prevention of free fatty acid-
induced hepatic lipotoxicity in HepG2 cells by magnesium isoglycyrrhizinate
in vitro. Pharmacology 84, 183–190. doi: 10.1159/000235873

Chotikatum, S., Naim, H., and El-Najjar, N. (2018). Inflammation induced ER
stress affects absorptive intestinal epithelial cells function and integrity. Int.
Immunopharmacol. 55, 336–344. doi: 10.1016/j.intimp.2017.12.016

Conway, R., and Carey, J. J. (2017). Risk of liver disease in methotrexate treated
patients. World J. Hepatol. 9, 1092–1100. doi: 10.4254/wjh.v9.i26.1092

Duman, D. G., Kumral, Z. N., Ercan, F., Deniz, M., Can, G., and Caglayan Yegen, B.
(2013). Saccharomyces boulardii ameliorates clarithromycin- and methotrexate-
induced intestinal and hepatic injury in rats. Br. J. Nutr. 110, 493–499. doi:
10.1017/S000711451200517X

Fayez, A. M., Zakaria, S., and Moustafa, D. (2018). Alpha lipoic acid exerts
antioxidant effect via Nrf2/HO-1 pathway activation and suppresses hepatic
stellate cells activation induced by methotrexate in rats. Biomed. Pharmacother.
105, 428–433. doi: 10.1016/j.biopha.2018.05.145

Fries, J. F., Singh, G., Lenert, L., and Furst, D. E. (1990). Aspirin,
hydroxychloroquine, and hepatic enzyme abnormalities with methotrexate
in rheumatoid arthritis. Arthritis Rheum. 33, 1611–1619. doi: 10.1002/art.
1780331102

Giepmans, B. N., and Moolenaar, W. H. (1998). The gap junction protein
connexin43 interacts with the second PDZ domain of the zona occludens-1
protein. Curr. Biol. 8, 931–934. doi: 10.1016/S0960-9822(07)00375-2

Gu, L., Wang, X., Liu, Z., Ju, P., Zhang, L., Zhang, Y., et al. (2014). A study of Semen
Strychni-induced renal injury and herb-herb interaction of Radix Glycyrrhizae
extract and/or Rhizoma Ligustici extract on the comparative toxicokinetics of
strychnine and brucine in rats. Food Chem. Toxicol. 68, 226–233. doi: 10.1016/
j.fct.2014.03.028

Hu, Q., Ding, J., Liu, S., Li, P., and Hu, G. (2003). Pharmacokinetics
of magnesium glycyrrhizinate following intravenous administration of
magnesium glycyrrhizinate in rats. Eur. J. Drug Metab. Pharmacokinet. 28,
259–264. doi: 10.1007/BF03220177

Jenko, B., Tomsic, M., Jekic, B., Milic, V., Dolzan, V., and Praprotnik, S.
(2018). Clinical pharmacogenetic models of treatment response to methotrexate
monotherapy in slovenian and serbian rheumatoid arthritis patients: differences
in patient’s management may preclude generalization of the models. Front.
Pharmacol. 9:20. doi: 10.3389/fphar.2018.00020

Jiang, W., Chen, Q., Li, P., Lu, Q., Pei, X., Sun, Y., et al. (2017a).
Magnesium Isoglycyrrhizinate attenuates lipopolysaccharide-induced
depressive-like behavior in mice. Biomed. Pharmacother. 86, 177–184.
doi: 10.1016/j.biopha.2016.12.033

Jiang, W., Liu, J., Li, P., Lu, Q., Pei, X., Sun, Y., et al. (2017b). Magnesium
isoglycyrrhizinate shows hepatoprotective effects in a cyclophosphamide-
induced model of hepatic injury. Oncotarget 8, 33252–33264. doi: 10.18632/
oncotarget.16629

Kelleni, M. T., Ibrahim, S. A., and Abdelrahman, A. M. (2016). Effect of captopril
and telmisartan on methotrexate-induced hepatotoxicity in rats: impact of
oxidative stress, inflammation and apoptosis. Toxicol. Mech. Methods 26, 371–
377. doi: 10.1080/15376516.2016.1191576

Khafaga, A. F., and El-Sayed, Y. S. (2018). Spirulina ameliorates methotrexate
hepatotoxicity via antioxidant, immune stimulation, and proinflammatory
cytokines and apoptotic proteins modulation. Life Sci. 196, 9–17. doi: 10.1016/
j.lfs.2018.01.010

Khalifa, M. M. A., Bakr, A. G., and Osman, A. T. (2017). Protective effects
of phloridzin against methotrexate-induced liver toxicity in rats. Biomed.
Pharmacother. 95, 529–535. doi: 10.1016/j.biopha.2017.08.121

Kong, S. (2018). Effects, adverse reactions and recovery of liver function in the
treatment of acute drug-induced liver injury induced by antitumor drugs by
magnesium isoglyoxate. Strait. Pharmaceut. J. 30, 190–192.

