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11000 Belgrade, Serbia; danijela.vucevic@med.bg.ac.rs

2 Uniklinik Mannheim, Theodor-Kutyer-Ufer 1-3, 68167 Mannheim, Germany; vukdusan@hotmail.com
3 Department of Pathobiology, Faculty of Pharmacy, University of Belgrade, 11000 Belgrade, Serbia;

jasmina.djuretic@pharmacy.bg.ac.rs
4 Institute of Chemistry in Medicine “Prof. Dr. Petar Matavulj”, Faculty of Medicine, University of Belgrade,

11000 Belgrade, Serbia; kristina.gopcevic@med.bg.ac.rs
5 Institute of Histology and Embryology, Faculty of Medicine, University of Belgrade, 11000 Belgrade, Serbia;

milica.labudovic-borovic@med.bg.ac.rs
6 Centre for Medical Biochemistry, University Clinical Centre of Serbia, 11000 Belgrade, Serbia;

sanjast2013@gmail.com
7 Department of Physiology, Faculty of Medical Sciences, University of Kragujevac, Svetozara Markovica 69,

34000 Kragujevac, Serbia; drvladakgbg@gmail.com
8 Institute of Pharmacology, Clinical Pharmacology and Toxicology, Faculty of Medicine, University of Belgrade,

11000 Belgrade, Serbia; jankomedico@yahoo.es (J.S.); milica.radosavljevic.bg@gmail.com (M.R.)
9 Center of Excellence for the Study of Redox Balance in Cardiovascular and Metabolic Disorders,

University of Kragujevac, Svetozara Markovica 69, 34000 Kragujevac, Serbia
10 Department of Human Pathology, First Moscow State Medical University I.M. Sechenov, Trubetskaya Street 8,

Str. 2, 119991 Moscow, Russia
* Correspondence: tatjana.radosavljevic@med.bg.ac.rs; Tel.: +381-11-2685-340

Abstract: Macrophage inhibitory factor (MIF) is a multipotent cytokine, involved in the inflammatory
response to infections or injuries. This study investigates the role of MIF in liver fibrosis and
the modulating effect of betaine on MIF in thioacetamide (TAA)-induced liver fibrosis. The wild-
type and knockout MIF−/− C57BL/6 mice were divided into the following groups: control; Bet
group, which received betaine; MIF−/−; MIF−/−+Bet; TAA group, which received TAA; TAA+Bet;
MIF−/−+TAA; and MIF−/−+TAA+Bet group. After eight weeks of treatment, liver tissue was
collected for further analysis. The results revealed that TAA-treated MIF-deficient mice had elevated
levels of hepatic TGF-β1 and PDGF-BB, as well as MMP-2, MMP-9, and TIMP-1 compared to TAA-
treated wild-type mice. However, the administration of betaine to TAA-treated MIF-deficient mice
reduced hepatic TGF-β1 and PDGF-BB levels and also the relative activities of MMP-2, MMP-9 and
TIMP-1, albeit less effectively than in TAA-treated mice without MIF deficiency. Furthermore, the
antifibrogenic effect of MIF was demonstrated by an increase in MMP2/TIMP1 and MMP9/TIMP1
ratios. The changes in the hepatic levels of fibrogenic factors were confirmed by a histological
examination of liver tissue. Overall, the dual nature of MIF highlights its involvement in the
progression of liver fibrosis. Its prooxidant and proinflammatory effects may exacerbate tissue
damage and inflammation initially, but its antifibrogenic activity suggests a potential protective role
against fibrosis development. The study showed that betaine modulates the antifibrogenic effects of
MIF in TAA-induced liver fibrosis, by decreasing TGF-β1, PDGF-BB, MMP-2, MMP-9, TIMP-1, and
the deposition of ECM (Coll1 and Coll3) in the liver.
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1. Introduction

Liver fibrosis is a complex, potentially reversible process [1–3] involving multiple
cellular and molecular mechanisms [4–7]. These fibrotic changes occur when there is
an imbalance between the processes of extracellular matrix (ECM) formation and deposition,
i.e., fibrogenesis, and the processes of matrix degradation and removal, i.e., fibrinolysis [2,8].

Organ fibrosis accounts for up to 45% of all-cause mortality worldwide and thus
represents a significant unmet medical need [7,9]. Hepatic stellate cells (HSCs) play
a crucial role in liver fibrogenesis. In a healthy liver, HSCs serve as storage for retinyl
esters and contribute to liver regeneration [3]. However, in chronic liver disease, HSCs
are activated, and contribute to the excessive production of fibrogenic and inflammatory
molecules, leading to liver fibrosis [6,7,9]. Various factors influence the activation of HSCs.
Oxidative stress, caused by the production of reactive oxygen species (ROS) and a decrease
in antioxidant capacity, can directly or indirectly stimulate HSC activation. Proinflamma-
tory cytokines, chemokines, and other pathological factors released by injured hepatocytes
and activated Kupffer cells can also trigger HSC activation [6,7]. Two key profibrogenic
cytokines implicated in liver fibrogenesis are transforming growth factor-beta 1 (TGF-β1)
and platelet-derived growth factor-BB (PDGF-BB). TGF-β1 stimulates the transdifferenti-
ation of HSCs into myofibroblasts, which are accountable for synthesizing and releasing
collagen and other ECM components, such as fibronectin. Fibronectin plays a pivotal role
in cell growth, migration, adhesion, and differentiation [10]. PDGF-BB serves as a potent
mitogen for HSCs, fostering their proliferation, chemotaxis, migration, transdifferentiation,
and collagen synthesis and deposition within the ECM [11].

In addition, matrix metalloproteinases (MMPs) play an important role in the ECM
remodeling processes associated with liver fibrogenesis. An imbalance between MMPs and
tissue inhibitors of metalloproteinases (TIMPs) can lead to the excessive deposition of ECM
and tissue remodeling, thereby exacerbating the progression of liver fibrosis [12]. MMP2
and MMP9 are crucial MMPs produced by HSCs. Their activities are tightly regulated
by TIMPs, which ensure a balance between ECM degradation and synthesis. MMP-2 and
MMP-9 are expressed in the early stages of liver damage. In the later stages, the inhibition
of fibrillar collagen degradation exceeds ECM synthesis. This is evidenced by the increased
expression of TIMP-1 in the liver, which protects HSCs from apoptosis and reduces MMP-
mediated collagen degradation [12]. The determination of the ratio of MMPs to TIMPs is
a promising marker for the assessment of liver fibrosis. This ratio is a key indicator of the
balance between extracellular matrix (ECM) degradation and synthesis, which has a direct
impact on the progression of fibrotic processes in the liver [13].

Macrophage migration inhibitory factor (MIF) is a multifaceted cytokine implicated in
the progression of various chronic inflammatory disorders [14–20]. In addition to immune
cells, MIF can also be produced by non-immune cells such as hepatocytes, endothelial
cells, epithelial cells, and tumor cells [14,21]. Elevated levels of MIF expression have been
observed in hepatocytes from patients with conditions such as alcoholic liver disease (ALD),
non-alcoholic fatty liver disease (NAFLD), liver cirrhosis, and hepatocellular carcinoma
(HCC) [22–24]. In liver fibrosis, MIF plays a role in chronic inflammation and fibrogenesis,
exhibiting pro-inflammatory and anti-inflammatory properties depending on the etiology
and stage of liver disease [22]. MIF promotes inflammation by stimulating the release of
cytokines such as interleukin (IL)-6, IL-1β, and interferon-gamma (IFN-γ) from the im-
mune cells that activate HSCs and hepatocytes [25]. Activated HSCs produce cytokines and
chemokines that sustain chronic inflammation and fibrosis progression. Hepatocytes, re-
sponsible for metabolizing toxins, can be damaged in liver injury, leading to oxidative stress
and the release of pro-inflammatory and fibrogenic cytokines. Kupffer cells, specialized
liver macrophages, are sensitive to ROS and pro-inflammatory cytokines and contribute
to oxidative stress, inflammation, and fibrogenesis by releasing various factors, including
MIF [24]. In addition, MIF is upregulated in the fibrotic liver tissue of rats treated with
thioacetamide (TAA), a hepatotoxin commonly used to induce liver fibrosis [26]. However,
there is conflicting evidence that MIF may have antifibrotic effects in the experimental
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models of hepatotoxin-induced liver fibrosis by reducing myofibroblast activity rather than
altering immune cell infiltration [27].

TAA-induced hepatotoxicity is commonly used as an animal model to study acute
liver injury, fibrosis, and cirrhosis [28,29]. TAA undergoes liver bioactivation, leading
to the formation of reactive metabolites, particularly its SS-dioxide, which are thought
to cause liver injury [30]. TAA-induced liver fibrosis is associated with oxidative stress,
inflammation, impaired fatty acid metabolism, and lipid peroxidation, making antioxidants
an area of great interest for prevention and treatment [31]. MIF has oxidoreductase activity
and increases cellular glutathione levels, which is an important antioxidant. By reducing
hepatocyte death, a significant contributor to liver injury, MIF may exert hepatoprotective
effects and potentially hinder fibrosis progression [32]. However, the exact role of MIF in
liver fibrosis and the underlying mechanisms remain unclear.

Betaine, also known as trimethylglycine, is a naturally occurring compound found in
plants, animals, and microorganisms, and is abundant in various dietary sources such as
wheat germ, bran, vegetables, and seafood [33]. It is an oxidative metabolite of choline and
exhibits antioxidant properties by enhancing S-adenosylmethionine (SAM) and methionine,
important molecules involved in antioxidant metabolic pathways. Betaine supplementation
has been shown to have the potential to attenuate oxidative stress and its consequences in
ALD and NAFLD, as well as reduce fibrotic and necrotic liver lesions [6,34–36]. Neverthe-
less, the exact antifibrotic effects of betaine in TAA-induced liver fibrosis development and
the underlying mechanisms remain incompletely understood.

Gaining insight into the underlying mechanisms of liver fibrosis is essential for the
development of novel therapeutic approaches. The aim of this study was to investigate the
role of MIF in liver fibrogenesis. Given the importance of antioxidants in the prevention
and treatment of chronic liver diseases, this study also examines the effect of betaine
supplementation on MIF in TAA-induced liver fibrosis. This study is the first to demonstrate
the modulating effect of betaine on MIF-mediated liver fibrosis. Therefore, the results of this
research will provide important insights into liver fibrogenesis and its potential therapeutic
approach. Such an investigation should improve our understanding of the therapeutic
efficacy of betaine and its mechanisms of action in the treatment of liver fibrosis.

2. Materials and Methods
2.1. Animals

The experiment was performed on wild-type C57BL/6 male mice and MIF knockout
C57BL/6 mice (MIF−/−) 8 weeks old, weighing 21–25 g, raised at the Military Medical
Academy, Belgrade. Animals were kept under standard laboratory conditions (temperature
22 ± 2 ◦C, relative humidity 50 ± 10%, 12/12 light-dark cycle with lights turned on at
9.00 a.m.). The animals were kept in groups of six mice per cage with free access to tap water
and a standard chow diet for laboratory mice. All experimental procedures were in full
compliance with the Directive of the European Parliament and the Council (2010/63EU) and
approved by the Ethical Committee of the University of Belgrade (Permission No 6600/2).

2.2. Setting an Animal Model of Liver Fibrosis

Before the experiment, all animals (n = 80) were fed with a control diet. At the age
of 8 weeks, they were divided into several groups. The first group, the control group (C),
had free access to tap water and a standard chow diet (n = 10). The second group, the
Bet group, was fed with a standard chow diet and supplemented with betaine (n = 10).
The third group, the MIF−/− group, consisted of MIF−/− mice continuously fed with
a standard chow diet (n = 10). The fourth group, the MIF−/−+Bet group, consisted of
MIF−/− mice fed with a standard chow diet and supplemented with betaine (n = 10).
The fifth group, the TAA group, was fed with a standard chow diet and treated with
thioacetamide (TAA) (n = 10). The sixth group, the TAA+Bet group, consisted of wild-
type mice treated with TAA and supplemented with betaine (n = 10). The seventh group,
the MIF−/−+TAA group, consisted of MIF−/− mice continuously fed with a standard
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chow diet and treated with TAA (n = 10). The eighth group, the MIF−/−+TAA+Bet
group, consisted of MIF−/− mice continuously fed with a standard chow diet, treated
with TAA, and supplemented with betaine (MIF; n = 10). Chronic liver inflammation was
induced by TAA (200 mg/kg) dissolved in 200 µL PBS, intraperitoneally, three times a week
during an 8-week period. The working solution was stored at 4 ◦C. The fresh solution
was prepared every week. Simultaneously, the C, Bet, MIF−/−, and MIF−/−+Bet groups
received the vehicle (saline, 0.9% NaCl) in the same manner. Betaine (MP Biomedicals) was
dissolved in drinking water (2% wt/v), and animals had free access to drink ad libitum.
The mice were fasted overnight the day before the sacrifice. After the treatment, they
were sacrificed by exsanguination under ketamine (100 mg/kg intraperitoneally/i.p./)
anesthesia. Liver samples were collected for examination for fibrogenic mediators and
histopathological analysis.

2.3. Determination of the Liver Profibrogenic Mediators (TGF-β1 and PDGF-BB)

For the determination of TGF-β1 and PDGF-BB in liver tissue, samples were ho-
mogenized in 10 volumes of PBS. After centrifugation (10 min at 12,000× g, 4 ◦C), the
supernatants were carefully collected through the fat cake and diluted to 1/40,000 in PBS. To
determine the concentration of TGF-β1 and PDGF-BB in liver tissue, we applied ELISA kits
from ELABSCIENCE (Houston, TX, USA), according to the manufacturer’s instructions.

2.4. Determination of Liver MMP-2, MMP-9, Dimer MMP-9 and TIMP-1 by Zymography

The activities of mouse gelatinase A (mouse MMP-2, P33434), gelatinase B (mouse
MMP-9, P41245), and TIMP-1 were determined by gelatin zymography [37,38]. For each
sample, an equal total tissue homogenate protein concentration was loaded after pro-
tein concentration determination. The tissue homogenates were diluted with 20% su-
crose solution (10 µL homogenate and 1190 µL sucrose solution, v/v) and incubated in
a thermostatically controlled water bath at 37 ◦C for 45 min. After incubation, homogenates
were mixed with 2 × zymography sample buffer [0.125 M Tris–HCl, pH 6.8, 20% (v/v)
glycerol, 4% (w/v) SDS, and 0.005% bromophenol blue], and then loaded into SDSPAGE
that was performed on 8% acrylamide gels containing 0.1% (w/v) gelatin (Sigma–Aldrich,
St. Louis, MO, USA). The negative control consisted of tissue homogenates incubated with
5 mmol/L EDTA. Human recombinant gelatinases A and B (R&D Systems, Minneapolis,
MN, USA) were employed as standard. The negative control contained a mixture of stan-
dard human recombinant gelatinases A and B and 5 mmol/L EDTA. After electrophoresis,
the gel was washed twice for 30 min in zymography renaturing buffer (2.5% Triton X-100)
with a gentle shake to remove SDS, then incubated for 24 h at 37 ◦C in reaction buffer
(50 mM Tris–HCl, pH 7.4, 200 mM NaCl, and 5 mM CaCl2). The gels were stained for
2 h with a Coomassie brilliant blue before being destained with a destaining solution
(50% methanol, 10% acetic acid, and 40% ddH2O). Finally, the gelatinolytic activities on
the gels were presented as transparent bands on the blue background. The gelatinolytic
activities were identified as clear zones. The densitometric value of the lyses against
a dark blue background on zymography gels was calculated using the ImageJ 1.42q soft-
ware package (National Institutes of Health, Bethesda, MD, USA), which quantified both
the surface and the intensity of the lysis bands after scanning the gels. The relative activities
of gelatinases A and B were expressed as percentages of total activity, which was taken as
100%. The relative activities of the gelatinases were compared using Student’s t-test.
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2.5. Histology Analysis of Liver Tissue

Liver tissue was sectioned and incubated in a 10% formalin solution at room temper-
ature. After fixation, the liver samples were processed by the standard method. Tissues
were incorporated in paraffin, sectioned at 5 µm, and then stained with Hematoxylin-Eosin
(HE), Masson’s trichrome, and reticulin, according to the manufacturer’s instructions. The
sections were analyzed and photographed using an Olympus BX51 (Olympus, Tokyo,
Japan) light microscope equipped with an Artcore 500 MI (Artray, Co., Ltd., Tokyo, Japan)
camera. Fibrosis was quantified by analyzing liver tissue samples stained with Masson’s
trichrome and Reticulin with a digital image camera. The surface of the blue-stained area
at a microscope magnification of ×200 was calculated in 10 random fields on each section
of each animal and presented as a percentage of the total liver cross-sectional area using
the ImageJ software.

2.6. Statistical Analysis

All results are expressed as means ± SD. As the normal distribution of parameters was
confirmed by the Kolmogorov–Smirnov test, and a one-way analysis of variance (ANOVA)
with Tukey’s post hoc test was used to test the difference among groups. Statistical sig-
nificance was set at p < 0.05. Computer software SPSS 15.0 was used for the statistical
analysis.