Lu, C., Xu, W., Shao, J., Zhang, F., Chen, A., and Zheng, S. (2017). Blockade
of hedgehog pathway is required for the protective effects of magnesium
isoglycyrrhizinate against ethanol-induced hepatocyte steatosis and apoptosis.
IUBMB Life 69, 540–552. doi: 10.1002/iub.1639

Mak, K. M., Chu, E., Lau, K. H., and Kwong, A. J. (2012). Liver fibrosis in elderly
cadavers: localization of collagen types I, III, and IV, alpha-smooth muscle actin,
and elastic fibers. Anat. Rec. 295, 1159–1167. doi: 10.1002/ar.22504

Mehrzadi, S., Fatemi, I., Esmaeilizadeh, M., Ghaznavi, H., Kalantar, H., and
Goudarzi, M. (2018). Hepatoprotective effect of berberine against methotrexate
induced liver toxicity in rats. Biomed. Pharmacother. 97, 233–239. doi: 10.1016/
j.biopha.2017.10.113

Miyazono, Y., Gao, F., and Horie, T. (2004). Oxidative stress contributes to
methotrexate-induced small intestinal toxicity in rats. Scand. J. Gastroenterol.
39, 1119–1127. doi: 10.1080/00365520410003605

Mohamed, A. K., and Magdy, M. (2017). Caspase 3 role and immunohistochemical
expression in assessment of apoptosis as a feature of H1N1 vaccine-caused
drug-induced liver injury (DILI). Electron Phys. 9, 4261–4273. doi: 10.19082/
4261

Natarajan, K., Abraham, P., Kota, R., and Isaac, B. (2018). NF-κB-iNOS-COX2-
TNF α inflammatory signaling pathway plays an important role in methotrexate
induced small intestinal injury in rats. Food Chem. Toxicol. 118, 766–783.
doi: 10.1016/j.fct.2018.06.040

Philips, F. S., Sirotnak, F. M., Sodergren, J. E., and Hutchison, D. J. (1973). Uptake
of methotrexate, aminopterin, and methasquin and inhibition of dihydrofolate
reductase and of DNA synthesis in mouse small intestine. Cancer Res. 33,
153–158.

Rajitha, P., Biswas, R., Sabitha, M., and Jayakumar, R. (2017). Methotrexate in the
treatment of psoriasis and rheumatoid arthritis: mechanistic insights, current
issues and novel delivery approaches. Curr. Pharm. Des. 23, 3550–3566. doi:
10.2174/1381612823666170601105439

Sequeira, I. R., Lentle, R. G., Kruger, M. C., and Hurst, R. D. (2015). Assessment of
the effect of intestinal permeability probes (lactulose and mannitol) and other
liquids on digesta residence times in various segments of the gut determined by
wireless motility capsule: a randomised controlled trial. PLoS One 10:e0143690.
doi: 10.1371/journal.pone.0143690

Singh, D., Solan, J. L., Taffet, S. M., Javier, R., and Lampe, P. D. (2005). Connexin
43 interacts with zona occludens-1 and -2 proteins in a cell cycle stage-
specific manner. J. Biol. Chem. 280, 30416–30421. doi: 10.1074/jbc.M5067
99200

Song, D., Shi, B., Xue, H., Li, Y., Yang, X., Yu, B., et al. (2006). Confirmation and
prevention of intestinal barrier dysfunction and bacterial translocation caused
by methotrexate. Dig. Dis. Sci. 51, 1549–1556. doi: 10.1007/s10620-005-9058-0

Strand, V. (2007). Are COX-2 inhibitors preferable to non-selective non-steroidal
anti-inflammatory drugs in patients with risk of cardiovascular events taking
low-dose aspirin? Lancet 370, 2138–2151. doi: 10.1016/S0140-6736(07)61909-6

Tran-Minh, M. L., Sousa, P., Maillet, M., Allez, M., and Gornet, J. M. (2017).
Hepatic complications induced by immunosuppressants and biologics in
inflammatory bowel disease. World J. Hepatol. 9, 613–626. doi: 10.4254/wjh.
v9.i13.613

Visser, K., and van der Heijde, D. M. (2009). Risk and management of liver
toxicity during methotrexate treatment in rheumatoid and psoriatic arthritis:
a systematic review of the literature. Clin. Exp. Rheumatol. 27, 1017–1025.