3. Results
3.1. The Effects of MIF and Betaine on Profibrogenic Mediators (TGF-β1 and PDGF-BB) in
TAA-Induced Liver Fibrosis

Our results have shown that liver TGF-β1 concentration was significantly higher
in the TAA group (170.12 ± 24.89 pg/mL) in comparison with the control values
(85.60 ± 10.92 pg/mL) (p < 0.01). Liver TGF-β1 concentration was significantly higher
in MIF−/−+TAA (230.49 ± 34.45 pg/mL) and significantly decreased in the TAA+Bet
group (126.16 ± 20.76 pg/mL) compared to the TAA group (p < 0.01). Moreover, the
level of TGF-β1 in the liver was significantly decreased in the MIF−/−+TAA+Bet group
(172.15 ± 26.25 pg/mL) compared to the MIF−/−+TAA group (p < 0.01) and signifi-
cantly higher compared to the TAA+Bet group (p < 0.01) (Figure 1A). Similarly, the re-
sults of our study have shown that liver PDGF-BB concentration was significantly higher
(p < 0.01) in the TAA group (2199.86 ± 322.63 pg/mL) in comparison with the control
values (760.53 ± 101.41 pg/mL). Liver PDGF-BB concentration was significantly higher in
the MIF−/−+TAA (2452.72 ± 129.63 pg/mL) and significantly decreased in the TAA+Bet
group (1135.65 ± 144.49 pg/mL) compared to TAA group (p < 0.05; p < 0.01, respec-
tively). Moreover, the level of PDGF-BB in the liver was significantly decreased in the
MIF−/−+TAA+Bet group (1859.66 ± 347.43 pg/mL) compared to the MIF−/−+TAA
group (p < 0.01) and significantly higher compared to the TAA+Bet group (p < 0.01)
(Figure 1B). For TGF-β1 and PDGF-BB parameters, there was no significance in the Bet,
MIF−/−, and MIF−/−+Bet groups compared to the control group (p > 0.05, respectively)
(Figure 1).

Our results demonstrated the antifibrogenic effect of MIF (decreased TGF-β1 and
PDGF-BB levels) in TAA-induced liver fibrosis, together with the protective effect of betaine.
In particular, betaine enhanced the antifibrogenic effect of MIF.

Abbreviations: C, control group; MIF−/− group, mice knockout for macrophage mi-
gration inhibitory factor (MIF); Bet, betaine group; MIF−/−+Bet group, knockout MIF mice
who have received betaine; TAA group, animals who have received thioacetamide (TAA);
MIF−/−+TAA group, knockout MIF mice who have received thioacetamide; TAA+Bet
group, animals who have received thioacetamide and betaine; MIF−/−+TAA+Bet group,
knockout MIF mice who have received thioacetamide and betaine.
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Figure 1. Effects of MIF and betaine on the liver level of TGF-β1 (A) and PDGF-BB (B) in mice with
liver fibrosis. The data are presented as mean ± SD from 10 mice per group. Significance of the
difference was estimated by using one-way analysis of variance (ANOVA) with Tukey’s post hoc test;
** p < 0.01 vs. C; ## p < 0.01 vs. TAA; †† p < 0.01 vs. MIF−/−+TAA and TAA+Bet.

3.2. Effects of MIF and Betaine on MMP-2, MMP-9, Dimer MMP-9 and TIMP-1 Activity in
TAA-Induced Liver Fibrosis

Gelatin zymography revealed that tissue homogenates contained both MMP-2 (72 kDa)
and MMP-9 (92 kDa). MMP-9 also appeared in a dimer form (~220 kDa) in all liver
tissue samples (Figure S1). Densitograms of the gelatin zymography of MMPs in the
tissue homogenates of TAA-induced liver fibrosis in mice are presented in Figure S1. The
densitometric area (Arbitrary Units) of MMP-2, MMP-9, dimer MMP-9, and TIMP-1 in liver
tissue homogenates were significantly increased in the TAA group in comparison with
the control values (p < 0.01) (Figure 2). The densitometric area of MMP-2, MMP-9, and
TIMP-1 was significantly increased in the MIF−/−+TAA and significantly decreased in the
TAA+Bet group compared to the TAA group (p < 0.05; p < 0.01) while the densitometric area
of dimer MMP-9 was significantly decreased in MIF−/−+TAA compared to TAA+Bet and
TAA group (p < 0.01). Moreover, MMP-2, MMP-9, and TIMP were decreased considerably
in the MIF−/−+TAA+Bet group compared to the MIF−/−+TAA group (p < 0.01) and
significantly increased compared to the TAA+Bet group (p < 0.01) (Figure 2). However,
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the densitometric area of dimer MMP-9 in the MIF−/−+TAA+Bet group was significantly
decreased compared to the TAA+Bet group (p < 0.01) (Figure 2).
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Figure 2. Effects of MIF and betaine on liver activity of MMP-2 and TIMP-1 (A), and dimer MMP-9
and MMP-9 (B), in TAA-induced liver fibrosis in mice. The data are presented as mean ± SD from
10 mice per group. Significance of the difference was estimated by using one-way analysis of variance
(ANOVA) with Tukey’s post hoc test; * p < 0.01, a p < 0.01, vs. C; # p < 0.01, b p < 0.01, vs. TAA;
†† p < 0.01, a,b p < 0.01 vs. TAA+Bet; MIF−/−+TAA; † p < 0.05, a,b p < 0.05 vs. MIF−/−+TAA. For
abbreviations, see Figure 1.

This study showed the antifibrogenic effect of MIF (increased activity of MMP-2,
MMP-9 and reduced levels of TIMP1) in TAA-induced liver fibrosis. Notably, betaine
stimulated the antifibrogenic effect of MIF.

3.3. The Effects of MIF and Betaine on the Imbalance of MMP2/TIMP1 and MMP9/TIMP1 in the
Livers of Mice with TAA-Induced Liver Fibrosis

Our results have shown that MMP2/TIMP1 ratio was increased in the TAA group
in comparison with the control values (p < 0.05). This ratio was significantly higher
in TAA+Bet group and significantly decreased in the MIF−/−+TAA group compared
to TAA group (p < 0.01). Moreover, the ratio of MMP2/TIMP1 was increased in the
MIF−/−+TAA+Bet group compared to MIF−/−+TAA group (p < 0.01) (Figure 3). Simi-
larly, the results of our study have shown that MMP9/TIMP1 ratio was significantly higher



Biomedicines 2024, 12, 1337 8 of 17

in the TAA group in comparison with the control values (p < 0.05). This ratio was re-
duced in the MIF−/−+TAA and increased in the TAA+Bet group compared to TAA group
(p < 0.01). Moreover, the ratio of MMP9/TIMP1 was increased in the MIF−/−+TAA+Bet
group compared to the MIF−/−+TAA group and decreased compared to the TAA+Bet
group (p < 0.01; p < 0.05, respectively) (Figure 3). For the ratios MMP2/TIMP1 and
MMP9/TIMP1, there were no significance in MIF−/−, and MIF−/−+Bet group compared
to the control group (Figure 3).

Biomedicines 2024, 12, x FOR PEER REVIEW 8 of 18 
 

3.3. The Effects of MIF and Betaine on the Imbalance of MMP2/TIMP1 and MMP9/TIMP1 in the 
Livers of Mice with TAA-Induced Liver Fibrosis 

Our results have shown that MMP2/TIMP1 ratio was increased in the TAA group in 
comparison with the control values (p < 0.05). This ratio was significantly higher in 
TAA+Bet group and significantly decreased in the MIF−/−+TAA group compared to TAA 
group (p < 0.01). Moreover, the ratio of MMP2/TIMP1 was increased in the 
MIF−/−+TAA+Bet group compared to MIF−/−+TAA group (p < 0.01) (Figure 3). Similarly, 
the results of our study have shown that MMP9/TIMP1 ratio was significantly higher in 
the TAA group in comparison with the control values (p < 0.05). This ratio was reduced in 
the MIF−/−+TAA and increased in the TAA+Bet group compared to TAA group (p < 0.01). 
Moreover, the ratio of MMP9/TIMP1 was increased in the MIF−/−+TAA+Bet group com-
pared to the MIF−/−+TAA group and decreased compared to the TAA+Bet group (p < 0.01; 
p < 0.05, respectively) (Figure 3). For the ratios MMP2/TIMP1 and MMP9/TIMP1, there 
were no significance in MIF−/−, and MIF−/−+Bet group compared to the control group 
(Figure 3). 

 
Figure 3. Effects of MIF and betaine on the changes in the MMP2/TIMP1 and MMP9/TIMP1 ratio in 
mice with liver fibrosis. The data are presented as mean ± SD from 10 mice per group. Significance 
of the difference was estimated by using one-way analysis of variance (ANOVA) with Tukey’s post 
hoc test; * p < 0.05; ** p < 0.01 vs. C; ## p < 0.01 vs. TAA; † p < 0.05; †† p < 0.01 vs. MIF−/−+TAA and 
TAA+Bet. For abbreviations, see Figure 1. 
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mice with liver fibrosis. The data are presented as mean ± SD from 10 mice per group. Significance
of the difference was estimated by using one-way analysis of variance (ANOVA) with Tukey’s post
hoc test; * p < 0.05; ** p < 0.01 vs. C; ## p < 0.01 vs. TAA; † p < 0.05; †† p < 0.01 vs. MIF−/−+TAA and
TAA+Bet. For abbreviations, see Figure 1.

3.4. Effects of MIF and Betaine on Histology Findings of Liver Morphology in Mice with
TAA-Induced Liver Fibrosis

The histopathology findings of liver tissue in TAA-treated wild type animals show the
irregular structure of the liver with mononuclear inflammatory infiltrate in the portal and
perivascular spaces. Mild liver fibrosis and the microvesicular fatty change was present.
Moreover, numerous hepatocytes were with bizarre, polyploid nuclei that contained mul-
tiple nucleoli. Mallory bodies and hemosiderophages were also observed. Rare focal
hepatocyte necrosis was present. The number of mitoses was 0/10 HPF to 1/10HPF (High
Power Field) (Figure 4a).
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Figure 4. The effects of betaine and MIF on liver morphology in TAA-induced liver fibrosis in mice:
TAA (a), TAA+Bet (b), MIF−/−+TAA (c) and MIF−/−+TAA+Bet (d) groups: Histological analysis
by H&E (original magnification ×200). Micro- and macrovesicular fatty change (square); focal
hepatocyte necrosis (red arrows). Pathohistological findings described in the text. For abbreviations,
see Figure 1.

Betaine supplementation of TAA-treated wild-type animals improved the histological
findings of liver tissue (Figure 4b). The histological structure of the liver was less irregular,
with scanty fibrosis (bridging porto-portal) and mild inflammatory infiltrates. Mallory
bodies, rare hemosiderophages, and rare focal hepatocyte necrosis were observed.

MIF knockout mice treated with TAA had a more pronounced irregular liver struc-
ture with a mixed inflammatory infiltrate in the Disse spaces and perivascularly along
large blood vessels compared to wild-type C57BL/6 mice treated with TAA (Figure 4c).
Pronounced fibrosis (bridging porto-portal) and micronodular cirrhosis were also present.
Moreover, micro- and macrovesicular fatty changes were present. Focal necrosis and apop-
tosis of hepatocytes were present. The number of mitoses was 0/10 HPF to 4/10 HPF
(Figure 4c).

After betaine supplementation, MIF knockout C57BL/6 mice had the irregular his-
tological structure of liver tissue with mild fibrosis (bridging porto-portal) and mixed
inflammatory infiltrates. Micro- and macrovesicular fatty changes were present. Mallory
bodies and rare apoptotic bodies were observed. Kupffer cell hyperplasia and rare focal
necrosis of hepatocytes were present (Figure 4d).

3.5. The Effects of MIF and Betaine on TAA-Induced Liver Fibrosis in Mice

TAA-induced liver fibrosis in mice was characterized by the accumulation of ECM
(type I and III collagen), which was detected with Masson’s trichrome (Figure 5) and retic-
ulin staining (Figure 6). The quantification of liver fibrosis in the TAA group (2.15 ± 0.20%)
showed a significantly increased accumulation of ECM (type I collagen) compared to con-
trol (0.15 ± 0.02%) (p < 0.01). However, the fibrosis score was significantly higher in the
liver of TAA-treated MIF deficient mice (5.45 ± 0.65%) compared to wild-type TAA-treated
mice (p < 0.01). Betaine supplementation in TAA-treated mice mitigates liver fibrosis
(1.45 ± 0.15%) in comparison with the TAA group (p < 0.05). Also, betaine supplementa-
tion in TAA-treated MIF-deficient mice reduced the accumulation of ECM (3.23 ± 0.41%)
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compared to the MIF−/−+TAA group, while it increased compared to the TAA+Bet group
(p < 0.01). (Figure 5). Similar to this, the quantification of liver fibrosis in the TAA group
(2.35 ± 0.21%) showed a significantly increased accumulation of ECM (type III collagen)
compared to control (0.14 ± 0.03%) (p < 0.01). However, the fibrosis score was significantly
higher in the liver of TAA-treated MIF deficient mice (5.15 ± 0.67%) compared to wild-
type TAA-treated mice (p < 0.01). Betaine supplementation in TAA-treated mice mitigates
liver fibrosis (1.25 ± 0.15%) in comparison with the TAA group (p < 0.05). Also, betaine
supplementation in TAA-treated MIF deficient mice reduced the accumulation of ECM
(3.72 ± 0.40%) compared to the MIF−/−+TAA group, while it was increased compared to
the TAA+Bet group (p < 0.01) (Figure 6).
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Figure 6. Histological findings in liver tissue (Reticulin staining, scale bar 200 µm, scoring systems
with morphometric analysis of liver tissue fibrosis; quantification of percentage of fibrotic area).
Effects of MIF and betaine on fibrotic tissue accumulation in liver of mice with TAA-induced liver
fibrosis (n = 10). Green arrows show type III collagen (A). Quantification of fibrosis (B). Significance
of the difference was estimated by two way analysis of variance (ANOVA) with Tukey’s post hoc test;
# p < 0.05, ## p < 0.01, vs. TAA; †† p < 0.01 vs. MIF−/−+TAA and TAA+Bet. The data are presented
as mean ± SD. For abbreviations, see Figure 1.

4. Discussion

Our study showed a significant increase in hepatic TGF-β1 and PDGF-BB levels in
TAA-treated MIF-deficient mice compared to TAA-treated wild-type mice. These results
suggest that MIF may possess antifibrogenic properties, possibly by inhibiting HSC activa-
tion, promoting ECM degradation, and facilitating fibrosis resolution [39,40]. MIF exerts
its antifibrogenic effect on HSCs via the CD74 receptor [39]. In addition, MIF inhibits the
PDGF-induced migration and proliferation of HSCs, resulting in the reduced deposition
of ECM and the progression of liver fibrosis. The MIF-induced CD74/AMPK signaling
pathway also suppresses TGF-β-induced Coll1 expression [41,42]. Therefore, the enhanced
fibrogenesis observed in MIF-deficient mice is likely due to the role of MIF in HSC biol-
ogy rather than altered immune cell infiltration [39]. Further studies are needed to fully
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elucidate the effects of MIF via CD74 receptors on HSCs. A recent study has shown that
the MIF/CD74 signaling pathway, which promotes autophagy in HSCs, may contribute
significantly to the pathogenesis of liver fibrosis [43]. In a rat model of TAA-induced
fibrosis, damaged hepatocytes adjacent to fibrotic areas were identified as a source of
MIF [44]. While elevated MIF levels are typically associated with inflammation in most
liver diseases [45], the exact effect on liver fibrogenesis remains ambiguous. The proin-
flammatory and fibrogenic effect of MIF has been demonstrated in experimental models of
ALD, as well as in the human population, and correlates with patient mortality in alcoholic
hepatitis [42,46,47]. In ALD, hepatocytes produce MIF that interacts with the CD74 receptor
and its co-receptors CXCR2, CXCR4, and CXCR7, which are expressed on resident hepatic
macrophages and peripheral monocytes [40,48]. Studies have shown that liver and blood
MIF levels are elevated in acute CCl4 toxicity and CCl4-induced liver fibrosis, indicating the
local and systemic effects of MIF in the progression of chronic liver disease [24,49,50]. How-
ever, MIF exhibits protective effects following chronic binge ethanol feeding [24] and exerts
an anti-steatotic effect in methionine-choline-deficient (MCD) diet-induced NAFLD [51].
At the same time, it promotes hepatic fibrogenesis in MCD diet-induced NASH [52]. Fur-
thermore, MIF contributes to liver fibrogenesis in NAFLD/NASH progression through
the profibrotic phenotype of NKT cells [53] but attenuates liver fibrosis in models of toxic
liver injury [40]. The role of MIF in liver disease varies based on the disease etiology,
stage, specific pattern of intrahepatic MIF receptor expression, and complexity of the MIF
signal [53,54]. Recent research suggests that high serum levels of MIF and low levels of
its CD74-binding receptor in the blood indicate an increased risk of mortality in patients
with advanced liver cirrhosis [45]. Further exploration of the role of MIF in both liver and
neurodegenerative diseases is crucial to identify MIF as a diagnostic and therapeutic target.