West, S. G. (1997). Methotrexate hepatotoxicity. Rheum. Dis. Clin. North Am. 23,
883–915. doi: 10.1016/S0889-857X(05)70365-3

Frontiers in Pharmacology | www.frontiersin.org 11 March 2019 | Volume 10 | Article 119

https://doi.org/10.1016/j.cbi.2017.05.002
https://doi.org/10.1093/toxsci/kfr116
https://doi.org/10.1093/toxsci/kfr116
https://doi.org/10.1038/leu.2010.259
https://doi.org/10.1038/leu.2010.259
https://doi.org/10.1002/1097-0142(197801)41:1<36::AID-CNCR2820410108>3.0.CO;2-I
https://doi.org/10.1002/1097-0142(197801)41:1<36::AID-CNCR2820410108>3.0.CO;2-I
https://doi.org/10.1007/s13318-013-0136-y
https://doi.org/10.1007/s13318-013-0136-y
https://doi.org/10.1159/000235873
https://doi.org/10.1016/j.intimp.2017.12.016
https://doi.org/10.4254/wjh.v9.i26.1092
https://doi.org/10.1017/S000711451200517X
https://doi.org/10.1017/S000711451200517X
https://doi.org/10.1016/j.biopha.2018.05.145
https://doi.org/10.1002/art.1780331102
https://doi.org/10.1002/art.1780331102
https://doi.org/10.1016/S0960-9822(07)00375-2
https://doi.org/10.1016/j.fct.2014.03.028
https://doi.org/10.1016/j.fct.2014.03.028
https://doi.org/10.1007/BF03220177
https://doi.org/10.3389/fphar.2018.00020
https://doi.org/10.1016/j.biopha.2016.12.033
https://doi.org/10.18632/oncotarget.16629
https://doi.org/10.18632/oncotarget.16629
https://doi.org/10.1080/15376516.2016.1191576
https://doi.org/10.1016/j.lfs.2018.01.010
https://doi.org/10.1016/j.lfs.2018.01.010
https://doi.org/10.1016/j.biopha.2017.08.121
https://doi.org/10.1002/iub.1639
https://doi.org/10.1002/ar.22504
https://doi.org/10.1016/j.biopha.2017.10.113
https://doi.org/10.1016/j.biopha.2017.10.113
https://doi.org/10.1080/00365520410003605
https://doi.org/10.19082/4261
https://doi.org/10.19082/4261
https://doi.org/10.1016/j.fct.2018.06.040
https://doi.org/10.2174/1381612823666170601105439
https://doi.org/10.2174/1381612823666170601105439
https://doi.org/10.1371/journal.pone.0143690
https://doi.org/10.1074/jbc.M506799200
https://doi.org/10.1074/jbc.M506799200
https://doi.org/10.1007/s10620-005-9058-0
https://doi.org/10.1016/S0140-6736(07)61909-6
https://doi.org/10.4254/wjh.v9.i13.613
https://doi.org/10.4254/wjh.v9.i13.613
https://doi.org/10.1016/S0889-857X(05)70365-3
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00119 March 22, 2019 Time: 13:55 # 12

Cao et al. MgIG Protects Hepatic and Intestines

Wiest, R., Lawson, M., and Geuking, M. (2014). Pathological bacterial translocation
in liver cirrhosis. J. Hepatol. 60, 197–209. doi: 10.1016/j.jhep.2013.07.044

Wilke, R. A., Lin, D. W., Roden, D. M., Watkins, P. B., Flockhart, D., Zineh, I.,
et al. (2007). Identifying genetic risk factors for serious adverse drug reactions:
current progress and challenges. Nat. Rev. Drug Discov. 6, 904–916. doi: 10.
1038/nrd2423

Wu, Q., Fang, X., and Shen, T.-T. (2017). Clinical efficacy and safety of Magnesium
isoglycyrrhizinate in the treatment of liver damage induced by antitumor drugs.
Strait Pharmaceut. J. 29, 143–144.