In this study, TAA-induced liver fibrosis was associated with a significant increase in
MMP2 and MMP9 activity in the liver. Our findings indicate that the antifibrogenic effect
of MIF is manifested by increasing the MMP2/TIMP1 and MMP9/TIMP1 ratios. Similarly,
an overexpression of these enzymes and altered MMP2/TIMP1 and MMP9/TIMP1 ratios
were also observed in the study by Ren et al. [13]. The regulation of MMPs/TIMPs is
crucial for ECM degradation and remodeling, especially in liver fibrosis [55]. The changes
in both MMP or TIMP level may modify the MMP/TIMP ratio, leading to the degradation
or accumulation of the ECM [13]. MMP-1 and MMP-9 exhibit a negative correlation with
histopathological findings in liver fibrosis [55]. MMP-2 activity is significantly increased
in patients with liver fibrosis compared to controls and serves as a diagnostic marker [56].
As liver fibrosis progresses, serum TIMP levels increase, leading to an interaction of
TIMP-1 with MMP-1, MMP-2, and MMP-9 [57]. In our study, increased levels of MMP-
2, MMP-9, and TIMP-1 were observed in TAA-treated MIF-deficient mice compared to
TAA-treated wild-type mice after a period of 8 weeks. MIF stimulates the secretion of
MMPs [58,59], which explains the increased extent of fibrosis in MIF-deficient mice. TGF-β1
and PDGF-BB are important profibrogenic mediators that stimulate the synthesis of Coll1
and Coll3, laminin, fibronectin, and α-SMA [60]. Conversely, increased TIMP-1 expression
and decreased MMP activity contribute to ECM remodeling [4,5]. TIMP-1 also has an anti-
apoptotic effect on HSCs, possibly increasing their activation [4]. An increased expression
of TIMP-1 has been observed in various liver fibrosis models [61]. Our results suggest
that the antifibrogenic activity of MIF may be more pronounced through decreased TIMP
activity than the activity of MMP-2. Furthermore, the enhanced fibrogenesis in MIF−/−
mice contributes to the increased relative activity of MMP-9. On the other hand, the reduced
relative activity and densitometric area of the MMP-9 dimer in the MIF−/−+TAA group
compared to TAA-treated wild mice may be explained by the absence of the prooxidant
and proinflammatory effects of MIF.

Betaine (trimethylglycine) exhibits antioxidant effects by regulating the metabolism of
sulfur-containing amino acids (SAA), including homocysteine, methionine, and SAM [62].
It also acts as an osmoprotectant, shielding cells from stressors [63,64]. Various studies have
highlighted the hepatoprotective effects of betaine in different experimental models [65–68].
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However, this is the first study that highlighted the modulatory effects of betaine on MIF
in TAA-induced liver fibrosis. Betaine supplementation significantly decreases hepatic
TGF-β1 and PDGF-BB levels, as well as the relative activities of MMP-2, MMP-9, dimer
MMP-9, and TIMP-1 in TAA-treated mice. Recent research suggests that TGF-β1 stimulates
HSC activation by activating methionine adenosyltransferase 2A (MAT2A), leading to a
reduction in SAM concentration [69]. This indicates a novel TGF-β1 signaling pathway
in HSC activation and differentiation, pivotal in hepatic fibrogenesis [69]. As a regulator
of SAA metabolism, betaine increases SAM synthesis [70], potentially inhibiting the TGF-
β1/p65/MAT2A signaling pathway. Studies in various liver fibrosis models, including
ALD, CCl4-induced fibrosis, high-fat diet induced fibrosis, and NASH, have shown that be-
taine treatment suppresses HSC activation, inflammation, and apoptosis while stimulating
autophagy [65,67,68,71]. Our findings suggest that betaine reduces MMP-2, MMP-9, and
TIMP-1 activities in liver fibrosis, with TIMP-1 reduction being the most prominent. It is
known that ROS can activate MMPs by the oxidation or modification of amino acids [72].
The antioxidant properties of betaine may explain the decrease in MMP activity, as ob-
served with silymarin in human melanoma cells [73]. In different experimental models,
betaine also alleviated liver fibrosis [67,74,75]. Based on our previous results [76], it can
be observed that the antifibrotic properties of betaine could be mediated through its an-
tioxidative and anti-inflammatory effects, decreasing lipid peroxidation, protein oxidative
damage, as well as IL-6 and IFN-γ levels. The antioxidative and anti-inflammatory effects
of betaine contribute to its hepatoprotective properties in TAA-induced liver fibrosis [76].
The preservation of the antioxidant defense capacity by increasing thiol and decreasing
TOS and MDA may explain the hepatoprotective activity of betaine [76]. Furthermore,
betaine has been shown to regulate lipid metabolism and reduce the accumulation of
triglycerides and cholesterol in ALD/NAFLD/NASH [68,75,77,78]. The more precise
effects and mechanisms of betaine on suppressing hepatic fibrogenesis are still unclear.
The administration of betaine to TAA-treated MIF-deficient mice results in an attenuated
antifibrogenic response as measured by the liver levels of TGF-β1 and PDGF-BB and the
relative activities of MMP-2, MMP-9, and TIMP-1. These results suggest that the absence
of the antifibrogenic effect of MIF may contribute to this outcome. The antifibrogenic
efficacy of betaine in MIF-deficient mice appears to be less pronounced compared to the
TAA+ Bet group, suggesting that MIF exhibits antifibrogenic activity that is stimulated by
betaine. However, betaine supplementation in MIF-deficient mice does not alter dimer
MMP-9 activity, indicating that the antifibrogenic effect of MIF via dimer MMP-9 is inde-
pendent of betaine. Moreover, our results indicate that betaine has antifibrogenic effect and
stimulates MIF-mediated antifibrogenic activity through an increased MMP2/TIMP1 ratio.
MIF exerts its antifibrogenic effect on HSCs via CD74 receptors, inhibiting their activation
and PDGF-mediated proliferation [39]. The results of our study indicated that oxidative
stress and inflammation were reduced in MIF-deficient mice treated with TAA, while liver
fibrosis was exacerbated. MIF exhibits prooxidant and proinflammatory effects [76] in
TAA-induced liver fibrosis but suppresses fibrosis, i.e., it has an antifibrogenic effect.

Chronic liver inflammation drives fibrosis, although the mechanisms governing fibro-
genesis and inflammation differ. Th1 lymphocytes release cytokines like IFN-γ and TNF,
activating M1 macrophages, which further perpetuate inflammation through cytokines
and MMPs. Th2 lymphocyte-produced cytokines (IL-4 and IL-13) prompt the formation of
anti-inflammatory M2 macrophages [79]. Liver macrophages, comprising Kupffer cells and
bone marrow-derived monocytes, play a dual role. Kupffer cells stimulate inflammation
and attract macrophages derived from monocytes. Monocyte-derived macrophages pro-
duce profibrogenic factors (TGF-β and PDGF) and contribute to HSC activation resembling
M2 macrophages. However, they also aid in fibrinolysis by activating MMPs, facilitating
ECM remodeling, fibrous tissue degradation, and the resolution of fibrosis [50,80].

Changes in the hepatic level of the fibrogenic factors (TGF-β1 and PDGF-BB), as well
as in the activity of MMPs and TIMPs in the MIF−/−+TAA+Bet group, were confirmed
by a histological examination of liver tissue. The pathohistological changes in liver tissue,
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as well as a higher percentage of fibrosis in the MIF−/−+TAA+Bet group compared to
the TAA+Bet group, are probably due to the lack of MIF. Our previous results have shown
that in TAA-induced hepatic fibrogenesis, MIF exerts prooxidant and proinflammatory
effects [76], and this study has demonstrated the antifibrogenic effects of MIF. Similar to
our results, Heinrichs et al. have shown that, in TAA and CCl4-induced liver fibrosis, MIF
exerts antifibrogenic effects through CD74 receptors on HSC [39]. On the other hand, recent
research indicates that MIF exhibits profibrogenic activity in NASH [53] and CCl4-induced
liver fibrosis [43]. Our study showed that the antifibrogenic effects of betaine are MIF-
mediated in TAA-induced liver fibrosis. These findings suggest that betaine could be used
as a natural and non-toxic substance in the prevention of liver fibrosis and antioxidant
therapy. Further research should focus on investigating how betaine can stimulate the
MIF-mediated antifibrogenic response.

5. Conclusions

The results of this study implicate MIF as a possible target and betaine as a therapeutic
factor for the prevention and treatment of MIF-mediated chronic liver diseases. The
dual nature of MIF highlights its involvement in the progression of liver fibrosis. Its
prooxidant and proinflammatory effects may exacerbate tissue damage and inflammation
initially, but its antifibrogenic activity suggests a potential protective role against fibrosis
development. Our study could contribute to a preventive and therapeutic approach to liver
fibrosis. Further examinations and the clinical validation of these findings could improve
therapeutic options for patients with liver fibrosis.
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gram; (B) Densitograms of gelatin zymography of MMPs in tissue homogenates of TAA-induced
liver fibrosis in mice.

Author Contributions: Conceptualization: T.R.; methodology: D.V. (Dusan Vukicevic), K.G., M.L.B.,
S.S., M.R.; formal analysis and investigation: D.V. (Dusan Vukicevic), K.G., M.L.B., S.S., M.R.,
D.V. (Danijela Vucevic); writing—original draft preparation, T.R., D.V. (Dusan Vukicevic), J.D.;
writing—review and editing: T.R., V.J., J.D., M.R.; supervision: T.R., V.J., J.S.; funding acquisition, T.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Faculty of Medical Sciences, University of Kragujevac
(JP 27/20) and the Ministry of Science, Technical Development, and Innovation of the Republic
of Serbia through Grant Agreements Nos: 451-03-47/2023-01/200111; 451-03-66/2024-03/200110;
451-03-65/2024-03/200161; 451-03-66/2024-03/200161.

Institutional Review Board Statement: All experimental procedures were approved by the Ethical
Committee of the University of Belgrade (Permission No. 6600/2).

Informed Consent Statement: Not applicable.

Data Availability Statement: Dataset available on request from the authors.

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

References
1. Sun, M.; Kisseleva, T. Reversibility of Liver Fibrosis. Clin. Res. Hepatol. Gastroenterol. 2015, 39, S60–S63. [CrossRef] [PubMed]
2. Lee, M.J. A review of liver fibrosis and cirrhosis regression. J. Pathol. Transl. Med. 2023, 57, 189–195. [CrossRef] [PubMed]

[PubMed Central]
3. Wang, S.; Friedman, S.L. Hepatic Fibrosis: A Convergent Response to Liver Injury That Is Reversible. J. Hepatol. 2020, 73, 210–211.

[CrossRef] [PubMed]
4. Parola, M.; Pinzani, M. Liver Fibrosis: Pathophysiology, Pathogenetic Targets and Clinical Issues. Mol. Asp. Med. 2019, 65, 37–55.

[CrossRef] [PubMed]
5. Dhar, D.; Baglieri, J.; Kisseleva, T.; Brenner, D.A. Mechanisms of Liver Fibrosis and Its Role in Liver Cancer. Exp. Biol. Med. 2020,

245, 96–108. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biomedicines12061337/s1
https://doi.org/10.1016/j.clinre.2015.06.015
https://www.ncbi.nlm.nih.gov/pubmed/26206574
https://doi.org/10.4132/jptm.2023.05.24
https://www.ncbi.nlm.nih.gov/pubmed/37461143
https://www.ncbi.nlm.nih.gov/pmc/PMC10369136
https://doi.org/10.1016/j.jhep.2020.03.011
https://www.ncbi.nlm.nih.gov/pubmed/32402525
https://doi.org/10.1016/j.mam.2018.09.002
https://www.ncbi.nlm.nih.gov/pubmed/30213667
https://doi.org/10.1177/1535370219898141
https://www.ncbi.nlm.nih.gov/pubmed/31924111


Biomedicines 2024, 12, 1337 15 of 17

6. Ignat, S.-R.; Dinescu, S.; Hermenean, A.; Costache, M. Cellular Interplay as a Consequence of Inflammatory Signals Leading to
Liver Fibrosis Development. Cells 2020, 9, 461. [CrossRef] [PubMed]

7. Roehlen, N.; Crouchet, E.; Baumert, T.F. Liver Fibrosis: Mechanistic Concepts and Therapeutic Perspectives. Cells 2020, 9, 875.
[CrossRef] [PubMed]

8. Friedman, S.L. Mechanisms of Hepatic Fibrogenesis. Gastroenterology 2008, 134, 1655–1669. [CrossRef] [PubMed]
9. Marin, V.; Odena, G.; Poulsen, K.; Tiribelli, C.; Bellentani, S.; Barchetti, A.; Bru, P.S.; Rosso, N.; Bataller, R.; Nagy, L.E. Role of

MIF in Hepatic Inflammatory Diseases and Fibrosis. In MIF Family Cytokines in Innate Immunity and Homeostasis. Progress in
Inflammation Research; Bucala, R., Bernhagen, J., Eds.; Springer: Cham, Switzerland, 2017; pp. 109–134. [CrossRef]

10. Fabregat, I.; Caballero-Díaz, D. Transforming Growth Factor-β-Induced Cell Plasticity in Liver Fibrosis and Hepatocarcinogenesis.
Front. Oncol. 2018, 8, 357. [CrossRef]

11. Borkham-Kamphorst, E.; Weiskirchen, R. The PDGF System and Its Antagonists in Liver Fibrosis. Cytokine Growth Factor Rev.
2016, 28, 53–61. [CrossRef]

12. Liang, S.; Wang, F.; Zhai, D.; Meng, X.; Li, J.; Lv, X. Matrix Metalloproteinases Induce Extracellular Matrix Degradation through
Various Pathways to Alleviate Hepatic Fibrosis. Biomed. Pharmacother. 2023, 161, 114472. [CrossRef] [PubMed]

13. Ren, J.J.; Huang, T.J.; Zhang, Q.Q.; Zhang, H.Y.; Guo, X.H.; Fan, H.Q.; Li, R.K.; Liu, L.X. Insulin-like growth factor binding protein
related protein 1 knockdown attenuates hepatic fibrosis via the regulation of MMPs/TIMPs in mice. Hepatobiliary Pancreat. Dis.
Int. 2019, 18, 38–47. [CrossRef] [PubMed]

14. Sumaiya, K.; Langford, D.; Natarajaseenivasan, K.; Shanmughapriya, S. Macrophage Migration Inhibitory Factor (MIF):
A Multifaceted Cytokine Regulated by Genetic and Physiological Strategies. Pharmacol. Ther. 2021, 233, 108024. [CrossRef]
[PubMed]

15. Zhan, S.-S.; Jiang, J.X.; Wu, J.; Halsted, C.; Friedman, S.L.; Zern, M.A.; Torok, N.J. Phagocytosis of Apoptotic Bodies by Hepatic
Stellate Cells Induces NADPH Oxidase and Is Associated with Liver Fibrosisin Vivo. Hepatology 2006, 43, 435–443. [CrossRef]
[PubMed]

16. Mizue, Y.; Ghani, S.; Leng, L.; McDonald, C.; Kong, P.; Baugh, J.; Lane, S.J.; Craft, J.; Nishihira, J.; Donnelly, S.C.; et al. Role for
Macrophage Migration Inhibitory Factor in Asthma. Proc. Natl. Acad. Sci. USA 2005, 102, 14410–14415. [CrossRef] [PubMed]

17. Hoi, A.; Iskander, M.; Morand, E. Macrophage Migration Inhibitory Factor: A Therapeutic Target across Inflammatory Diseases.
Inflamm. Allergy Drug Targets 2007, 6, 183–190. [CrossRef]

18. Akbar, S.F.; Abe, M.; Murakami, H.; Tanimoto, K.; Kumagi, T.; Yamashita, Y.; Michitaka, K.; Horiike, N.; Onji, M. Macrophage
Migration Inhibitory Factor in Hepatocellular Carcinoma and Liver Cirrhosis; Relevance to Pathogenesis. Cancer Lett. 2001, 171,
125–132. [CrossRef] [PubMed]

19. Kozaci, L.D.; Sari, I.; Alacacioglu, A.; Akar, S.; Akkoc, N. Evaluation of Inflammation and Oxidative Stress in Ankylosing
Spondylitis: A Role for Macrophage Migration Inhibitory Factor. Mod. Rheumatol. 2010, 20, 34–39. [CrossRef]

20. Lu, H.; Bai, Y.; Wu, L.; Hong, W.; Liang, Y.; Chen, B.; Bai, Y. Inhibition of Macrophage Migration Inhibitory Factor Protects against
Inflammation and Matrix Deposition in Kidney Tissues after Injury. Mediat. Inflamm. 2016, 2016, 2174682. [CrossRef]

21. de Azevedo, R.A.; Shoshan, E.; Whang, S.; Markel, G.; Jaiswal, A.R.; Liu, A.; Curran, M.A.; Travassos, L.R.; Bar-Eli, M. MIF
Inhibition as a Strategy for Overcoming Resistance to Immune Checkpoint Blockade Therapy in Melanoma. OncoImmunology
2020, 9, 1846915. [CrossRef]

22. Luangmonkong, T.; Suriguga, S.; Mutsaers, H.A.M.; Groothuis, G.M.M.; Olinga, P.; Boersema, M. Targeting Oxidative Stress for
the Treatment of Liver Fibrosis. Rev. Physiol. Biochem. Pharmacol. 2018, 175, 71–102. [CrossRef] [PubMed]

23. Li, S.; Hong, M.; Tan, H.-Y.; Wang, N.; Feng, Y. Insights into the Role and Interdependence of Oxidative Stress and Inflammation
in Liver Diseases. Oxid. Med. Cell. Longev. 2016, 2016, 4234061. [CrossRef] [PubMed]