Xian, C. J., Howarth, G. S., Mardell, C. E., Cool, J. C., Familari, M., Read, L. C., et al.
(1999). Temporal changes in TFF3 expression and jejunal morphology during
methotrexate-induced damage and repair. Am. J. Physiol. 277, G785–G795.
doi: 10.1152/ajpgi.1999.277.4.G785

Xie, C., Li, X., Wu, J., Liang, Z., Deng, F., Xie, W., et al. (2015). Anti-inflammatory
activity of magnesium isoglycyrrhizinate through inhibition of phospholipase
A2/Arachidonic acid pathway. Inflammation 38, 1639–1648. doi: 10.1007/
s10753-015-0140-2

Xie, L., Zhao, T., Cai, J., Su, Y., Wang, Z., and Dong, W. (2016). Methotrexate
induces DNA damage and inhibits homologous recombination repair in
choriocarcinoma cells. Oncol. Targets Ther. 9, 7115–7122. doi: 10.2147/OTT.
S116387

Xu, Q., Wang, J., Chen, F., Lin, K., Zhu, M., Chen, L., et al. (2016). Protective
role of magnesium isoglycyrrhizinate in non-alcoholic fatty liver disease and
the associated molecular mechanisms. Int. J. Mol. Med. 38, 275–282. doi: 10.
3892/ijmm.2016.2603

Yang, Q., Wang, J., Liu, R., Wang, Z., Li, Y., Zhang, Y., et al. (2016).
Amelioration of concanavalin A-induced autoimmune hepatitis by magnesium
isoglycyrrhizinate through inhibition of CD4(+)CD25(-)CD69(+) subset
proliferation. Drug Des. Dev. Ther. 10, 443–453. doi: 10.2147/DDDT.
S92440

Zhao, X. J., Yang, Y. Z., Zheng, Y. J., Wang, S. C., Gu, H. M., Pan, Y., et al.
(2017). Magnesium isoglycyrrhizinate blocks fructose-induced hepatic NF-
kappaB/NLRP3 inflammasome activation and lipid metabolism disorder. Eur.
J. Pharmacol. 809, 141–150. doi: 10.1016/j.ejphar.2017.05.032

Zhao, Z., Tang, Z., Zhang, W., Liu, J., and Li, B. (2017). Magnesium
isoglycyrrhizinate protects against renalischemiareperfusion injury in a rat
model via antiinflammation, antioxidation and antiapoptosis. Mol. Med. Rep.
16, 3627–3633. doi: 10.3892/mmr.2017.6993

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Cao, Shi, Sun, Wu, Xia, Wang, Wu, Li, Chen, Wang and Lu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 12 March 2019 | Volume 10 | Article 119

https://doi.org/10.1016/j.jhep.2013.07.044
https://doi.org/10.1038/nrd2423
https://doi.org/10.1038/nrd2423
https://doi.org/10.1152/ajpgi.1999.277.4.G785
https://doi.org/10.1007/s10753-015-0140-2
https://doi.org/10.1007/s10753-015-0140-2
https://doi.org/10.2147/OTT.S116387
https://doi.org/10.2147/OTT.S116387
https://doi.org/10.3892/ijmm.2016.2603
https://doi.org/10.3892/ijmm.2016.2603
https://doi.org/10.2147/DDDT.S92440
https://doi.org/10.2147/DDDT.S92440
https://doi.org/10.1016/j.ejphar.2017.05.032
https://doi.org/10.3892/mmr.2017.6993
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Protective Effects of Magnesium Glycyrrhizinate on Methotrexate-Induced Hepatotoxicity and Intestinal Toxicity May Be by Reducing COX-2
	Introduction
	Materials and Methods
	Animal Treatment and Experimental Design
	Chemicals and Reagents
	Biochemical Measurement
	Western Blot Analysis
	HE, Sirius Red and Immunohistochemical Staining
	Terminal dUTP Nick End Labeling (TUNEL) Assay
	Measurement of Intestinal Permeability
	Immunofluorescence Microscopy
	Statistical Analyses

	Results
	MgIG Reversed MTX-Induced Hepatotoxicity
	Effect of MgIG Administration on Hepatic Oxidative Stress Markers in MTX-Treated Rats
	MgIG Alleviated MTX-Induced Apoptosis and Collagen Deposition in Hepatic Tissue
	Hepatoprotective Effect of MgIG on MTX-Induced Hepatotoxicity May Be by Reducing COX-2
	Effect of MgIG on MTX-Induced Intestinal Damage
	MgIG Relieved MTX-Induced Intestinal Damage May Be by Reducing COX-2 and Colocalization of ZO-1 and Connexin 43 (Cx43)

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