24. Barnes, M.A.; McMullen, M.R.; Roychowdhury, S.; Pisano, S.G.; Liu, X.; Stavitsky, A.B.; Bucala, R.; Nagy, L.E. Macrophage
Migration Inhibitory Factor Contributes to Ethanol-Induced Liver Injury by Mediating Cell Injury, Steatohepatitis and Steatosis.
Hepatology 2013, 57, 1980–1991. [CrossRef] [PubMed]

25. Seki, E.; Schwabe, R.F. Hepatic Inflammation and Fibrosis: Functional Links and Key Pathways. Hepatology 2015, 61, 1066–1079.
[CrossRef] [PubMed]

26. Ramos-Tovar, E.; Muriel, P. Molecular Mechanisms That Link Oxidative Stress, Inflammation, and Fibrosis in the Liver. Antioxi-
dants 2020, 9, 1279. [CrossRef] [PubMed]

27. Lafoz, E.; Ruart, M.; Anton, A.; Oncins, A.; Hernández-Gea, V. The Endothelium as a Driver of Liver Fibrosis and Regeneration.
Cells 2020, 9, 929. [CrossRef] [PubMed]

28. Zuo, L.; Zhou, T.; Pannell, B.K.; Ziegler, A.C.; Best, T.M. Biological and Physiological Role of Reactive Oxygen Species—The Good,
the Bad and the Ugly. Acta Physiol. 2015, 214, 329–348. [CrossRef] [PubMed]

29. Torok, N.J. Dysregulation of Redox Pathways in Liver Fibrosis. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 311, G667–G674.
[CrossRef]

30. Zhang, P.; Li, T.; Wu, X.; Nice, E.C.; Huang, C.; Zhang, Y. Oxidative Stress and Diabetes: Antioxidative Strategies. Front. Med.
2020, 14, 583–600. [CrossRef]

31. Hemmati-Dinarvand, M.; Saedi, S.; Valilo, M.; Kalantary-Charvadeh, A.; Alizadeh Sani, M.; Kargar, R.; Safari, H.; Samadi, N.
Oxidative Stress and Parkinson’s Disease: Conflict of Oxidant-Antioxidant Systems. Neurosci. Lett. 2019, 709, 134296. [CrossRef]

32. Maurya, P.K.; Dua, K. Role of Oxidative Stress in Pathophysiology of Diseases, 1st ed.; Springer: Cham, Switzerland, 2020. [CrossRef]

https://doi.org/10.3390/cells9020461
https://www.ncbi.nlm.nih.gov/pubmed/32085494
https://doi.org/10.3390/cells9040875
https://www.ncbi.nlm.nih.gov/pubmed/32260126
https://doi.org/10.1053/j.gastro.2008.03.003
https://www.ncbi.nlm.nih.gov/pubmed/18471545
https://doi.org/10.1007/978-3-319-52354-5_7
https://doi.org/10.3389/fonc.2018.00357
https://doi.org/10.1016/j.cytogfr.2015.10.002
https://doi.org/10.1016/j.biopha.2023.114472
https://www.ncbi.nlm.nih.gov/pubmed/37002573
https://doi.org/10.1016/j.hbpd.2018.08.008
https://www.ncbi.nlm.nih.gov/pubmed/30243878
https://doi.org/10.1016/j.pharmthera.2021.108024
https://www.ncbi.nlm.nih.gov/pubmed/34673115
https://doi.org/10.1002/hep.21093
https://www.ncbi.nlm.nih.gov/pubmed/16496318
https://doi.org/10.1073/pnas.0507189102
https://www.ncbi.nlm.nih.gov/pubmed/16186482
https://doi.org/10.2174/187152807781696455
https://doi.org/10.1016/s0304-3835(01)00606-1
https://www.ncbi.nlm.nih.gov/pubmed/11520595
https://doi.org/10.1007/s10165-009-0230-9
https://doi.org/10.1155/2016/2174682
https://doi.org/10.1080/2162402X.2020.1846915
https://doi.org/10.1007/112_2018_10
https://www.ncbi.nlm.nih.gov/pubmed/29728869
https://doi.org/10.1155/2016/4234061
https://www.ncbi.nlm.nih.gov/pubmed/28070230
https://doi.org/10.1002/hep.26169
https://www.ncbi.nlm.nih.gov/pubmed/23174952
https://doi.org/10.1002/hep.27332
https://www.ncbi.nlm.nih.gov/pubmed/25066777
https://doi.org/10.3390/antiox9121279
https://www.ncbi.nlm.nih.gov/pubmed/33333846
https://doi.org/10.3390/cells9040929
https://www.ncbi.nlm.nih.gov/pubmed/32290100
https://doi.org/10.1111/apha.12515
https://www.ncbi.nlm.nih.gov/pubmed/25912260
https://doi.org/10.1152/ajpgi.00050.2016
https://doi.org/10.1007/s11684-019-0729-1
https://doi.org/10.1016/j.neulet.2019.134296
https://doi.org/10.1007/978-981-15-1568-2


Biomedicines 2024, 12, 1337 16 of 17

33. Hayes, J.D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167–197. [CrossRef]
34. Wu, D.; Cederbaum, A. Oxidative Stress and Alcoholic Liver Disease. Semin. Liver Dis. 2009, 29, 141–154. [CrossRef]
35. McQuitty, C.E.; Williams, R.; Chokshi, S.; Urbani, L. Immunomodulatory Role of the Extracellular Matrix within the Liver Disease

Microenvironment. Front. Immunol. 2020, 11, 574276. [CrossRef]
36. Li, H.; You, H.; Fan, X.; Jia, J. Hepatic Macrophages in Liver Fibrosis: Pathogenesis and Potential Therapeutic Targets. BMJ Open

Gastroenterol. 2016, 3, e000079. [CrossRef] [PubMed]
37. Hawkes, S.P.; Li, H.; Taniguchi, G.T. Zymography and Reverse Zymography for Detecting MMPs and TIMPs. Methods Mol. Biol.

2010, 622, 257–269. [CrossRef]
38. Ren, Z.; Chen, J.; Khalil, R.A. Zymography as a Research Tool in the Study of Matrix Metalloproteinase Inhibitors. Methods Mol.

Biol. 2017, 1626, 79–102. [CrossRef]
39. Heinrichs, D.; Knauel, M.; Offermanns, C.; Berres, M.-L.; Nellen, A.; Leng, L.; Schmitz, P.; Bucala, R.; Trautwein, C.; Weber, C.;

et al. Macrophage Migration Inhibitory Factor (MIF) Exerts Antifibrotic Effects in Experimental Liver Fibrosis via CD74. Proc.
Natl. Acad. Sci. USA 2011, 108, 17444–17449. [CrossRef] [PubMed]

40. Leng, L.; Metz, C.N.; Fang, Y.; Xu, J.; Donnelly, S.; Baugh, J.; Delohery, T.; Chen, Y.; Mitchell, R.A.; Bucala, R. MIF Signal
Transduction Initiated by Binding to CD74. J. Exp. Med. 2003, 197, 1467–1476. [CrossRef] [PubMed]

41. Lim, J.-Y.; Oh, M.-A.; Kim, W.H.; Sohn, H.-Y.; Park, S.I. AMP-Activated Protein Kinase Inhibits TGF-β-Induced Fibrogenic
Responses of Hepatic Stellate Cells by Targeting Transcriptional Coactivator P300. J. Cell. Physiol. 2011, 227, 1081–1089. [CrossRef]

42. Thủy, T.; Kawada, N. Antifibrotic Role of Macrophage Migration Inhibitory Factor: Discovery of an Unexpected Function.
Hepatology 2012, 55, 1295–1297. [CrossRef]

43. Qin, L.; Tan, J.; Lv, X.; Zhang, J. Vanillic Acid Alleviates Liver Fibrosis through Inhibiting Autophagy in Hepatic Stellate Cells via
the MIF/CD74 Signaling Pathway. Biomed. Pharmacother. 2023, 168, 115673. [CrossRef] [PubMed]

44. Hori, Y.; Sato, S.; Yamate, J.; Kurasaki, M.; Nishihira, J.; Hosokawa, T.; Fujita, H.; Saito, T. Immunohistochemical Study of
Macrophage Migration Inhibitory Factor in Rat Liver Fibrosis Induced by Thioacetamide. Eur. J. Histochem. 2003, 47, 317–324.
[CrossRef]

45. Wirtz, T.H.; Reuken, P.A.; Jansen, C.; Fischer, P.; Bergmann, I.; Backhaus, C.; Emontzpohl, C.; Reißing, J.; Brandt, E.F.; Koenen,
M.T.; et al. Balance between Macrophage Migration Inhibitory Factor and SCD74 Predicts Outcome in Patients with Acute
Decompensation of Cirrhosis. JHEP Rep. 2020, 3, 100221. [CrossRef]

46. Li, S.; Tan, H.-Y.; Wang, N.; Feng, Y.; Wang, X.; Feng, Y. Recent Insights into the Role of Immune Cells in Alcoholic Liver Disease.
Front. Immunol. 2019, 10, 1328. [CrossRef]

47. Marin, V.; Poulsen, K.; Odena, G.; McMullen, M.R.; Altamirano, J.; Sancho-Bru, P.; Tiribelli, C.; Caballeria, J.; Rosso, N.; Bataller, R.;
et al. Hepatocyte-Derived Macrophage Migration Inhibitory Factor Mediates Alcohol-Induced Liver Injury in Mice and Patients.
J. Hepatol. 2017, 67, 1018–1025. [CrossRef]

48. van der Vorst, E.P.C.; Döring, Y.; Weber, C. Chemokines and Their Receptors in Atherosclerosis. J. Mol. Med. 2015, 93, 963–971.
[CrossRef] [PubMed]

49. Xie, J.; Yang, L.; Tian, L.; Li, W.; Yang, L.; Li, L. Macrophage Migration Inhibitor Factor Upregulates MCP-1 Expression in
an Autocrine Manner in Hepatocytes during Acute Mouse Liver Injury. Sci. Rep. 2016, 6, 27665. [CrossRef]

50. Wen, Y.; Lambrecht, J.; Ju, C.; Tacke, F. Hepatic Macrophages in Liver Homeostasis and Diseases-Diversity, Plasticity and
Therapeutic Opportunities. Cell. Mol. Immunol. 2020, 18, 45–56. [CrossRef] [PubMed]

51. Akyildiz, M.; Gunsar, F.; Nart, D.; Sahin, O.; Yilmaz, F.; Akay, S.; Ersoz, G.; Karasu, Z.; Ilter, T.; Batur, Y.; et al. Macrophage
Migration Inhibitory Factor Expression and MIF Gene −173 G/c Polymorphism in Nonalcoholic Fatty Liver Disease. Eur. J.
Gastroenterol. Hepatol. 2010, 22, 192–198. [CrossRef]

52. Heinrichs, D.; Berres, M.-L.; Coeuru, M.; Knauel, M.; Nellen, A.; Fischer, P.; Philippeit, C.; Bucala, R.; Trautwein, C.; Wasmuth,
H.E.; et al. Protective Role of Macrophage Migration Inhibitory Factor in Nonalcoholic Steatohepatitis. FASEB J. 2014, 28,
5136–5147. [CrossRef]

53. Heinrichs, D.; Brandt, E.F.; Fischer, P.; Köhncke, J.; Wirtz, T.H.; Guldiken, N.; Djudjaj, S.; Boor, P.; Kroy, D.; Weiskirchen, W.; et al.
Unexpected Pro-Fibrotic Effect of MIF in Non-Alcoholic Steatohepatitis Is Linked to a Shift in NKT Cell Populations. Cells 2021,
10, 252. [CrossRef] [PubMed]

54. Jankauskas, S.S.; Wong, D.W.L.; Bucala, R.; Djudjaj, S.; Boor, P. Evolving Complexity of MIF Signaling. Cell Signal. 2019, 57, 76–88.
[CrossRef] [PubMed]

55. Geervliet, E.; Bansal, R. Matrix Metalloproteinases as Potential Biomarkers and Therapeutic Targets in Liver Diseases. Cells 2020,
9, 1212. [CrossRef]

56. Takahara, T.; Furui, K.; Yata, Y.; Jin, B.; Zhang, L.P.; Nambu, S.; Sato, H.; Seiki, M.; Watanabe, A. Dual Expression of Matrix
Metalloproteinase-2 and Membrane-Type 1-Matrix Metalloproteinase in Fibrotic Human Livers. Hepatology 1997, 26, 1521–1529.
[CrossRef] [PubMed]

57. Zhang, B.-B.; Cai, W.-M.; Weng, H.-L.; Hu, Z.-R.; Lu, J.; Zheng, M.; Liu, R.-H. Diagnostic Value of Platelet Derived Growth
Factor-BB, Transforming Growth Factor-β1, Matrix Metalloproteinase-1, and Tissue Inhibitor of Matrix Metalloproteinase-1 in
Serum and Peripheral Blood Mononuclear Cells for Hepatic Fibrosis. World J. Gastroenterol. 2003, 9, 2490. [CrossRef] [PubMed]

58. Miller, E.J.; Li, J.; Leng, L.; McDonald, C.; Atsumi, T.; Bucala, R.; Young, L.H. Macrophage Migration Inhibitory Factor Stimulates
AMP-Activated Protein Kinase in the Ischaemic Heart. Nature 2008, 451, 578–582. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.1055/s-0029-1214370
https://doi.org/10.3389/fimmu.2020.574276
https://doi.org/10.1136/bmjgast-2016-000079
https://www.ncbi.nlm.nih.gov/pubmed/27252881
https://doi.org/10.1007/978-1-60327-299-5_16
https://doi.org/10.1007/978-1-4939-7111-4_8
https://doi.org/10.1073/pnas.1107023108
https://www.ncbi.nlm.nih.gov/pubmed/21969590
https://doi.org/10.1084/jem.20030286
https://www.ncbi.nlm.nih.gov/pubmed/12782713
https://doi.org/10.1002/jcp.22824
https://doi.org/10.1002/hep.25605
https://doi.org/10.1016/j.biopha.2023.115673
https://www.ncbi.nlm.nih.gov/pubmed/37857251
https://doi.org/10.4081/842
https://doi.org/10.1016/j.jhepr.2020.100221
https://doi.org/10.3389/fimmu.2019.01328
https://doi.org/10.1016/j.jhep.2017.06.014
https://doi.org/10.1007/s00109-015-1317-8
https://www.ncbi.nlm.nih.gov/pubmed/26175090
https://doi.org/10.1038/srep27665
https://doi.org/10.1038/s41423-020-00558-8
https://www.ncbi.nlm.nih.gov/pubmed/33041338
https://doi.org/10.1097/MEG.0b013e328331a596
https://doi.org/10.1096/fj.14-256776
https://doi.org/10.3390/cells10020252
https://www.ncbi.nlm.nih.gov/pubmed/33525493
https://doi.org/10.1016/j.cellsig.2019.01.006
https://www.ncbi.nlm.nih.gov/pubmed/30682543
https://doi.org/10.3390/cells9051212
https://doi.org/10.1002/hep.510260620
https://www.ncbi.nlm.nih.gov/pubmed/9397993
https://doi.org/10.3748/wjg.v9.i11.2490
https://www.ncbi.nlm.nih.gov/pubmed/14606082
https://doi.org/10.1038/nature06504
https://www.ncbi.nlm.nih.gov/pubmed/18235500


Biomedicines 2024, 12, 1337 17 of 17

59. Stosic-Grujicic, S.; Stojanovic, I.; Maksimovic-Ivanic, D.; Momcilovic, M.; Popadic, D.; Harhaji, L.; Miljkovic, D.; Metz, C.;
Mangano, K.; Papaccio, G.; et al. Macrophage Migration Inhibitory Factor (MIF) Is Necessary for Progression of Autoimmune
Diabetes Mellitus. J. Cell. Physiol. 2008, 215, 665–675. [CrossRef] [PubMed]

60. Dewidar, B.; Meyer, C.; Dooley, S.; Meindl-Beinker, N. TGF-β in Hepatic Stellate Cell Activation and Liver Fibrogenesis-Updated
2019. Cells 2019, 8, 1419. [CrossRef] [PubMed]

61. Roeb, E.; Purucker, E.; Breuer, B.; Nguyen, H.N.; Heinrich, P.C.; Rose-John, S.; Matern, S. TIMP Expression in Toxic and Cholestatic
Liver Injury in Rat. J. Hepatol. 1997, 27, 535–544. [CrossRef]

62. Zhang, M.; Hong, Z.; Li, H.; Lai, F.; Li, X.; Tang, Y.; Tian, M.; Wu, H. Antioxidant Mechanism of Betaine without Free Radical
Scavenging Ability. J. Agric. Food Chem. 2016, 64, 7921–7930. [CrossRef]

63. Lever, M.; Slow, S. The Clinical Significance of Betaine, an Osmolyte with a Key Role in Methyl Group Metabolism. Clin. Biochem.
2010, 43, 732–744. [CrossRef] [PubMed]

64. Zhang, F.; Warskulat, U.; Wettstein, M.; Haussinger, D. Identification of Betaine as an Osmolyte in Rat Liver Macrophages (Kupffer
Cells). Gastroenterology 1996, 110, 1543–1552. [CrossRef] [PubMed]

65. Tsai, M.-T.; Chen, C.-Y.; Pan, Y.-H.; Wang, S.-H.; Mersmann, H.J.; Ding, S.-T. Alleviation of Carbon-Tetrachloride-Induced Liver
Injury and Fibrosis by Betaine Supplementation in Chickens. Evid. Based Complement. Altern. Med. 2015, 2015, 725379. [CrossRef]
[PubMed]
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